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Abstract

Hybridization is an important evolutionary force that acts in both constructive
and destructive ways. It can both swamp out rare species and create new ones. To
better understand these effects | studied hybridization within the sunflower genus
Helianthus from three angles. First, | used a rich literature of artificial crossing
experiments in Helianthus and Madiinae to ask how fast reproductive isolation evolves
and what features affect its accumulation. | show that hybrid sterility can evolve quickly
and is faster in annuals than in perennials. | then examine a classic case of
introgression involving Helianthus bolanderi. | use modern genomic tools to show that
it is not of hybrid origin and likely not a separate species from its congener H. exilis.
We do however find introgression with the invading species, H. annuus. In agreement
with theory, we find that gene flow is mainly into the invading species. Lastly, | use
transcriptomic data for three established homoploid hybrid species, H. anomalus, H.
deserticola, and H. paradoxus, and their parents H. annuus and H. petiolaris to map the
genomic composition of hybrid species. | show that composition is even or biased
towards H. petiolaris. Hybrid genomes are highly recombined but are more similar in
genomic composition than expected by chance, suggesting the work of selection.
Furthermore, although analyses of genetic distance between the hybrid species and

their parents suggests that the hybrids are older than previously appreciated, they do



not appear to be fully stabilized. Lastly two of the species, H. anomalus and H.
deserticola, may share a common origin. Future directions include mapping
introgression in H. annuus, and modeling parental block size to determine the number

of loci and strength of selection during hybrid speciation.
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Chapter 1: Introduction

1.1 Hybridization

Hybridization was long thought of as a destructive maladaptive force that had to
be overcome for diversity to increase through speciation (Darwin 1859; Dobzhansky
1940; Mayr 1963). In this view, hybrids are evolutionary dead ends and selection favors
preventing their production. In contrast to this, botanists have recognized the ubiquity
of hybridization in plants and its potential for providing the raw material for adaptation
(Anderson 1948; Stebbins 1959). Modern theoretical and empirical work has largely
supported the botanical view that hybridization can play an important role in adaptive
evolution and diversification (Abbott et al. 2013), although see Servedio et al. 2013 and
Barton 2013. Furthermore, genomic analyses have uncovered evidence of hybridization
in the evolutionary histories of a surprisingly large and diverse array of taxa (Heliconius
Genome Consortium 2012; Jonsson et al. 2014; Fontaine et al. 2015). Thus to understand
the evolutionary past and predict the evolutionary future, we need to understand the
different roles hybridization can play.
111 What is hybridization?

Before further discussing hybridization, it is important to define it. For the
purposes of this thesis, | define hybridization as the successful mating between
individuals of two different named species based on a relaxed version of the biological

species concept (sensu Coyne and Orr 2004). I'm using a relaxed version of the



biological species concept because under a strict interpretation all hybrids are sterile,
which is not the case for the examples | discuss. Although | am defining hybridization
conservatively, | recognize that others have defined hybridization in a more inclusive
way that includes inter-population crosses (e.g. Harrison 1990 and Arnold 1996). It is
likely that evolutionary phenomena often associated with hybridization such as
outbreeding depression, heterosis, and reinforcement, will vary in strength and/or
frequency depending on the degree of divergence between the hybridizing taxa, but
there is no one discrete cut off point that can be used to predict the viability, sterility,
or heterosis of hybrids.

One reason | do not use the more liberal definition of Arnold is that it turns
almost all long distance mating events into hybridization. Arnold defines hybridization
as successful mating between individuals of two populations or groups of populations,
which are distinquishable on the basis of one or more heritable characters. Heritable
characteristics include genetic markers, like SNPs, and even populations with low
overall divergence (i.e., minimal but non-zero Fst) can be distinguished genetically
using large amounts of genetic data in aggregate. In the case of Helianthus bolanderi-
exilis, matings between populations would be classified as hybridizations as well as
matings with the related species H. annuus but the interspecific crosses involve
significant sterility barriers that we don't expect to find in the inter-population crosses

(See chapter 3). Thus although hybridization is a continuum, | focus on one end of that



continuum to avoid confounding hybridization with more general gene flow within a
species.
112 Hybridization as a destructive force

Darwin regarded hybrids as being generally sterile and unimportant (Darwin
1859). Consistent with Darwin’s viewpoint, the zoological literature has long regarded
hybridization as an unfortunate side effect of the speciation process that is overcome
through reproductive isolation (Dobzhansky 1940; Mayr 1963). In the case of many
animals this view is accurate: hybrids are completely sterile and do not contribute to
future generations. If the hybrids are not completely sterile, hybrids can also have
reduced fitness due to partial sterility, intrinsic (e.g. hybrid necrosis (Bomblies and
Weigel 2007)) or extrinsic inviability (e.g. ecological mismatch (Schluter 2000; Rundle
and Whitlock 2001)).

Sustained hybridization can result in outbreeding depression, in which
hybridization reduces individual or population fitness (Frankham et al. 2011). This can
occur through the breaking up of co-adapted gene complexes or the bringing together
of genetic incompatibilities (e.g. Dobzhanksy-Muller incompatibilities (Bateson 1909;
Dobzhansky 1936; Muller 1942)). In the case where one species involved in
hybridization is rare, hybridization can bring about extinction either through
demographic swamping (i.e., where hybrids are infertile and the rare taxon wastes
gametes on hybrid production) or genetic swamping (i.e., where hybrids are fertile and

hybrids replace pure populations) (Wolf et al. 2001). Hybridization frequency can be



increased by anthropogenic habitat changes and is recognized as a mechanism by
which species may be threatened (Chunco 2014). When hybridization is maladaptive it
becomes adaptive to avoid interspecific matings. This process is called reinforcement
and has been studied extensively, although definitive cases remain rare (Blair 1955;
Butlin 1987; Hoskin et al. 2005; Hopkins and Rausher 2012).

These forces together paint a picture of hybridization as unimportant or purely
negative; a mistake that species should avoid. But, this isn't the only side to the
hybridization coin.

11.3  Hybridization as a constructive process

In contrast to its role as a destructive force, hybridization can also supply
diversity to species or populations and even facilitate the creation of new species
entirely. The importance of this is best illustrated in adaptive introgression (Anderson
1949). Adaptive introgression is demonstrated when a trait that is selectively favored in
one species is caused by an allele that was acquired from a separate species. This has
been seen in sunflowers as well as mice, Darwin'’s finches and butterflies (Whitney et
al. 2010; Song et al. 2011; Grant and Grant 2011; Pardo-Diaz et al. 2012). This process
could be quite important because it allows for the utilization of a whole suite of new
alleles found in related species. For example, depending on divergence and effective
population size, a single hybridization may bring in more novel alleles than all
mutations in the entire population for a generation (Hedrick 2013). Unlike new

mutations, these novel alleles are pretested and can be complicated (i.e., full



haplotypes instead of individual SNPs). On the other hand, introgressed alleles may be
linked to negatively selected alleles (e.g. DM incompatibilities) and they start at low
frequency but still they have large potential for kick starting evolutionary change.

When species ranges overlap, hybridization can occur in the overlap region,
creating a hybrid zone. Most hybrid zones are best described by the tension zone
model (Barton and Hewitt 1985), in which hybrids are less fit and are maintained by
continuous dispersal pressure from the parental species. If the species ranges are
determined by continuous environmental variables, however, then the hybrid zone
may fall in an intermediate region that is at the range edge of each species. In this case
hybrids may better fit the bounded hybrid superiority model and be more fit than their
parents within the intermediate habitat (Moore 1977). This is most easily thought of
when hybrids are intermediate between their parents in both phenotype and habit (e.g.
the hybrid of an alpine and a lowlands species that is better suited to the midlands
than either parent). Support for the bounded hybrid superiority model is not
widespread but has been shown in several examples (Saino and Villa 1992; Wang et al.
1997: Good et al. 2000).

Hybrids need not be intermediate between the phenotypes of the parents; they
can also exceed (or be inferior) to the trait values for either parent. The former is
commonly seen in heterosis, where hybrids are more vigorous than their parents.
Heterosis is thought to occur from dominance (where recessive deleterious alleles are

masked in the hybrid), overdominance (heterozygote superiority) or epistasis (where



alleles at different loci interact to generate hybrid superiority) (Chen 2013). Heterosis is
strongest in the F1 hybrid generation, where interspecific heterozygosity is highest, but
extreme phenotypes are commonly produced in advanced generation hybrids through
transgressive segregation (Rieseberg et al. 1999). In transgressive segregation,
combinations of alleles at different loci produce phenotypes beyond the parents’
phenotype range. For example, if two species each have alleles at three independent
loci that make a plant taller, some segregants will have the “tall” alleles at all six loci
and produce an extremely tall plant. This type of transgressive segregation has been
shown to contribute to the formation of homoploid hybrid species (Rieseberg 2003).
11.4 Homoploid hybrid speciation

In homoploid hybrid speciation, the hybrids of two species become
reproductively isolated from their parents. Some authors further argue that the
reproductive isolation must be a consequence of hybridization for it to be considered
hybrid speciation (Schumer et al. 2014). Although rare, in recent years more cases have
been proposed in both plants and animals (Mavarez and Linares 2008; Schumer et al.
2014). The most difficult criterion to satisfy is that the reproductive isolation is derived
from hybridization. In some cases, for example, a putative hybrid species may have
genetic material from two species but the introgression occurred before or after
reproductive isolation was acquired.

One reason homoploid hybrid speciation is rare is that it requires the parental

species to be in close proximity for hybrids to form but is also inhibited by this



proximity because it encourages hybrids to backcross into the parental lineages. To
become a new species, the hybrids must interbreed and not backcross into the
parents; the three leading models to accomplish this are the recombinational
speciation mechanism, the ‘segregation of a new type isolated by external barriers'
mechanism or the ‘selection against genetic incompatibilities’ mechanism (Grant 198,
Templeton 1981; Schumer et al. 2015). Recombinational speciation requires the parental
species to have two or more chromosomal rearrangements. Although Fis will be
chromosomally unbalanced and have reduced fertility, subsequent generations can
produce novel chromosomal combinations that are reproductively isolated from both
parents. The second mechanism suggests that the segregation of novel combinations
of alleles will allow the hybrids to invade a new niche that is geographically or
ecologically isolated from the parents. Alternatively, the novel combination of alleles
may produce a trait that results in assortative mating (e.g., flowering time divergence).
It is possible that both of these mechanisms act together and, indeed, the three
homoploid hybrid sunflower species are both chromosomally and ecologically isolated
from their parents (Rieseberg et al. 1995). The final mechanism requires an isolated
hybrid population segregating for multiple adaptive or coevolving genetic
incompatibility pairs (Schumer et al. 2015). Selection against genetic incompatibilities
can lead to the fixation of one parental version of a given incompatibility pair. If there

are multiple such pairs, versions from different parents can sometimes be fixed leading



to fixed incompatibilities isolating the hybrid population from both parental
populations.
11.5  Allopolyploid hybrid speciation

Unlike homoploid hybrid speciation, in allopolyploid hybrid speciation
reproductive isolation is instantly acquired. Allopolyploid hybrid speciation is the
production of a 4x organism that contains two copies of each parental species
chromosomes. This can occur through somatic chromosome doubling in a diploid
hybrid, the fusion of two unreduced gametes or through a triploid bridge (Soltis et al.
2004). Allopolyploids may initially have problems with chromosomal pairing in the
meiosis leading to reduced fertility and few appropriate mates (Levin 1975; Husband
2000). Despite this, polyploidy is common in plants; between 15-30% of speciation
events are a result of polyploidy (Wood et al. 2009). Allopolyploidy seems to be as
common as autopolyploidy (genome doubling without hybridization), suggesting that
this form of hybridization is broadly important to plant evolution (Barker et al. 2015).
11.6  The prevalence of hybridization

| have emphasized the large potential effects of hybridization but the overall
importance of hybridization in evolution is dependent on how frequent hybridization is
in nature. If species barriers are inviolate, then the potential costs and benefits of
hybridization are null and void. At the individual level, hybrids are rare by definition. If
two taxa produce copious hybrids, they are unlikely to be classified as different species

based on most species concepts. Despite this, the percentage of species that hybridize
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with at least one other species is surprisingly high. Mallet (2005) surveyed the
literature for studies that estimated hybridization rates and found that up to 25% of
plant species and 10% of animal species produce hybrids (Mallet 2005). Considering
this is based on contemporary hybridization, the percentage of species that were
influenced by hybridization in their recent evolutionary past may be significantly
higher.

Only in recent years has the technology been available to detect ancient
hybridization. This was shown most strikingly in humans whose ancestors hybridized
with Neanderthals in Europe (Green et al. 2010). In Anopheles mosquitos, several
hybridization events across the phylogeny have led to a scenario where only a portion
of the X chromosome shows the true species phylogeny and the rest of the genome
shows the false signal from introgression (Fontaine et al. 2015). Similarly, introgression
has also been seen in the evolutionary past of horses, butterflies and cichlids
(Heliconius Genome Consortium 2012; Keller et al. 2013; Jonsson et al. 2014). As
phylogenetics moves to the genomic era, it may be that ancient hybridization becomes
the norm instead of the exception.

1.2 Sunflowers as models for hybridization research

Several key advances in the study of hybridization have been based on studies
of the sunflower genus, Helianthus. This genus, within the family Asteraceae, subfamily
Asterioudeae, tribe Heliantheae and subtribe Helianthineae, contains 49 species, both

annual and perennial, native to central North America (Panero and Funk 2002). The



common sunflower, H. annuus, is the most widespread species and is also the
progenitor of the domestic sunflower, thus much of the research has focused on it and
its close annual relatives.

Hybridization has been exploited to breed better domestic sunflowers.
Cytoplasmic male sterility and the restorer of fertility allele, two traits that are
necessary for commercial hybrid seed production, were introgressed from H. petiolaris
(Leclercq 1969). Similarly, the branching trait found in pollen production lines is derived
from H. annuus ssp. texanus (Baute et al. 2015). Despite strong reproductive barriers,
H. annuus has been crossed to a wide variety of species within the same genus (e.q.,
Heiser 1951a; Jackson and Guard 1956:; Heiser 1965; Jan 1997).

Sunflower species also hybridize frequently in nature. The common sunflower,
H. annuus, is known to hybridize with H. bolanderi, H. petiolaris, H. argophyllus, and H.
debilis, across its wide range (Heiser 1947,a,b; Rieseberg et al. 1990b; Carney et al.
2000). This is seen in Texas, where the local subspecies H. annnus ssp. texanusis a
product of adaptive introgression from the H. debilis (Rieseberg et al. 1990b; Whitney
et al. 2010). In California, invading H. annuus populations have replaced native H.
bolanderi populations, possibly through genetic swamping (Carney et al. 2000).
Hybrids between other annual species have also been found, although geographic
isolation prevents many combinations that are possible introgression vectors based on
artificial hybridization studies (Chandler et al. 1986). Similarly, hybrids have been found

between different perennial species, including several confirmed or proposed
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allopolyploids (Heiser and Smith 1964; Heiser et al. 1969; Timme et al. 2007; Bock et al.
2014)

Within the genus, there are also three homoploid hybrid species, H. anomalus,
H. deserticola and H. paradoxus. Each is a product of hybridization between H. annuus
and H. petiolaris relatively recently compared to other speciation events in the genus:
H. anomalus 116,000 to 160,000 ybp, H. deserticola 63,000 to 170,000 ybp, and H.
paradoxus 75,000 to 208,000 ybp (Schwarzbach and Rieseberg 2002; Welch and
Rieseberg 2002b; Gross et al. 2003). Hybrid ancestry is based on molecular markers,
as well as shared chromosomal rearrangements (Rieseberg et al. 1990a; Rieseberg
1991; Rieseberg et al. 1993; 1995). Ecologically, each of the hybrid species have diverged
from the preferred parental environments into more extreme habitats; sand dune for
H. anomalus, sand sheet for H. deserticola, and salt marsh for H. paradoxus (Heiser et
al. 1969). Interestingly, the genome size of each of the hybrid species has expanded
considerably (Baack et al. 2005). This seems to have occurred through the proliferation
of transposable elements, although the cause of this proliferation is unknown (Staton
et al. 2009).

Overall, Helianthus is an excellent genus to explore questions about
hybridization. It exemplifies both the creative (hybrid speciation and adaptive
introgression) and destructive (genetic swamping) consequences of hybridization. Due

to the use of wild species as genetic donors to the domestic sunflower, strong
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commercial interest exists in understanding the genetic diversity among species and
how that diversity is being spread through hybridization.
1.3 What we don't know

Many questions remain to be answered about hybridization's role in evolution.
For example, we do not have empirical estimates of the prevalence of adaptive
introgression in nature. Introgressed alleles are pre-tested in an organism and bring in
more variation than de novo mutations, but the prevalence of hybrid incompatibilities
linked to adaptive loci may determine its actual utility to species (Hedrick 2013).
Similarly, we do not know how large of a role hybridization plays in speciation.
Although hybridization is increasingly being found in the evolutionary past, we do not
know if the hybridization played a role in the actual speciation events themselves.

With regard to species conservation, we need a better understanding of the
dangers and benefits of hybridization. Hybridization can threaten rare species through
outbreeding depression or swamping, but it can also effectively alleviate inbreeding
depression (Rhymer and Simberloff 1996; Brennan et al. 2015). The likelihood of these
outcomes will be affected by both the demography of the parental species as well as
the directionality of introgression due to hybridization (Currat et al. 2008).
Understanding when these alternate scenarios are likely to occur in nature will inform
the design of management strategies that exploit the positive effects of hybridization
while avoiding its negative effects. Furthermore, illuminating the prevalence of

hybridization in evolutionary history may change management goals. For example, if a
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clade frequently produced hybrid lineages in the past, then protecting rare declining
taxa from hybridization at great financial cost may not be prudent use of resources.

Much about homoploid hybrid speciation still remains a mystery. We don't
know its frequency in nature or the most common route(s) by which hompoloid hybrid
species arise (although see Gross and Rieseberg 2005). Mathematical models and
simulations have predicted what the genomic composition will be for stabilized hybrid
species, but so far empirical work has used sparse marker sets (Buerkle and Rieseberg
2008). We don't know, for example, the average parental contributions to homoploid
hybrid species. It can range from equivalent proportions like in an F1 hybrid to only a
few loci from one species (Heliconius Genome Consortium 2012). At a deeper level, we
don't know the extent of recombination in hybrid species’ genomes, the rate of
genome stabilization, or the relative importance of deterministic versus stochastic
forces in the process. The repeatability of speciation in Helianthus hybrids implies that
natural selection plays a crucial role in shaping the phenotype and genomic
composition of hybrid lineages (Rieseberg 2003) , but disentangling the contributions
of fertility and ecological selection continues to be challenging (although see
Karrenberg et al. 2007). Homoploid hybrid speciation is thought to involve population
bottlenecks, but we know very little about the extent of population size reductions and
length of such bottlenecks or their effects on rates and patterns of genome

stabilization.
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1.4 Research questions

In this thesis, | aim to better understand hybridization's role in evolution by
approaching the topic from three angles.

Question 1: What factors affect the rate of reproductive isolation evolution?

The evolution of reproductive isolation is a key step in speciation and plays a
large role in determining the rate of post-speciation hybridization. In chapter 2, | use
artificial crossing data from sunflowers and silverswords to explore how one trait, life
history, affects the rate of reproductive isolation evolution.

Question 2: Is there genetic evidence of hybridization in Californian sunflowers?

Bolander's sunflower (H. bolanderi) in California is a classic example of a hybrid
lineage arising through introgression. In chapter 3, | use next-gen sequencing data to
definitively answer whether H. bolanderiis of hybrid origin and to explore the
magnitude and direction of gene flow with invasive H. annuus.

Question 3: What is the genomic composition of homoploid hybrid species?

Homoploid hybrids are the most dramatic examples of the creative results of
hybridization but exactly how two disparate genomes come together is still poorly
understood. In chapter 4, | use transcriptomic data for three homoploid hybrid species
and their parents to map parental contribution across the genome and explore

questions about the origin of these hybrid species.
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In chapter 5, | bring together and synthesis the results from the previous three
chapters on hybridization. | discuss the strengths and weakness of the work, as well as

future directions to explore.
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Chapter 2: Hybrid incompatibility is acquired faster in annual than in

perennial species of sunflower and tarweed.

2.1 Introduction

Speciation is characterized by the evolution of reproductive isolation. This can
come in many forms including prezygotic barriers such as reproductive timing and
gametic incompatibility or postzygotic barriers like hybrid viability or sterility (Coyne
and Orr 2004; Rieseberg and Willis 2007). The speed with which these barriers arise
and the impact of life history variation on their evolution remain poorly understood
(Edmands 2002). In plants it is common for well-recognized species to be able to
interbreed and produce hybrids of varying levels of fertility (Levin 1979). These
intermediates can be used to study how intrinsic reproductive isolation evolves.
That different plant species can interbreed is not a new discovery. This has been
recognized since the 18" century and during the mid-20"" century hybridization
between taxa was widely employed to estimate phylogenetic relationships (Zirkle
1935; Levin 1979; Edmands 2002; Turesson 2010). Species with hybrids that had greater
F1viability or fertility were judged to be more closely related. This rich data set can be
combined with modern sequencing efforts, which more precisely estimate divergence
between species, to explicitly examine the relationship between genetic divergence

and the strength of reproductive isolation.
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In animals, it is widely accepted that reproductive isolation evolves in a relaxed
clock-like manner. This has been shown in a variety of taxa including fish, birds, frogs,
flies and butterflies (Sasa et al. 1998; Price and Bouvier 2002; Presgraves 2002; Russell
2003; Lijtmaer et al. 2003; Bolnick and Near 2005). In plants the relationship is less
clear; a loosely clock-like relationship was found in Silene and Coreopsis but not in
Glycine, Streptanthus, and Frageria (Moyle et al. 2004; Nosrati et al. 2011). This may
reflect inherent differences in the genetic architecture of reproductive isolation. If
many genes of small effect cause isolation, then a clear relationship will occur.
Alternatively, if few genes (or chromosomal rearrangements) of large effect cause
isolation, then stochastic variation among lineages may obscure any relationship
(Edmands 2002).

Several biological factors have been shown to affect the rate of reproductive
barrier evolution, including the degree of sympatry between species, the presence of
sex chromosomes and the extent of ecological divergence (Edmands 2002; Nosil and
Crespi 2006). Life history, annuals versus perennials, is associated with the evolution of
reproductive isolation in the plant genus Coreopsis (family Asteraceae): annuals were
found to accumulate hybrid incompatibilities more quickly than perennials (Archibald
et al. 2005). However, this pattern hasn't been tested beyond this single genus. To
determine whether this is a more general phenomenon, we analyzed the relationship

between life history and the strength of hybrid sterility barriers in two independent
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clades containing both extensive crossing data and life history variation, the genus
Helianthus and subtribe Madiinae.

Helianthus (family Asteraceae) comprises 52 species, all native to North
America. One of these is the common sunflower, H. annuus, which includes both the
cultivated sunflower — an important crop — and its wild progenitor. The genus has
been studied extensively for both agricultural and evolutionary purposes, resulting in a
rich literature on chromosomal evolution and speciation (Rieseberg et al. 1995; Jan
1997; Archibald et al. 2005; Lai et al. 2005). Subtribe Madiinae (family Asteraceae)
contains 24 genera and 121 species. This includes the tarweeds of California and
silverswords of the Hawaiian Islands. The silverswords underwent a rapid radiation
into many morphological forms but retained the ability to hybridize (Carr and Kyhos
1986). In both cases, older crossability data can be combined with more recent
sequence data.

Here we have compiled pollen sterility and sequence data from artificial crosses
between Helianthus and Madiinae species. We use these data to ask two questions: (i)
Does reproductive isolation accrue in a clocklike manner? and (ii) Do annuals gain
hybrid sterility faster than perennials? Additionally, we discuss possible causes of the

differences in the rate of sterility evolution.
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2.2 Methods
221 Data collection

Information on pollen sterility between Helianthus and Madiinae species was
taken from the literature. Helianthus data included only crosses between sunflower
species, while the Madiinae data included crosses between multiple genera of
tarweeds. Artificial and natural hybrids were distinguished and only artificial crosses
were used in our analysis. Direction of crosses was not distinguished, as this
information was not available for all crosses.

Ten Madiinae crosses involved second-generation hybrids, e.g. Dubautia
knudsenii X D. laxa crossed to D. latifolia. In these cases, the genetic distance used was
the mean of the genetic distance from the first two species to the third species. These
crosses were included in the phylogenetically corrected dataset only when the first
two parental species were more closely related to each other than to the third species,
i.e., when there was an unambiguous internal node. For the analysis of life history,
these crosses were included because in each case all three parents were perennial,
making assignment unambiquous. Life history was recorded as annual or perennial for
each species. Thus crosses were annual-annual, perennial-perennial or annual-
perennial.

Genetic distance was calculated from sequences of the external transcribed spacer
(ETS) and the internal transcribed spacer (ITS) of 185-26S nuclear ribosomal DNA for

Helianthus and Madiinae, respectively. All sequences were obtained from Genbank
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(Appendix A.3). Sequences were aligned using ClustalW (Larkin et al. 2007) and
pairwise distance was calculated using MEGAS (Tamura et al. 2011). Modeltest was
used to determine the correct model of sequence evolution and only sites with > 95%
coverage were used (Posada and Crandall 1998).

2.2.2 Phylogenetic independence

Due to the nature of our dataset, the information provided by each individual
cross was not phylogenetically independent. To alleviate this issue, we created a
‘phylogenetically corrected’ dataset (Coyne and Orr 1997). This collapsed all pairwise
comparisons across a single internal node into a single data point. While this method
does not provide complete phylogenetic independence, it is commonly used and
ensures that any two data points do not share more than 50% of their phylogenetic
history (Price and Bouvier 2002; Moyle et al. 2004, Larkin et al. 2007; Malone and
Fontenot 2008).

Phylogenies for both datasets were taken from previously published work. For
the Helianthus dataset the phylogeny was based on the same ETS sequences used to
estimate genetic distance (Timme et al. 2007). For the Madiinae, no single published
phylogeny covered our entire dataset of species so a consensus of multiple
phylogenies was used. These phylogenies are based on ITS sequences (Layia, (Baldwin
2003); Argyroxiphium, Dubautia, Wilkesia, (Baldwin and Sanderson 1998)), both ETS

and ITS (Calycadenia, (Baldwin and Markos 1998); Deinandra, (Baldwin 2007)), ETS,
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ITS, and the trnK intron of chloroplast DNA (Madiinae, (Baldwin 2003)). Phylogenetic
trees with nodes labeled are presented in Appendix A.1 and Appendix A.2.

To assess the effect of life history on the evolution of hybrid sterility, the dataset
was first divided according to life cycle and then phylogenetically collapsed into
independent nodes. The data were then brought back together into a single data set
with independent data points of either type. Thus a single node on a tree may be
represented in two separate categories, e.g. contain both an annual-annual and
perennial-perennial comparison. The shared evolutionary history for these data points
may obscure any differences in rate, but overall makes our test conservative in its
conclusions.

Our method of assessing the effect of life history is simpler than the method
used by Archibald et al. (2005), who assessed reproductive isolation in relation to
annual or perennial branch length, but does not suffer from phylogenetic
independence issues. Our test is likely less powerful but more conservative and does
not rely upon the ability of the relatively short markers used to accurately reconstruct
the phylogenetic relationships among the focal species.

2.2.3 Statistical analysis

We used genetic distance as a proxy for divergence times in our analysis. This
relationship may be complicated by uneven rates of evolution or ongoing gene flow
between species (but see discussion). As both pollen sterility and genetic distance

were not normally distributed, both variables were arcsin transformed. We compared
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genetic distance and pollen sterility between Madiinae crosses that were first and
second generation hybrids (hybrid-hybrids) using a Kruskal-Wallis test (Kruskal and
Wallis 1952). Transformed data were used to test for a correlation between pollen
sterility and genetic distance using a non-parametric Spearman rank correlation to
account for any residual non-normality.

To determine if life history affects the rate of reproductive isolation acquisition,
we used an analysis of variance (ANOVA). We fit a linear model testing the effect of
genetic distance, life history and their interaction on pollen sterility using the statistical
programs in R (lhaka and Gentleman 1996).

2.2.4 Testing evolutionary rate

Evolutionary rate was measured by comparing genetic distance between
monophyletic groups of perennial or annual species with an outgroup that was equally
related to all groups. Groups are indicated in supplementary figures 1and 2. Genetic
distance was measured with MEGADS using Jukes-Cantor model with gamma parameter

=1and complete deletion for missing positions.

2.3 Results
2.3.1 Data set

In Helianthus and Madiinae, we compiled data for 114 and 87 crosses
representing 43 and 47 species, respectively. This included both within genera and

between genera crosses as well as crosses where one or both of the parents were
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themselves an F1 hybrid. These second generation hybrids were not different from the
rest of the dataset in genetic distance or pollen sterility (d.f. =1, p= 0.594; p = 0.739)

After collapsing the data to only phylogenetically independent nodes, 20 and
30 data points remained (shown in Appendix A.1 and Appendix A.2). The low number of
independent nodes in the Helianthus dataset is for two reasons. First, the genus is
divided into perennial and annual clades so all crosses between these clades (43
separate hybrids) are reduced to three nodes. Second, the perennial species are poorly
resolved and many are not monophyletic. We were conservative in our use of these
data so several species’ relationships were reduced to single polytomies.

23.2 The relationship between pollen sterility and genetic distance.

There was a clear positive relationship between pollen sterility and genetic
distance before phylogenetic correction for both Madiinae (rho=0.50, p < E-6) and
Helianthus (rho = 0.44, p < E-6) datasets. In the phylogenetically independent datasets,
this relationship is maintained for Madiinae (rho = 0.61, p < 0.001) but for Helianthus it

is no longer significant (rho = 0.39, p = 0.09) (Table 2-1).

Table 2-1: Correlations between genetic distance and pollen viability for all comparisons and for
the phylogenetically corrected dataset.

N species N Crosses original Spearman's rhooriginat N CrosseScorrected Spearman's rhocorrected
Helianthus 43 N4 rho=0.44 p <E-06 20 rho=0.39 p =0.09
Madiinae 47 87 rho=0.50 p < E-06 30 rho=0.61 p < 0.001
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23.3 Life history differences

Life history had a large effect in both data sets. Annual-annual crosses were
much more strongly isolated than perennial-perennial crosses in terms of hybrid
pollen viability (Figure 2-1). In both cases, when accounting for genetic distance, life

history explained a significant portion of the variance in sterility (Table 2-2).
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Figure 2-1: Pollen sterility and genetic distance for Helianthus and Madiinae data sets.
Individual points are not phylogenetically corrected and are coded by life history combination. A is
annual, P is perennial. Genetic distance was measured using ITS (Madiinae) or ETS (Helianthus).
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Table 2-2: Results of analysis of variance for all variables tested using phylogenetically corrected
datasets.
Genetic distance is arcsine transformed in all cases.

Variable Df Sum Sq Mean Sq F value p
Genetic Distance 1 0.7142 0.7142 14.0678 0.001259
Helianthus Life History 2 0.90428 0.45214 8.9059 0.001714
Genetic Distance X Life History 2 0.06629 0.03315 0.6529 0.531289
Residuals 20 1.01537 0.05077
Genetic Distance 1 2.01713 2.01713 30.471 9.77E-06
Madiinae Life History 2 1.96053 0.98026 14.808 5.73E-05
Genetic Distance X Life History 1 0.20736 0.20736 31324 0.08895
Residuals 25 1.65496 0.0662

23.4 Comparisons of rates of sequence evolution

For Helianthus data, perennial groups had mean genetic distances of 0.054, and
0.057, and the annuals had a mean distance of 0.064. For Madiinae, two paired
perennial and annual clades had mean genetic distances of 0.098 versus 0.104 and
0.075 versus 0.084, respectively. In both cases, annual clades exhibited greater genetic
distance.
2.4 Discussion
2.41 Hybrid sterility increases with genetic distance

It is intuitively obvious that reproductive isolation is correlated with genetic
distance. Before populations diverge they should have little or no reproductive
isolation and no genetic distance. Conversely, distantly related species have total
reproductive isolation and high genetic distance. Positive correlation between genetic
distance and sterility has been found repeatedly in animals, including Drosophila

(Coyne and Orr 1997), frogs (Sasa et al. 1998), toads (Malone and Fontenot 2008), fish
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(Russell 2003), birds (Price and Bouvier 2002) and butterflies (Presgraves 2002).
Despite this, evidence for this pattern has been relatively scarce in plants; it was found
in Silene and Coreopsis but missing in Glycine, Streptanthus, and Frageria (Moyle et al.
2004; Archibald et al. 2005; Nosrati et al. 2011). Here we show strong evidence for this
relationship in both Helianthus (sunflowers) and Madiinae (tarweeds).

The positive correlation between reproductive isolation and genetic distance
suggests that reproductive isolation is acquired in a relaxed clock-like manner. This
occurs despite evidence that chromosomal rearrangements play a significant role in
generating sterility (see below).

2.4.2 Life history

Our analysis clearly shows that annual species develop F1 hybrid sterility at a
faster rate than perennials. Annual-annual crosses have mean pollen sterility of 90%
(Helianthus) and 93% (Madiinae) versus 41% and 55% for perennial-perennial crosses.
In fact, there are no annual-annual crosses with less than 57% sterility despite the
inclusion of crosses between sister species.

It is interesting to note that although hybrids between perennial sunflowers are
highly fertile, there seems to be a strong barrier to hybrid seed production (Heiser et
al. 1969). Artificial crosses between perennial species require huge amounts of effort to
obtain a few viable seeds; indeed, modern crosses involving perennial sunflowers

often use embryo rescue (Krduter et al. 1991).
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2.4.3 Evolutionary rate

Our study uses genetic distance as a proxy for divergence time. This is not a
perfect measure as rates of sequence evolution vary between lineages and, most
relevantly, between life history strategies (Gaut et al. 2011). Several studies have shown
that molecular evolutionary rates are faster in annuals than in perennials (Andreasen
and Baldwin 2001; Kay et al. 2006; Soria-Hernanz et al. 2008); when taken into account
with our results, this actually accentuates the pattern we find. If annuals evolve
unusually fast in terms of nucleotide sequence, then annual-annual comparisons have
lower divergence times and are younger than expected based on sequence
divergence. Conversely, perennial-perennial pairs are older than what our sequence
divergence suggests. Consider a scenario where there was no effect of life history and
reproductive isolation evolved in a rate purely proportional to divergence time. Two
pairs of species, one annual-annual and one perennial-perennial, that have been
diverging for equal amounts of time would have equal reproductive isolation, but the
annual-annual pair would have higher sequence divergence and, consequently,
according to our measure, a slower rate of reproductive isolation gain. This is the
opposite of the pattern we observe in the data; therefore differences in the rate of
sequence evolution are not driving the patterns we see.

To confirm the differences in sequence divergence rate, we examined
evolutionary rate in our dataset by comparing mean genetic distance between annual

and perennial groups to outgroups (Appendix A.1 and Appendix A.2). In all cases
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annual clades had greater genetic distance, suggesting faster sequence evolution. The
variation between Madiinae pairs may represent long-term differences in rates of
sequence divergence as these comparisons are between different genera. In each case,
annual groups evolved faster in terms of nucleotide sequence than perennial groups.
Thus, the more rapid evolution of hybrid sterility barriers in annuals does not appear to
be a consequence of misestimating divergence times. Rather, differences in rates of
sequence evolution appear to be causing the trend to be underestimated.

It is also possible that the low levels of hybrid sterility found between perennial
species may permit significant interspecific gene flow, thereby reducing genetic
divergence. However, this seems unlikely for perennial sunflowers, which appear to be
reproductively isolated by strong prezygotic reproductive barriers. Also, this scenario
does not explain why annuals developed high levels of reproductive isolation and
perennials did not.

2.4.4 Causes of sterility

Hybrid sterility can be caused by epistatic interactions (including Dobzhansky-
Muller incompatibilities) or chromosomal rearrangements. DM incompatibilities are
negative epistatic interactions in hybrids originating from genes that evolved
independently in the parental species. Chromosomal rearrangements, on the other
hand, cause sterility through the production of chromosomally unbalanced gametes
(Coyne and Orr 2004). While both cause sterility, there are distinct effects. DM

incompatibilities typically are recessive and may therefore be masked in the F1 and
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only appear in the F2 generation, leading to increased sterility in second-generation
hybrids. Chromosomal rearrangements, on the other hand, are underdominant and
would thus have the greatest effect in the F1, where all polymorphic loci are
heterozygous. In the F2 generation heterozygosity is reduced and so sterility from
chromosomal rearrangements will stay constant or be reduced. Additionally, in the
absence of sex chromosomes, chromosomal rearrangements are symmetrical in their
effect on sterility; it does not matter which species is the mother. DM incompatibilities
can be bidirectional, like chromosomal rearrangements, or unidirectional and cause
asymmetric sterility (Turelli and Moyle 2007). Lastly, artificial genome doubling using
colchicine creates hybrids with perfectly paired chromosomes, alleviating the effect of
chromosomal rearrangements but not DM incompatibilities (Stebbins 1958).

Based on these features, we have several reasons to believe that in these
systems hybrid sterility is largely caused by chromosomal changes. Pollen sterility has
been mapped to chromosomal rearrangements in Helianthus (Quillet et al. 1995; Lai et
al. 2005), although epistatic interactions between sterility QTLs suggest DM
incompatibilities contribute as well. Furthermore, among F1 Helianthus hybrids, pollen
sterility was correlated with number of chromosomal translocations, although
insignificantly (Chandler et al. 1986; Levin 2002). Similarly, in Hawaiian silverswords
(subtribe Madiinae) the number of translocations between parental species is strongly

correlated with pollen sterility in hybrids (Carr and Kyhos 1981; 1986; Levin 2002).
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Chromosomal rearrangements have been extensively noted in both studied groups
(Chandler et al. 1986; Carr and Kyhos 1986).

Asymmetry of sterility and the relative sterility of F1 versus F2 generations are
not commonly reported or tested in our dataset so we cannot formally test them, but
we examine the available data here. Cross sterility symmetry was not reported for
Madiinae crosses, but for Helianthus crosses are generally found to be symmetrical
(Long 1955; Lai et al. 2005), suggesting little contribution from unidirectional DM
incompatibilities. In hybrids between the annual sunflowers H. anunus and H.
petiolaris, pollen viability significantly increases from the F1 generation (5.6 + 2.2 %,
n=20) to the F2 (31.6 +12.4 %, n=20) (t-test, p<0.0001) (Rieseberg 2000). Contrary to
this, in hybrids between the perennial sunflowers H. decapetalus and H. laevigatus,
viability decreased from the F1 (80%) to the F2 (66%) generation (Heiser and Smith
1964). Lastly, colchicine-induced chromosome doubling, which helps alleviate
chromosomal mispairing, has increased pollen fertility in several sunflower hybrids
(Heiser and Smith 1964; Jan and Chandler 1989).

We believe this evidence is consistent with the idea that chromosome
rearrangements are important in the hybrid sterility we measured, although almost
certainly not the only cause. If we accept the importance of rearrangements, why are
these rearrangements occurring more frequently or being fixed more often in annuals
than perennials? More specifically, we would suggest that there are more karyotypic

changes per nucleotide substitution in annuals than perennials. This could be because
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chromosomal rearrangements occur more frequently or because demographic or
selective factors cause them to fix at a greater rate. There are biological features that
promote both of these options.

It is generally believed that chromosomal rearrangements primarily occur
during meiosis mediated by the double strand breaks used in homologous
recombination (Shaffer and Lupski 2000). By regenerating from seed every year,
annuals may undergo more frequent meiosis events than perennials and accrue more
chromosomal rearrangements as a consequence.

The increased chromosomal evolution may also be due to a difference in
fixation rather than mutation rate. When faster sterility acquisition in annuals was first
described by Stebbins (1958), he suggested that intense population fluctuations allow
annuals to fix underdominant genic or chromosomal changes faster than perennials,
which have more stable population sizes (Stebbins 1958). This intuitive explanation
was later formalized by mathematical models demonstrating that chromosomal
rearrangements could only be established in very small or inbred populations (Walsh
1982). Counter to this, in our dataset annual sunflowers, which have extremely high
rates of chromosomal evolution (Burke et al. 2004), also have very high effective
population size (Strasburg et al. 2011) indicating few species-wide bottlenecks. Within
Madiinae, a majority of perennial crosses, which have relatively low sterility, involve
silverswords, a group that speciated within the Hawaiian Islands and underwent

repeated population bottlenecks (Witter and Carr 1988). Grant (1981) later suggested
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that higher levels of selfing in annuals also contributed to higher rates of karyotypic
evolution (Grant 1981). While selfing annuals may have high rates of chromosomal
evolution, this does not explain the results reported here. In our datasets all species,
including the annuals, are self-incompatible (with the exception of H. agrestis, which
has 100% pollen sterility in both available crosses). Thus, differences in the fixation
rate of karyoptypic changes due to variation in effective population size or mating

system cannot account for the pattern in our dataset.
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Chapter 3: Revisiting a classic case of introgression: Hybridization and

gene flow in Californian sunflowers.

3.1 Introduction

In Verne Grant's seminal work “Plant Speciation”, he lists four examples of
introgression, one of which involves the sunflower Helianthus bolanderi (Grant 1981).
Both morphology and habitat suggested that this largely ruderal species was a product
of introgression between the smaller native serpentine endemic H. exilis and a larger
recent weedy invader H. annuus (Heiser 1949). Work using early genetic markers failed
to find evidence for a hybrid origin of H. bolanderibut the hybridization between H.
bolanderiand H. annuus is ongoing as H. annuus invades California (Rieseberg et al.
1988; Carney et al. 2000). Here we re-investigate this classic example with high-
resolution genomic data to ask if H. bolanderiis a product of introgression and also
whether the direction of introgression, if any, is consistent with current theory.

During invasion, hybridization between the invader and native species can occur
and is recognized as a major issue in species conservation (Rhymer and Simberloff
1996; Levin and Ortega 1996; Vila et al. 2000; Allendorf et al. 2001). Although
contamination of the native gene pool and “genome extinction” are the primary
conservation issue, current models suggest that it is the invader that should be subject
to the most introgression (Grant 1981; Currat et al. 2008). This is because hybrids will

more often backcross with the invading species rather than the declining native
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species. As the invasion spreads, these backcrossed individuals will advance with the
wavefront. Therefore as the invasion continues, introgression should continue to
increase until counteracted by selection. This pattern has been seen in many empirical
studies (Heiser 1949; Martinsen et al. 2001; Donnelly et al. 2004; Secondi et al. 2006),
but not all (Rieseberg et al. 1988; Goodman et al. 1999; Carney et al. 2000; Takayama et
al. 2006) and is often attributed to the effects of selection or sex biased dispersal
(Kulikova et al. 2004; Melo-Ferreira et al. 2005).

In Californian sunflowers, contemporary hybridization with H. annuus appears
to be limited to H. bolanderi and not its sister species H. exilis. Helianthus annuus is
native to central USA and has invaded California from south to north, up the Central
Valley over the last several thousand years (Heiser 1949). Currently, it is found primarily
south of Sacramento (38.5° N) and has replaced H. bolanderi populations in the
Central Valley over the last 100 years (Carney et al. 2000). Hybridization is expected to
be rarer with H. exilis because it occurs almost exclusively on serpentine soil, an
extreme soil type characterized by a high Mg/Ca ratio and high levels of heavy metals,
including Ni, Cr and Cd (Brooks 1987). Serpentine soil is deadly to non-adapted plant
species but is home to a wide variety of endemic species (Safford et al. 2005; Brady et
al. 2005). Helianthus bolanderi also occurs on serpentine soil, but not exclusively,
while H. annuus has not been reported from serpentine soils. Helianthus exilis is
morphologically differentiated from H. bolanderiby having lance-linear leaves, entire

leaf margins and smaller flower heads and fruit.
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We used genotyping-by-sequencing (GBS), a popular restriction enzyme-based
method for reducing genome complexity, to interrogate the genomes of these three
species. We ask the following three questions. (1) Is H. bolanderi of hybrid origin as
hypothesized by Heiser (1949) and Grant (1981)? (2) Is there introgression between H.
bolanderi and H. annuus? (3) Is introgression biased into the invader, H. annuus, as
predicted by models? Our results provide the final resolution of a classic case study of
the role of hybridization in plant evolution, and a test of contemporary theory
regarding patterns of introgression during biological invasions.

3.2 Methods

3.21 Data preparation

3.211  Sampling

We collected H. exilis and H. bolanderi seeds from 10 sites across the known species
ranges in August 2011 (Table 3-1). Additionally, we used seeds from the United States
Department of Agriculture National Plant Germplasm System (USDA NPGS) (11
populations) and one population from Jake Schweitzer to supplement our collection.
As there is controversy in the literature about the species’ delimitation between H.
exilis and H. bolanderi, we took an agnostic approach to collecting (Jain et al. 1992).
Populations spanning the combined species ranges, including populations that had
previously been identified as either species, were sampled. Similarly, all available
samples of both species from the USDA NPGS were genotyped. Up to ten seeds were

sampled per population. For personally collected populations, each seed came from a
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separate maternal parent; for USDA NGRP seed, pooled parental seed was used. For
samples from throughout the range of H. annuus as well as for several perennial
sunflower outgroup species (specifically H. divaricatus, H. giganteus, H. grosseserratus,
H. maximiliani and H. nuttallii), we employed GBS data previously generated in the
Rieseberg lab using the same GBS protocol employed here (Baute 2015). These data
are currently on the NCBI Sequence Read Archive (SRA) (Appendix B.2). Altogether we

used 322 samples: 190 H. bolanderi-exilis, 102 H. annuus and 30 perennial sunflowers.
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Table 3-1: Sample information by population.
Non-H. bolanderi-exilis samples are from a range of locations specified individually in Appendix B.2. Sample size information is post-
sample quality filtering.

Sample Mg/Ca
Population Species size Latitude Longitude Area Serpentine? Ratio
G100 H. bolanderi-exilis 10 39.40117 -122.61349 Coast Mountains yes 4.26
G101 H. bolanderi-exilis 3 39.26759 -122.48275 Coast Mountains no 0.48
G102 H. bolanderi-exilis 10 39.12638 -122.43213 Coast Mountains yes 3.38
G103 H. bolanderi-exilis 10 38.7804 -122.57185 Coast Mountains yes 2.41
G108 H. bolanderi-exilis 11 38.87585 -120.8205 Sierra Nevada Mountains yes 2.66
G109 H. bolanderi-exilis 10 39.17832 -121.75977 Central Valley no 0.16
G110 H. bolanderi-exilis 6 39.25156 -121.88924 Central Valley no 0.30
G111 H. bolanderi-exilis 10 39.34395 -121.44869 Central Valley no 0.14
G114 H. bolanderi-exilis 11 41.28199 -122.85186 North Mountains yes 4.53
G115 H. bolanderi-exilis 7 41.64306 -122.74711 North Mountains yes 13.02
G116 H. bolanderi-exilis 5 39.066322 -122.478403 Coast Mountains yes NA
G118 H. bolanderi-exilis 9 39.2627 -122.51157 Coast Mountains yes 1.89
G119 H. bolanderi-exilis 9 39.48584 -121.31271 Sierra Nevada Mountains no 0.26
G120 H. bolanderi-exilis 8 38.543 -121.7383 Central Valley no NA
G121 H. bolanderi-exilis 10 38.82395 -122.33725 Coast Mountains yes NA
G122 H. bolanderi-exilis 8 38.73309 -122.52462 Coast Mountains yes 2.78
G123 H. bolanderi-exilis 10 39.83434 -121.58227 Sierra Nevada Mountains yes 6.25
G124 H. bolanderi-exilis 10 38.84119 -120.87647 Sierra Nevada Mountains yes 2.50
G127 H. bolanderi-exilis 10 37.84557 -120.46388 Sierra Nevada Mountains yes 1.82
G128 H. bolanderi-exilis 4 41.03086 -122.42451 North Mountains yes 1.85
G129 H. bolanderi-exilis 6 39.88756 -122.63451 Coast Mountains no 0.84
G130 H. bolanderi-exilis 10 41.29794 -122.72187 North Mountains yes 2.56
cal_ann H. annuus 24 NA NA California NA NA
cen_ann H. annuus 76 NA NA Central USA NA NA
div H. divaricatus 5 NA NA Central USA NA NA
gig H. giganteus 5 NA NA Central USA NA NA
gro H. grosseserratus 6 NA NA Central USA NA NA
max H. maximiliani 10 NA NA Central USA NA NA
nut H. nuttallii 3 NA NA Central USA NA NA
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3.21.2 Soil sampling

For each site from which we collected seeds, we also collected soil for
composition analysis. Soil was collected six inches below the surface in five randomly
selected locations spanning the collection area and pooled. Soil was analyzed at A&L
Western Labs and measured for organic matter, phosphorous, potassium, magnesium,
calcium, sulphur, pH and hydrogen. Additionally, DTPA-Sorbitol extraction was used to
measure the heavy metals nickel, chromium and cobalt.

For a subset of the USDA NGRP samples, calcium and magnesium
concentrations in the soil were measured (Gulya and Seiler 2002). The remaining three
sites had no soil measurements but two were from areas described as serpentine
(G116, G121) and one from an area with no nearby serpentine (G120).

3.21.3 Genotyping-by-sequencing

Seeds were germinated and grown to seedling stage. DNA was extracted from
young leaves using Qiagen DNeasy plant kit (Qiagen, Valencia, CA, USA), with RNase
A. DNA quantity was assessed using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA).

GBS Library construction was done using the standard protocol of Elshire et al.,
(2011) except for the addition of a gel-isolation step to eliminate dimers generated by
the polymerase chain reaction (PCR) (Elshire et al. 2011). Two libraries of 95 samples

each were prepared.
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3.21.4 Sequencing and data preparation

Both GBS libraries were paired end sequenced on an Illumina HiSeq2000 at the
UBC Biodiversity Research Center, a single lane each. Individual data were
demultiplexed from within read barcodes using a custom Perl script that also removed
barcode sequence. Fastq files were then trimmed for low quality reads and Illumina
adapters using Trimmomatic (Bolger et al. 2014). Raw demultiplexed data were
uploaded to the SRA (SRP062491).
3.21.5 SNP calling

Data were aligned to the H. annuus reference genome (HA412.v1.1.oronze) using
BWA (version 0.7.9a) and Stampy (version 1.0.23) using default parameters (Li and
Durbin 2010; Lunter and Goodson 2011). Because we were aligning sequence data to a
diverged species reference, we used Stampy to increase alignment quality. BAM files
were cleaned, sorted and had their read group information added using Picard tools
(1.114) (http://broadinstitute.github.io/picard/). We used the Genome Analysis ToolKit
(version 3.3) to identify possible alignment issues and realign those areas using
'RealignerTargetCreator’and 'IndelRealigner’ (Van der Auwera et al. 2002). BAM files
were processed using the GATK 'HaplotypeCaller program and SNPs were ultimately
called all together using 'GenotypeGVCFs'. SNPs were converted to a flat table format
using a custom Perl script which removed indels, required sites to have QUAL > 20 and

MQ > 20, and required individual genotypes to have depth between 5 and 100,000 and
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GT_QUAL > 20. Samples with below ~25,000 reads were removed because they did
not have enough data to be informative.

After initial SNP calling, the data were divided into three datasets: only H.
bolanderiand H. exilis (dataset ‘BE’), H. bolanderi, H. exilis and H. annuus (dataset
‘BE+A’), and all samples including the outgroup perennials (dataset ‘BE+A+P’). These
sets were filtered to remove sites with sample coverage < 60%, minor allele frequency
< 1% and observed heterozygosity > 60% using a custom perl script. These are referred
to as the ‘filtered’ datasets. For population structure analysis, linkage between markers
can cause issues, so we subsequently thinned each filtered set so that each SNP is at
least 1000bp from its nearest neighbor, effectively picking one SNP per GBS tag.
These are referred to as the ‘thinned’ datasets.

3.2.2 Evaluating the genetic structure of H. bolanderi and H. exilis
3.2.21 Population structure and admixture

To detect admixture and population structure in H. bolanderi-exilis, we ran
fastStructure using the ‘BE’ filtered dataset with K=1-10 (Raj et al. 2014), and repeated
100 times. The optimal K was found using the “chooseK” script bundled with
fastStructure. Admixture was run from K=1-20, using the default parameters (Alexander
et al. 2009). Cross-validation scores were used to determine the best K value. To
control for linkage effects, this was repeated with the ‘thinned’ dataset that has
neighbouring SNPs removed. Principal component analysis (PCA) was run using the

“FactoMineR" packaged in R, using the command “PCA". Missing data were imputed
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using the package "“missMDA". These analyses were repeated using the same
parameters with the ‘BE+A’ dataset.

Overall sample relatedness was visualized with an unrooted phylogenetic
network using SplitsTree4 on the ‘BE’ filtered dataset (Huson 1998). Uncorrected P-
distance was used and heterozygous sites were ignored (as per defaults). This was also
run using the '‘BE+A+P’ filtered dataset.

We calculated Fst between all pairs of populations using the Weir and
Cockerham method (Weir and Cockerham 1984), and Fis for each population. Both were
calculated using custom Perl scripts.
3.2.2.2 Introgression with H. annuus

To determine if H. bolanderiis uniquely introgressed from H. annuus, we
calculated Patterson’s D statistic (Kulathinal et al. 2009; Green et al. 2010; Durand et al.
2011), which is commonly known as the ABBA-BABA test. It requires sequence data
from four groups (either individual samples or allele frequencies). P1 and P2 are
geographically separated populations of one species, P3 is a separate species in
sympatry with P2, and P4 is an outgroup species. The test counts the number of ABBAS
(where P2 and P3 share a derived allele) and BABAs (where P1 and P3 share a derived
allele). Under incomplete lineage sorting, we would expect an equal number of ABBAs
and BABAs, but if there is gene flow between P2 and P3, there would be excess ABBAs

and D would be positive.
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Since we had many samples of each group, we used allele frequencies instead
of instance counts of single samples (Martin et al. 2015). The four groups used were all
central H. annuus (i.e., all H. annuus not in California), all California H. annuus, an H.
bolanderi-exilis population and all perennial sunflowers. Perennial sunflowers
included H. maximiliani, H. nuttallii, H. divaricatus, H. giganteus and H. grosseserratus.
This monophyletic group of species is an outgroup to the annual sunflowers that
include H. annuus and H. bolanderi-exilis. Only biallelic sites for which all perennial
samples were fixed for a single allele were used, because these sites gave the most
confidence in determining the ancestral allele. We also calculated fy, a measure of the
amount of the genome involved in introgression (Martin et al. 2015). For each statistic,
we calculated standard deviation, Z-score and p-value using a block jackknife approach
with TOMB size blocks (Green et al. 2010). This test was run on each individual H.
bolanderi-exilis population as well as all H. bolanderi-exilis samples together.

For this test, a positive D score indicates that ABBA > BABA, and California H.
annuus and H. bolanderi-exilis share more derived alleles. A negative D score indicates
that BABA > ABBA and central H. annuus and H. bolanderi-exilis share more derived
alleles. The neutral expectation under no gene flow is ABBA = BABA and D = 0.

To evaluate hypotheses about introgression, we examined D and fy in 10 Mb windows
across the genome. We also used the H. annuus genetic map to compare
recombination rate and introgression in 10 Mb windows using a type Il ANOVA

(Renaut et al. 2013).
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A positive D statistic using allele frequencies from all samples may be driven by
a subset of samples if introgression is not uniform among California H. annuus and H.
bolanderi-exilis samples. It could also be caused by unmeasured introgression into
central H. annuus by a third species (e.q. H. petiolaris, which is known to hybridize and
is largely sympatric across the central USA range of H. annuus (Yatabe et al. 2007)). To
account for this we used a subsampling strategy that isolates each sample individually
(while retaining all samples for other groups) and calculates a D score. For example,
one test would include one central H. annuus sample, all Californian H. annuus, all H.
exilis-bolanderi, and all perennial samples. Thus, for each sample we get a D score
reflecting its effect on the overall D score. Significance was calculated using a block
jackknife approach (as above).

We use these single sample D scores to assess the hybrid origin of H. bolanderi.
If H. bolanderiwas a hybrid species, we would expect all H. bolanderi-exilis samples to
have to fall into two distinct sets; one with high D scores (representing the hybrid H.
bolanderi) and one with lower, but possibly still positive, D scores (representing non-
introgressed H. exilis). A non-introgressed H. exilis may still produce a positive D score
because of introgression in H. annuus, but a hybrid species should be distinctly higher.
To evaluate the amount of introgression in each sample or population, we plotted
individual sample D scores versus latitude (for H. bolanderi-exilis and H. annuus) and

versus collection date (for H. annuus) (Wickham 2009). We used a type Il ANOVA,
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using the R package “car”, to determine if each of these factors affected D or fy (Fox
and Weisberg 2010; R Core Team 2008).
3.23 Testing the directionality of gene flow with H. annuus
3.23.1 The partition D test

A positive D score indicates gene flow, but does not specify if the gene flow is
into H. bolanderi-exilis, into H. annuus, or is bidirectional. To answer this question, we
used the partitioned D statistic (Eaton and Ree 2013). This extension of the ABBA-BABA
test uses five taxa instead of four and can determine directionality of introgression
using a set of three different tests. The main difference between the partitioned D
statistic and Patterson'’s D statistic is that the partitioned version divides the P3 clade
(i.e., H. bolanderi-exilis in our analysis) into two lineages, P3; and P3;, which are
assumed not to be exchanging genes. The three partitioned D statistic tests then ask if
the enrichment of shared derived alleles shown by the positive classic D statistic are
from the first, second or both P3 lineages. Specifically, D; compares counts of ABBAA
and BABAA looking for enriched shared derived alleles specifically in P3;, D, compares
counts of ABABA and BAABA looking for enriched shared derived alleles specifically in
P32, and Dy, compares counts of ABBBA and BABBA looking for enriched shared
derived alleles in both P3; and P3,.

Comparing the results of the three tests can be used to determine the
directionality of gene flow. Consider the scenario where Dy; is positive. This either

suggests gene flow from P2 into the ancestor of P3; and P3;, gene flow from P2 into
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both P3; and P3;, or gene flow from P3y into P2. If the first two scenarios can be ruled
out by other tests or outside information, then gene flow in one direction is supported.
In this scenario, the lineage of P3 that is donating genes is determined by the Dy and D;
tests. This in itself only indicates that gene flow is going in at least one direction, not
that it is unidirectional, but by rotating the positions in the phylogeny (i.e., P1->P3;, P2-
>P3,, P31->P2, P3,->P1), and repeating the tests we can make a case for the overall
directionality of gene flow. For example, if in the rotated phylogeny scenario the Dy,
test is zero, then there is a lack of evidence for gene flow in the opposite direction and
unidirectional gene flow is supported overall. With this framework in mind, we used
two phylogenetic scenarios (i.e., the same phylogeny rotated differently) to get at the
directionality of gene flow.

The first scenario uses the five groups in the following order: P1 = all central H.
annuus, P2 = all California H. annuus, P31 = a southern H. bolanderi-exilis population,
P32 a northern H. bolanderi-exilis population (G115), and P4 = perennial outgroup. In
this case, we are treating G115 as non-introgressed due to its geographic isolation from
any H. annuus population and the strong population structure, indicating little within
species gene flow.

With our groupings in mind, the three tests from the partitioned D have different
implications in this scenario. Dy asks if derived alleles found in both H. bolanderi-exilis
populations are more often found in California H. annuus, than central H. annuus. A

positive score suggests gene flow from any H. bolanderi-exilis into H. annuus because
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otherwise the derived allele would not be present in both H. bolanderi-exilis
populations. Dy asks if derived alleles, not found in northern H. bolanderi-exilis, are
present in California H. annuus. A positive score suggests that there is gene flow
between the southern H. bolanderi-exilis and California H. annuus, or that there is gene
flow between California H. annuus and a population of H. bolanderi-exilis more closely
related to the southern H. bolanderi-exilis population tested. D, asks the same as Dy
but with northern and southern H. bolanderi-exilis populations reversed (i.e., this may
suggest gene flow with northern H. bolanderi-exilis or close relative).

The test was repeated using each H. bolanderi-exilis population in P3;, except
G115, which is always in P3;. This means that we did each test 21 times and our main
reported result is how many of these tests were significantly positive. The number of
positive tests is indicative of how consistent the signal is across the range of H. exilis-
bolanderi. Since we tested every population, some tests involve two H. bolanderi-exilis
populations that are both in the northern clade.

The second scenario involves a rotated phylogeny. The five groups are: P1=a
northern H. bolanderi-exilis (G115), P2 = a southern H. bolanderi-exilis, P3; = California
H. annuus, P3; = central H. annuus and P4 = perennial outgroup. In this scenario, Dy,
asks if derived alleles found in all H. annuus, are present in the southern H. bolanderi-
exilis and not the northern. A positive score indicates gene flow into H. bolanderi-
exilis. Tests Dy and D; ask if there are an excess of derived alleles from California H.

annuus or central H. annuus respectively in southern H. bolanderi-exilis. Similarly in
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this scenario we also repeat each test using a different southern H. bolanderi-exilis
population and report the number of significantly positive tests.

For these tests we used allele frequencies instead of individual genomes and
only included sites where all perennial samples were fixed for a single allele.
Significance was tested using block jackknife bootstrapping, as before, and p < 0.05
was used as the p-value cut off. All tests were repeated using another population (G114)
as the northern non-introgressed H. bolanderi-exilis population.

3.23.2 Demographic modeling

To explore the amount and direction of gene flow, we simulated the
demographic history using aéi (Gutenkunst et al. 2009). 6adi simulates the site
frequency spectrum of demographic scenarios and uses diffusion approximation to
explore the parameter space. In our model we use three populations (H. bolanderi-
exilis, central H. annuus, and California H. annuus) and seven parameters; three
effective population sizes, Ngg, Ncena, and Ncaia, two times, Trand T, and two
migration rates, Mcaia->se aNd Mge-scaia- At time T;, central H. annuus and H. bolanderi-
exilis diverge, and at time T, H. annuus invades California and exchanges genes with
H. bolanderi-exilis until present (Figure 3-1). We also ran the model with the migration

events removed in all combinations.
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Figure 3-1: Demographic scenario modeled in 3aéi including all modeled parameters.
Including effective population size (N) for H. bolanderi-exilis (ge), California H. annuus (caia), and
central H. annuus (cena), migration rates (m) and time (T).

We used the BFGS optimization method to fit parameters for each model.
Searches were started from 10 randomly perturbed starting positions with up to five
iterations each. The best-fit parameters were used for a further optimization for up to
20 iterations. Samples were extrapolated to grid size of [175,75,25] to maximize the
number of usable SNPs. Three hundred bootstrap site frequency spectra were
generated using IMb block bootstrapping. This was used to calculate confidence
intervals for all parameters. Parameters were corrected using the mutation rate of 6.1 *

10 substitutions/site/generation (Sambatti et al. 2012). Effective sequenced length
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was estimated by measuring the number of sites with >5 reads in 88 H. bolanderi-
exilis, 38 central H. annuus and 13 California H. annuus samples, including invariant
sites. These numbers were chosen to reflect the extrapolation grid size.
3.3 Results:
3.3.1 Sample and SNP information
3.3.1.1  Sample sizes

We removed three H. bolanderi-exilis and two H. annuus samples for having <
25,000 reads. One perennial sample (GB148) was removed because it grouped with H.
annuus samples in the splits network analysis. After removing samples, we had
sequence data for 187 H. bolanderi-exilis samples, 100 H. annuus samples and 29
perennial sunflower samples (Appendix B.1).
3.3.1.2 Soil analysis

Serpentine sites are primarily characterized by Mg/Ca ratio > 1 (Kruckeberg
1985). All sites identified by plant composition and soil maps as serpentine were
confirmed with soil measurements (Appendix B.1).
33.1.3 SNP calling

All demultiplexed data was uploaded to the SRA (SRP062491). Number of reads
per sample and percent aligned reads are listed in Appendix B.2. After initial filtering
for quality and depth, we found 131,150 SNPs total (Table 3-2). Subsequent filtering for
coverage (> 60%), minor allele frequency (> 1%) and observed heterozygosity (< 60%)

reduced that to 9,593 SNPs.
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Table 3-2: Number of SNPs found for each dataset.

The filtered dataset removed sites where sample coverage < 60%, observed heterozygosity > 60%
or minor allele frequency < 1%. The thinned dataset reduced the filtered dataset down to one SNP
per 1000 bp.

Dataset\ Total variant sites  Filtered Thinned

Only H. bolanderi-exilis 'BE' 57,926 7,514 1,183
H. bolanderi-exilis and H. annuus 'BE+A' 103,318 8,915 1,095
All samples 'BE+A+P' 131,150 9,593 1,062

3.3.2 Population structure and introgression with H. annuus
3.3.21 Population structure approaches

ADMIXTURE and fastStructure suggest a fractal pattern of divergence in H.
bolanderi-exilis based on geography rather than soil type. At K = 2, east and west
populations are separated, at K = 3 northern populations become their own group, and
at K = 4 southwest populations separate. At higher K values, individual populations
become their own group and intermediate or admixed individuals are rare. Both
ADMIXTURE and fastStructure generally agree on cluster assignment for lower K
values (2 to 4) but above that there is inconsistency between runs and methods.
Substantial admixture between H. annuus and H. bolanderi-exilis was not seen in
either ADMIXTURE or fastStructure results (Figure 3-2). At K = 2, H. annuus and H.
bolanderi-exilis are separate groups with the possible exception of the H. bolanderi-
exilis population G128. ADMIXTURE showed G128 to have 1-2% ancestry from the H.
annuus group. In fastStructure, this population had slightly elevated H. annuus

ancestry but was of a lower magnitude (~0.5% admixed ancestry).
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Figure 3-2: Admixture proportions at K=2 and K=5 for BE+A dataset.

a) A map of H. bolanderi-exilis locations, with ADMIXTURE proportions (based on the filtered BE+A
dataset at K=5) indicated by color pie charts. Admixture group 1 (purple) and group 2 (blue) are
only found in H. annuus samples. Groups 3 to 5 (red, green and orange) correspond to north, west
and east regions respectively. Serpentine locations are highlighted in black on the map. b)
ADMIXTURE proportion for K=2 for the filtered BE+A dataset. Helianthus bolanderi-exilis
populations are ordered by latitude. Group 1 (red) corresponds to H. annuus samples and group 2

(blue) to H. bolanderi-exilis samples.
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Splitstree and PCA recapitulated the results seen in ADMIXTURE and
fastStructure (Figure 3-3 & Figure 3-4). For the splits network H. bolanderi-exilis, H.
annuus and the perennial species form monophyletic groups without admixture. In the
PCA, the first principal component separated H. annuus and H. bolanderi-exilis, and

the second separated the east and west H. bolanderi-exilis populations.
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Figure 3-3: Splits network analysis of (a) the filtered BE+A+P dataset and (b) the filtered BE dataset.
Network was made using Splitstree4 with uncorrected P-distance.
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ADMIXTURE cross-validation testing found K = 8 for BE and K = 6 for BE+A to
have the lowest error, although scores were relatively flat from K=5-10. For
fastStructure, marginal likelihood was universally maximized at K=2 for BE and K=3 for
BE+A. The K value that best explained population structure depended on the run and
dataset: BE filtered = 3-5, BE thinned = 3-7, BE+A filtered = 3-4, BE+A thinned = 3-6. We
do not further evaluate the best K value beyond the fact that H. bolanderi-exilis and H.
annuus are never placed in the same group and that there is some level of geographic
structure in H. bolanderi-exilis. The exact best K value to explain the geographic
structure is not relevant to our hypotheses.

Fst values between populations of H. bolanderi-exilis were high (0.041-0.509,
mean=0.331), implying minimal gene flow between geographically distant populations,
or population bottlenecks (Table 3-3). Between H. bolanderi-exilis and H. annuus, Fst
was also very high (mean Fst= 0.508 and 0.472 for Californian and central H. annuus

respectively).
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Table 3-3: Weir and Cockerham Fst between all pairs of populations of H. bolanderi-exilis and H. annuus.

Fst G100 GIO1 G102 G103 G108  GIO9  GNO G Gli4 GNn5  Glé GI8 . GN9
G100 NA

G101 0.248 NA

G102 0132 0.132 NA

G103 0.249 0.244 0143 NA

G108 0.439 0.475 0.375 0.389 NA

G109 0323 0.339 0.249 0.276 0338 NA

G110 0.365 0.387 0.279 0.308 0.346 0.178 NA

G 0.400 0.418 0.325 0.347 0.327 0.229 0.208 NA

G4 0.318 0.334 0.242 0.320 0.483 0.370 0.400 0.442 NA

G115 0.307 0.338 0.225 0.308 0.488 0.369 0.396 0.441 0.214 NA

Gl16 0.271 0.292 0451 0.250 0.465 0.352 0.391 0.416 0.357 0.341 NA

G118 0.1770 0.68 0.041 0.477 0.401 0.276 0.308 0.350 0.261 0.239 0195 NA

Gl9 0.404 0.431 0.331 0.347 0.336 0.247 0.239 0.220 0.446 0.447 0.424 0355 NA
G120 0368 0411 0.271 0.269 0.497 0394 0.425 0.457 0.420 0.423 0.391 0.296 0.449
G121 0.224 0.226 0123 0.192 0.413 0.295 0.327 0.372 0.291 0.278 0.229 0141 0.357
G122 0.296 0.303 0.197 0138 0.447 0.340 0.369 0.408 0.355 0.354 0.295 0.215 0.404
G123 0.456 0.496 0.383 0.402 0.398 0.279 0.279 0.294 0.482 0.496 0.478 0.413 0.293
G124 0.406 0.421 0.327 0.349 0.251 0.279 0.282 0.267 0.449 0.451 0.424 0.357 0.278
G127 0.335 0.357 0.257 0.297 0.388 0.326 0.341 0366 0.390 0.394 0.358 0.283 0.365
G128 0.348 0.372 0.255 0.308 0.468 0.343 0.381 0.412 0.395 0.409 0.376 0.287 0.414
G129 0196 0.177 0101 0.212 0414 0.271 0306 0.353 0.260 0.258 0.236 0.140 0.356
G130 0302 0.312 0.224 0.297 0.468 0.343 0377 0.414 0.188 0.214 0.328 0.254 0.422
CalAnn | 0.511 0.469 0.481 0.486 0.541 0.508 0.499 0.529 0.539 0.519 0.494 0.490 0.526
CenAnn | 0.474 0.443 0.447 0.452 0.499 0.474 0.471 0.490 0.497 0.482 0.461 0.455 0.488



Fst G120 G121 G122 G123 G124 G127 G128 G129 G130 CalAnn  CenAnn
G100

G101

G102

G103

G108

G109

G110

GIn

G4

G115

G116

G118

Gl9

G120 NA

G121 0.295 NA

G122 0.306 0.227 NA

G123 0.509 0.420 0.458 NA

G124 0.461 0.367 0.407 0.354 NA

G127 0.402 0.297 0344 0.418 0.340 NA

G128 0.442 0.313 0.360 0.475 0.421 0.374 NA

G129 0333 0183 0.270 0.414 0362 0.280 0.258 NA

G130 0.402 0.275 0.342 0.462 0.428 0.372 0379 0.254 NA
CalAnn | 0.527 0.494 0.501 0.548 0.523 0.511 0.478 0.475 0.524 NA
CenAnn | 0.488 0.458 0.465 0.505 0.484 0.472 0.445 0.443 0.486 0.067 NA
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Fis showed no evidence of inbreeding in H. bolanderi-exilis populations,
consistent with their self-incompatibility (Appendix B.2). Moderate inbreeding was
observed in H. annuus and several perennial species, likely because samples from
multiple populations were pooled and any population structure will result in increased
Fis (Wahlund 1928).

33.22 ABBA-BABA tests

We found a significant positive D score (suggesting Californian H. annuus — H.
bolanderi-exilis gene flow) for the full dataset (0.123 + 0.033, p=1.6e-4) and for all
individual H. bolanderi-exilis populations (Figure 3-5a). The fraction of the genome
shared through introgression was overall 5-8% (fy = 0.065 + 0.017). When visualized
across the genome, the amount of introgression was variable. In particular,
chromosome Hal had high amounts of introgression, while introgression was low on
Haz2, Hall, Hal2 and Hal5. When D or fyis compared with recombination rate in H.

annuus, there is no association (p > 0.1).
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BE Outgroup

Figure 3-5: Number of significantly positive tests using (a) the Patterson’s D statistic and (b) the
partitioned D statistic.

(a) Each test uses a separate H. bolanderi-exilis population. (b) Each test uses a different H.
bolanderi-exilis population in the BEsqutn position but keeps BEnorth constant as G115. Phylogenetic
scenarios being compared are included in each test diagram.

When looking at the effect of individual samples, we find positive D scores with
70/76 central H. annuus samples, 21/24 California H. annuus, and 187/187 H. bolanderi-
exilis samples (Figure 3-6). Population G128, which exhibited slight evidence of
admixture in the ADMIXTURE analysis, showed slightly below average D scores. We
find no relationship between collection date or latitude and D or f; for the California H.
annuus samples (all p > 0.12), but latitude does correlate with D and fy in H. bolanderi-

exilis (D: F1183=24.0, p < e-5; fy: F1183=17.3, p < e-4).
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Figure 3-6: Patterson’s D scores for subsampled results.
The dotted line represents the D score using all samples + 1standard error. The solid line
represents the null expectation. Dots represent D scores when testing a single sample from that

group.
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3.3.3 Directionality of gene flow with H. annuus
3.3.3.1 Partitioned D tests

The partitioned D statistic using scenario one produced Dy, D1 and D; tests that
were significantly positive for 21/21,17/21 and 0/21 populations respectively. For
scenario two, the number of significantly positive populations was 0/21, 2/21and 0/21
respectively (Figure 3-5Db). In scenario two, test D, three populations produced
significantly negative values. Using G114 as the reference northern population
produced similar results.
33.3.2 Demographic modeling

Demographic modeling found the most likely model included bidirectional gene
flow (Table 3-4). Both the unidirectional gene flow models were better than no
migration (into California H. annnus. p = 0.0012; into H. bolanderi-exilis. p = 0.0059).
Bidirectional gene flow was better supported than either unidirectional model (into
California H. annnus. p = 0.0055; into H. bolanderi-exilis. p = 0.0046).
In the best-supported model, effective population size of central H. annuus effective is
~880,000, of California H. annuus is ~95,000 and of H. bolanderi-exilis is ~490,000.
The model estimated ~410,000 years ago for the H. annuus — H. bolanderi-exilis split
and 18,000 years ago for when H. annuus invaded California. Migration rates were

below 1 migrant per generation (between 0.08 and 0.5).
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Table 3-4: Parameters for all 6asi models.
Confidence intervals based on block bootstrapping. Migration is scaled to the number of migrants per generation in the receiving

population.
No migration Into BE migration Into CalA migration Bidirectional migration
ML 95% Cl ML 95% Cl ML 95% Cl ML 95% Cl
LL -7494.10 - -6605.07 - -7262.47 - -6464.80 -
Theta 469.66 - 321.84 - 321.85 - 313.91 -
Nz (x 105) 5.70 5.65-5.75 4.96 4.85-5.07 4.05 4-4.09 4.94 4.83-5.05
Neena (x 105) 8.46 8.26-8.65 8.77 8.55-8.99 6.07 5.93-6.22 8.80 8.58-9.02
Neaia (x 109) 0.97 0.87-1.07 1.21 1.21-1.21 0.49 0.48-0.5 0.95 0.94-0.95
T; (x 109) 315 3.12-3.18 3.97 3.88-4.06 2.36 2.34-2.39 414 4.07-4.22
T2 (x 105) 0.19 0.17-0.21 0.22 0.22-0.22 0.10 0.1-0.1 0.8 0.18-0.18
Mcala->BE - - 0.45 0.44-0.46 - - 0.48 0.47-0.5
MBE->Cald - - - - 0n 0.06-0.17 0.08 0.05-0.1m




3.4 Discussion:
3.41 The non-hybrid origin of H. bolanderi

Using our high-resolution genomic data, we can definitively rule out the putative
hybrid origin theory of H. bolanderi, confirming early work by Rieseberg et al. (1988).
Principal component, population structure and phylogenetic network analysis all fail to
find evidence for admixture between a subset of H. bolanderi-exilis and H. annuus. If
H. bolanderiwere of hybrid origin, we would expect some of our sampled populations
(particularly those in the eastern part of the range where H. exilis is not present) to be
genetically closer to H. annuus, but we do not see this. This does not mean that there is
no gene flow with H. annuus and, indeed, our ABBA-BABA testing shows that there is.

As a secondary hypothesis, we evaluated the possibility that H. bolanderi had
undergone greater introgression with H. annuus than did H. exilis. The phenotypic
intermediacy that motivated the hybrid origin hypothesis might be caused by small
amounts of introgression, less than what is typically envisioned for a hybrid-species,
and this may not be detected by the coarser population structure or clustering
analyses. However, using the ABBA-BABA test, we failed to find support for this
possibility as well. All H. bolanderi-exilis populations show positive D scores - there is
no bimodality that can be attributed to two species, one of which hybridizes (although
northern populations show some reduction in D, discussed below). In fact, our results
do not support H. exilis and H. bolanderi as separate species, but are more consistent

with a single species with population structure associated with geographic location.
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The division between H. exilis and H. bolanderihas been a point of contention in the
literature. Originally (and currently) designated as different species, they have also
been classified as two subspecies, and two species plus one ecotype (Grey 1865;
Heiser 1949; Jain et al. 1992). Further complicating this, the currently recognized
morphological differences between the species, leaf shape, flower head size and seed
size, can be confounded by phenotypic plasticity and the stunting effect of serpentine
soil making in situ species identification difficult. Herbarium records for both species
suggest that H. exilis is found in the North Coast and Klamath Ranges of California
while H. bolanderi entirely encompasses that range and extends south and east into
the northern Central Valley and Sierra Nevada Foothills. Our genetic data tell a
different story.

At the highest level, populations are divided into east and west clades. Although
this roughly corresponds to the ranges of H. bolanderi and H. exilis respectively, both
clades are not present in the western range as expected based on current descriptions
of species’ ranges. Furthermore, the next level of population structure separates the
northern populations from the rest, again inconsistent with two overlapping species.
Fstbetween populations is quite high, even for populations relatively close together
and all individuals within a population cluster closely within the splits network
analysis.

Taken together, this suggests a single species with many isolated populations.

Future work should assess phenotypic variation in a common garden and hybrid
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sterility for crosses between samples in the eastern, western and northern clades to
determine if they are reproductively isolated. It could also establish whether the
phenotypic differences purported between H. exilis and H. bolanderifollow the genetic
divides we show here. We tentatively call the combined species, H. bolanderi. Both
species names were published in the same issue by Asa Grey in 1865, but H. bolanderi
was listed first and was considered to be the more widespread species (Grey 1865).
3.4.2 Gene flow with H. annuus

The genetic data we present here shows evidence for introgression between H.
annuus and H. bolanderi-exilis. Although both population structure and clustering
analyses do not show signs of admixture, the Patterson’s D statistic is clear that
introgression has occurred in California. When testing the effect of individual samples
we found the vast majority produced positive D scores (Figure 3-6). This shows that the
signal we are seeing is not from ghost introgression in a minority of samples (i.e., the
effect of H. petiolaris introgression in central H. annuus). What the overall D statistic
does not tell us is which way gene flow is occurring (e.g. H. bolanderi-exilis into H.
annuus, H. annuus into H. bolanderi-exilis or bidirectional). To get at the direction of
introgression we used the partitioned D statistic with two phylogenetic scenarios
(Eaton and Ree 2013). In both of these, we treat the most northern H. bolanderi-exilis
population as non-introgressed. We make this assumption for two reasons: (i) H.
annuus is largely limited to the southern half of California and excluded from

serpentine regions. The most northern H. bolanderi-exilis population (G115) is deep in a
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Klamath Mountains, far from the range of H. annuus and on a serpentine patch. (ii) The
high population structure and isolated nature of populations in H. bolanderi-exilis
means that gene flow is low between populations and unlikely to have spread
introgressed alleles that far in the relatively short period of time that H. annuus has
been in California.

The partitioned D statistics show that gene flow is largely from H. bolanderi-
exilis into H. annuus. This is seen critically in test Dy in both scenarios (Figure 3-5).
Scenario one, Dy shows that derived alleles present in both H. bolanderi-exilis
populations are enriched in the California H. annuus samples. This must be because of
gene flow into H. annuus from H. bolanderi-exilis because the reverse could not spread
the alleles to both populations. One alternative scenario is that gene flow occurred
before the H. bolanderi-exilis populations diverged, but considering the high Fst
between populations of H. bolanderi-exilis and recent invasion of California by H.
annuus, it is highly improbable that H. annuus was in California before H. bolanderi-
exilis spread to its current range. For scenario two, Dy, is never significant. This shows
that the southern populations are not enriched for derived alleles present in all H.
annuus populations, as would be expected if gene flow was bidirectional. Together
these results suggest unidirectional gene flow from H. bolanderi-exilis into H. annuus.
Demographic modeling supports bidirectional gene flow in California (Table 3-4). This
is in partial conflict with the partitioned D statistic results. These methods use different

ways of detecting gene flow; 8adi models demographic scenarios that produce similar
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site frequency spectra to the empirical data while the partitioned D statistic looks for
imbalances in inheritance scenarios within a phylogeny. 8asi would not actually use
information about shared derived alleles that is driving the partitioned D statistic
signal. It is also possible that demographic modeling is affected by the population
structure within the H. bolanderi-exilis samples. On the other hand, the partitioned D
statistic may be under-powered for some scenarios and gene flow may be
bidirectional, but unequal (i.e., there is gene flow into H. bolanderi-exilis but not
enough to detect). Thus we have conclusive evidence of gene flow into California H.
annuus and ambiguous signals of the reverse; therefore gene flow appears to be
stronger into California H. annuus.

Theory by Currat et al. (2008) predicts that in this scenario the invader should
have more introgressed alleles than the native species. Our results provide support for
this theory - introgression does appear to be stronger into the invader H. annuus.
Although we might expect introgression to be greater in more northern H. annuus
populations (since they are in greater contact with H. bolanderi-exilis) or in populations
collected at a later year (if introgression is ongoing), D scores for individual samples
are not correlated with latitude or collection date. This is also counter to theory that
predicts greater introgression in populations on the range edge (i.e., northern
samples). This counter-intuitive result may be because the spread of H. annuus across
California was not a simple expanding wave and hybridization occurred haphazardly or

that hybridization occurred late in expansion and only some lineages were affected.
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Furthermore, the model used by Currat et al. does not include reproductive isolation
between the species and there is a significant sterility barrier between H. bolanderi-
exilis and H. annuus (Chandler et al. 1986).

The Patterson’s D statistic is positive in all H. bolanderi-exilis populations, but
has regional variation. Specifically, the four northern populations have lower D
statistics than the rest (mean 0.126 versus 0.187, students t-test p < e-13). This may be
due to introgression in southern and central populations or, more likely, that
introgressed alleles in H. annuus came from more southerly populations. The amount
of introgression is not evenly spread across the genome; several chromosomes do not
show evidence of introgression, in particular Ha2, Hall, Hal2 and Hal5. Previous work
has shown associations between low recombination rate and reduced introgression,
but we do not see that in our data (Barton 1979; Machado et al. 2007; Yatabe et al.
2007). This may be because we do not have a genetic map of H. bolanderi-exilis, so our
estimates of recombination rate are missing the major effects of chromosomal
rearrangements. Chromosomal rearrangements are known to reduce introgression in
sunflowers and other species (White 1978; Rieseberg 2001; Giménez et al. 2013; Barb et
al. 2014) and, indeed, pollen sterility and meiotic abnormalities indicate there are
several between H. annuus and H. bolanderi-exilis (Chandler et al. 1986). Particularly
high values of introgression are seen in Hal, perhaps from positive selection on loci or
more neutrally from allele surfing (Hallatschek and Nelson 2008). Alternatively,

simulation studies have shown that localized high D values may be due to the reduced
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Dyy in the absence of gene flow so variation in D may be a side effect of this and not
reflect true gene flow variation (Martin et al. 2015).
3.4.3 Edaphic quality and introgression.

The toxicity of serpentine soil excludes H. annuus migrants. Consequently, we
would expect to see greater introgression in non-serpentine populations of H.
bolanderi-exilis because both species can co-exist off serpentine sites. In our data this
is not the case, Patterson’s D scores of non-serpentine samples are not significantly
lower than serpentine samples (student’s t-test, p = 0.1097). This is consistent with our
hypothesis that the samples we sequenced of H. bolanderi-exilis are not actually
introgressed. Despite this, the hybridization between H. bolanderi-exilis and H. annuus
most likely occurred on non-serpentine soil in California’s Central Valley. Populations
within the southern extent of this area collected in the 1950s are no longer present
possibly due to genetic swamping by H. annuus. Extant non-serpentine samples

appear to be in danger of a similar fate as H. annuus spreads north.
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Chapter 4: The genomic composition of sunflower homoploid hybrid
Species
4.1 Introduction

Hybrid speciation is an extreme example of the constructive effects of
hybridization (Mallet 2007). In homoploid hybrid speciation, hybridization without
genome doubling brings together the genomes of two species to produce a third
lineage that is reproductively isolated from both parental species. The parameter
space allowing hybrid speciation and the resulting genomic composition has been
modeled but, despite its emblematic importance for hybridization’s role in speciation,
the actual genomic consequences of hybrid speciation are largely unknown (McCarthy
et al. 1995; Buerkle et al. 2000; Duenez-Guzman et al. 2009; Schumer et al. 2015).
Homoploid hybrid speciation is much rarer than allopolyploidization (hybrid speciation
with genome doubling), although in recent years more examples of the former have
been discovered in both plants and animals (Schumer et al. 2014). One reason why
hybrid speciation is thought to be rare is that it both requires and is constrained by
hybridization (Buerkle et al. 2000). Initial hybridization is required to combine the
parental genomes but it must cease for the new hybrid lineage to achieve reproductive
isolation from its parents. There are three non-exclusive theories on how this can
occur. The recombinational theory and the sorting hybrid incompatibility theory

suggest that novel combinations of preexisting chromosomal rearrangements or
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hybrid incompatibilities create a lineage that is intrinsically reproductively isolated
from both parents (Grant 1958; Schumer et al. 2015). The ‘segregation of a new type
isolated by external barriers’ theory extends this to extrinsic isolation and proposes
that novel combinations of alleles allow the hybrid species to expand to a new niche
that is geographically or ecologically isolated from the parents, or provides an
assortative mating barrier (Grant 1981). In all cases, during hybrid species formation
there should be genomic regions under selection that fix rapidly due to fertility
(intrinsic) or ecological (extrinsic) selection.

Beyond the effect of selection during hybrid speciation, several other basic
questions about hybrid species remain unexplored. For example, we do not have good
estimates of genomic composition. This can range from ~2% admixed as is seen in
Heliconius butterflies to 50% if parental contributions are equal (Heliconius Genome
Consortium 2012). Similarly, estimates of rate at which hybrid genomes settle, or if they
are even completely settled, have not been examined using modern genomic
techniques.

The first step to answering these questions is identifying parentage blocks in a
hybrid species genome, but this is difficult for several reasons. For one, the allele
frequencies of the parents when the hybrids were formed will be different from the
allele frequencies measured from contemporary populations. This is due to evolution
in the parents, as well as the limits of sampling. It is likely that a hybrid species will

form from contributions of a subpopulation of the total parental species. If those
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subpopulations are not known, or not sampled, and the parental species have
population structure then there will be differences. Additionally, hybrid species are
independent evolutionary lineages so evolution since the hybridization event will shift
allele frequencies and introduce novel mutations. Programs designed to detect
admixed ancestry often make explicit assumptions about Hardy-Weinberg equilibrium
(HWE) allele frequencies within groups (i.e., STRUCTURE). Thus if hybrid species are
old, genetic drift and possibly selection will cause hybrid genome fragments to differ
from HWE and potentially cause spurious results. To overcome this limitation, |
designed a likelihood-based algorithm that does not make any population genetic
assumptions. It simply uses parental allele frequencies and estimates the likelihood of
different levels of admixture proportions of the two parents.

Here | apply this new method to three of the most well characterized cases of
homoploid speciation: H. anomalus, H. deserticola and H. paradoxus. Each are hybrids
between the common sunflower, H. annuus and the prairie sunflower, H. petiolaris
(Rieseberg 1991). They each also occur on extreme habitats not normally inhabited by
their parents. H. anomalus grows on sand dunes, H. deserticola grows on sand sheets
and H. paradoxus grows on salt marshes (Heiser et al. 1969). It is thought that through
transgressive adaptation to these extreme habitats, the hybrid species each separated
from their parents both geographically and adaptively (Schwarzbach et al. 2001; Welch

and Rieseberg 2002a; Gross et al. 2004).
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To explore these issues, | use transcriptomic data from a range of annual
sunflower species to ask a diverse array of questions about the origin(s), genomic
composition, and ages of the hybrid lineages. | first ask whether H. annuus and H.
petiolaris have been correctly identified as the parents of each hybrid species, and, if
so, what is the proportional parentage in each hybrid species? The answers to these
questions allows me to address the general hypothesis that hybrid species’ genomes
should resemble the more ecologically and morphologically similar parent.
| then explore how parental blocks are distributed across the genomes of the hybrid
species. This information allows me to test the expectation that parental blocks should
be non-randomly distributed across the genome because of strong fertility and
ecological selection during the early stages of hybrid speciation. Likewise, | can assess
whether hybrid genomes are more highly recombined than suggested by previous low
resolution genome scans and associated simulation studies (Ungerer et al. 1998;
Buerkle and Lexer 2008) and whether the hybrid genomes are completely stabilized
potentially resolving a conflict between the relatively large effective population sizes
reported for the hybrid species (Strasburg et al. 2011) and expectations from
simulations.

Lastly, | determined the relative age(s) of the hybrid lineages and the overall
similarity of their genomes with respect to parental chromosomal block distributions.
This information offers a means for testing Schemske's (2000) proposition that most

hybrid lineages, including the sunflower hybrids targeted by this paper, are recent
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products of human disturbance. | also can assess the repeatability of hybrid speciation,
thereby expanding our understanding of the predictability of evolution.

4.2 Methods

421 SNP preparation

| analyzed sequence variation in 101 transcriptomes from 9 annual Helianthus species
(Table 4-1). Transcriptome sequencing of the wild species has been previously
described (Lai et al. 2012; Renaut et al. 2013; 2014). RNA extractions, library
preparation, and sequencing using the Illumina platform were carried out following Lai
et al. 2012. Reads were trimmed using Trimmomatic (Bolger et al. 2014) using the
sliding window option and final minimum read length of 36bp. Orphaned reads, those
whose pair was entirely removed, were not included in analysis. Reads were aligned
against a H. annuus reference genome (HA412.v1.1.bronze.20141015), using the Burrows-
Wheeler Aligner (BWA) (Version:0.7.9a) using the ‘aln’ and ‘'sampe’ command (Li and
Durbin 2010). Alignments were refined using the command subjunc in the subread
program to account for alignment issues derived from splicing (Liao et al. 2013).
Alignments were converted to binary format using SAMtools (Version: 0.1.19) (Li et al.
2009). Read group information and PCR duplicate marking was completed using
Picard (Version: 1.114) (http://broadinstitute.github.io/picard). Genotyping was
performed using the 'HaplotypeCaller’ and ‘GenotypeGVCFs' commands in GATK

(Version: 3.3) (Van der Auwera et al. 2002).
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For all analyses, SNP data were converted from vcf format to tab separated
using custom perl scripts. Only bialleleic sites were kept. Sites were discarded if either
'MQ’ or ‘Qual’ were < 20 and individual genotypes were discarded if they had <=5 or >
100,000 reads.

4.2.2 Sample diagnostics

| used SAMtools (Version: 0.1.19) to quantify the percent of reads aligned and
custom scripts to count the number of bases genotyped in each sample. To visualize
the phylogenetic relationships between samples | filtered the dataset for coverage (>
95%), minor allele frequency (> 2%) and observed heterozygosity (< 60%) and used
SplitsTree4 (Huson 1998). For heterozygous sites, a single random allele was chosen.
Samples that did not cluster with their predicted species, in this or previous
phylogenetic networks were removed.

4.23 Parent determination

It is accepted that the parents of each Helianthus hybrid species are H. annuus
and H. petiolaris (Rieseberg 1991). This is based on species distributions (both species
have large ranges that overlap with the hybrid species’ ranges) and early genetic
markers, but this has not been formally tested with modern data. It is possible that the
parents of the hybrids may be a close relative of either purported parent (assuming
substantial historic range shifts) or the ancestor of multiple species (if the hybrid
speciation event is older than the most recent speciation event). To evaluate this

hypothesis | calculated pairwise genetic distance between each hybrid individual and
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each individual of the potential parent species. These included H. annuus and its two
closest relatives, H. argophyllus and H. bolanderi, and H. petiolaris and its two closest
relative H. debilis, H. praecox. All sites with data were used. A permutation test
(n=10,000) was used to compare the presumptive parents (H. annuus and H. petiolaris)
with other possible parents to determine which had lower mean genetic distance.

For this and other analyses, | used a subset of transcriptomes available for H.
annuus. The full dataset includes elite, landrace, wild, weedy and texanus H. annuus
samples. | did not use elite or landrace samples because the domestication process
modifies allele frequencies and does not represent the true species wide diversity.
Additionally, interspecies gene flow is known to have occurred during improvement
(Baute et al. 2015). Samples from Texas, identified as H. annuus-texanus were also not
used because this subspecies is known to have introgression from H. debilis
(Rieseberg et al. 1990Db).

4.2.4 Parentage proportions

Once the parents of the hybrid species were confirmed to be H. annuus and H.
petiolaris (see Results), | then asked what proportion of the genome for a hybrid
individual came from each parent. To do this | selected sites with fixed differences in
the parents and asked which parent the allele in the hybrid individual came from.
Biases may be introduced from uneven sampling of the parents, so | implemented a

dynamic subsampling procedure.
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At each site, | counted the number of genotyped samples for each parental species. |
then took the lower number and randomly selected that number of genotyped
samples from each parental species. This ensures that the sample size is balanced.
Since coverage is not equal across the genome in each sample, using this method
allows for more sites to be kept than if | had just removed samples from the
overrepresented parent from the start. Furthermore, it also removes the chance of
sample selection bias, since all samples are still represented in the dataset. This
subsampling procedure was also used in the hybrid genome composition analysis (see
below).
4.2.5 Parental window assignment

| assigned parentage to genomic regions in individual hybrid samples using a
maximum likelihood approach in a sliding window. The analysis was run twice, once
with a non-overlapping window size of 1 Mb and once with a window size of one gene.
At each site | required at least five samples of each parental species to be genotyped
or the site was skipped. Parental samples were also dynamically subsampled (see
above). | then calculated allele frequencies for both H. annuus (pl) and H. petiolaris (pz).
If an allele was not present in one parental species, | assigned it a frequency of 0.01to
represent the possibility of missed alleles and to facilitate the likelihood approach. For
admixture values, x, from 0 to 1 (representing 100% H. annuus to 100% H. petiolaris) in

increments of 0.01, the log likelihood was calculated using the following formulae:
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n
InL(x) = Z In (AA; - HWE(AA); + Aa; - HWE (Aa); + aa; - HWE (aa);)

HWE(AA); = ((p} - x) + (p?(l - ac)))2
HWE(Aa); = 2@} - ) + (P21 =0 )) - (((1 = pPx) 41
+(a-rHa-2)

HWE (aa); = (1 —p}) - x) + (1 = p2)(1 = )))?

LnL, the log likelihood, is summed over the n sites, where AA, Aa, and aa
represent the number of homozygous major allele, heterozygous and homozygous
minor allele in individuals, respectively, and p7 and pz are the major allele frequencies
for H. annuus and H. petiolaris, parents respectively. Ultimately this produces a

likelihood curve of x for each sample in each genomic window (Figure 4-1).
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Figure 4-1: An example likelihood curve for one genomic window.

Helianthus paradoxus (Par) samples are more likely to be from H. annuus, while H. anomalus (Ano)
and H. deserticola (Des) are most likely to be admixed. Black area represents the chi-squared
confidence interval.

The maximum likelihood admixture value was found for each window and a
95% confidence interval was measured using a chi-squared test (df =1, a« = 0.05). This
same analysis was repeated on a per gene basis, instead of a sliding window.
After confidence intervals were calculated, they were used to categorically divide

windows in types. Windows where the confidence interval was wider than 0.5 (i.e., it
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covered greater than half of the possible admixture values) were classified as
“unknown”. Windows where the confidence interval entirely fell below 0.5 were
classified as "H. annuus”, windows entirely above 0.5 were classified as “H. petiolaris”
and windows that spanned 0.5 were classified as "admixed”. Genetic map positions of
chromosomal rearrangements between H. annuus and H. petiolaris were compared
with admixture values (Kate Ostevik, unpublished).

To determine the approximate size of parental blocks, | calculated the cM size of
consecutive blocks of the same parentage. Each admixed window was treated as its
own block because it may represent multiple smaller parental blocks. Blocks were
extended across “unknown” windows as these may be the result of a lack of data and
not admixture.

4.2.6 Age of hybrid speciation

In the phylogenetic network analysis, all hybrid species had long branch lengths.
This suggests that the hybrid species may be older than previously estimated. To
roughly estimate the age of hybrid speciation, | calculated average genetic distance
between all species at all genes. For a site to be included, it must have been
genotyped in two individuals per species. Since intraspecific variation may contribute
disproportionately to genetic distances, | subtracted the average intraspecific variation
(i.e., 1) of the two species, from each genetic distance measure, effectively calculating

the net nucleotide distance (Arbogast et al. 2002).
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Hybrid species have genes from both parents, and comparing the genetic
distance of a hybrid species to the wrong parent (i.e., the parent that did not contribute
the allele) would incorrectly increase genetic distance, therefore | selected genes for
which the parentage was confident and consistent among all samples of that hybrid
species. Thus for each hybrid species | made a list of H. annuus and H. petiolaris genes.
| took the net nucleotide distance for each gene against its purported parent and
normalized it against the net nucleotide distance for that gene between H. bolanderi
and H. praecox. | did not use the net nucleotide distance between H. annuus and H.
petiolaris because ongoing gene flow has reduced overall divergence (Strasburg and
Rieseberg 2008). Helianthus bolanderiand H. praecox are close relatives to H. annuus
and H. petiolaris respectively so they diverged at the same time as H. annuus — H.
petiolaris, and they are entirely allopatric so do not exchange genes.

4.2.7 Intraspecific genomic composition similarity

If each hybrid species originated only once, we would expect that genomic
composition would be highly similar among individuals of the same species.
Alternatively, if a hybrid species originated multiple times we expect similarity to be
reduced or non-existent, although subsequent gene flow or parallel selection may
influence this (see discussion). To determine whether the three hybrid species had
multiple origins, | calculated pairwise correlation coefficients for the maximum
likelihood admixture proportions between all samples within a given hybrid species. It

is possible for correlations to be artificially increased or decreased due to missing
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data; therefore | only included windows where in both samples the confidence interval
spanned less than half the total possible range (i.e., < 0.5). This limits the comparison
to windows where there is reasonable confidence in the admixture proportion. Both
higher (< 0.3) and lower (< 0.7) stringencies were also tried.
4.2.8 Interspecific genomic composition similarity

To measure the similarity of genomic composition between species, | used the
same measure as within species, pairwise correlation coefficients for the maximum
likelihood admixture proportions. It's possible that there is a baseline correlation
coefficient inherent to the analysis based on biases within the parental genomes. For
example, a genomic region may be biased towards admixed values if there is very little
differentiation between the parents. To control for this bias, | created a baseline
correlation coefficient using simulated hybrid species genomes. The simulation
modeled recombination events in a genetic map the same size as the H. annuus
genetic map. Mating was random and the number of recombination events was drawn
from a poisson distribution (A = 1). For simplicity sake, the population size was set to
100 and was run for 400 generations. After this many generations, interspecific
heterozygosity equaled ~0.01. For a single random simulated individual, parental
genome fragments were translated into SNPs by drawing random alleles based on the
parental allele frequencies for the appropriate parent. This simulated individual was

then run through the same sliding window maximum Llikelihood script. This was
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repeated 100 times and then the pairwise correlation coefficients of the maximum
likelihood admixture proportions were calculated.
4.2.9 Shared origin of H. anomalus and H. deserticola

Interspecific consistency comparisons showed surprisingly high similarity in
genomic composition between H. anomalus and H. deserticola samples. To assess
whether this represents shared origin versus parallel genotypic evolution, | selected
sites in the hybrid species with non-parental alleles (i.e., alleles not found in the
parents) and asked whether the non-parental allele was found in more than one hybrid
species. | only included sites where >1sample was genotyped in each hybrid species.
Since H. anomalus had only two samples, all hybrid species were randomly
subsampled to a sample size of two.
4.210 Genomic stabilization

During hybrid speciation, interspecific heterozygosity will decline due to drift
and selection. Interspecific heterozgosity begins at 100% in the F1 and is expected to
decline to minimal levels within hundreds or thousands of generations depending on
effective population size (Buerkle and Rieseberg 2008). To measure the current levels
of observed interspecific heterozyqgosity | selected all sites in the genome where H.
annuus and H. petiolaris were fixed for different alleles. This included the subsampling
procedure to balance sample sizes, so some sites used were not actually fixed

differences in the entire dataset but were in the subsampled set. At each site | asked if
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the hybrid species samples were heterozygous at this site or not and calculated the
percent heterozygosity.
4.3 Results
431 Data quality

The number of reads used and percent of reads aligned for each sample are
reported in Table 4-1. SNP calling produced genotype calls for 97,119,366 sites, after
removing indels and filtering for genotype quality. This includes 6,240,995 bi-allelic
and 438,363 tri-allelic sites. Splits network analysis confirmed species identity in

almost all cases. Three samples were removed because they were putative

contemporary hybrids (“Sample-Goblinvalley”, “btm30-4" and "PET2343") (Figure 4-2).
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Table 4-1: Names and read information for samples used in hybrid species analysis.

Samples with * were removed from further analyses.

Number of Number of reads Percent of

Name Taxa reads aligned reads aligned
Academy2 annuus 16017498 13770972 85.97
Academy7 annuus 21442334 18365606 85.65
ALB annuus 20944799 15705557 74.99
Canal2 annuus 25474069 21916196 86.03
Canal5 annuus 30718522 26905742 87.59
Manteca4 annuus 25172855 22048289 87.59
Manteca8 annuus 23934604 20978593 87.65
SAW3 annuus 9852450 7507049 76.19
LEWI annuus 24414987 19999903 81.92
NEW annuus 22598438 18036863 79.81
TEW annuus 20139861 15677004 77.84
Ano1495 anomalus 28492388 23426683 82.22
Sample-Ano1506 anomalus 43249420 35401342 81.85
Sample-des1486 anomalus 32392091 26570690 82.03
Goiﬁr:vzlﬁ;y* anomalus 61130685 50046806 81.87
argNB-1 argophyllus 20247227 17275312 85.32
argl4B-7 argophyllus 26240237 22289440 84.94
ARG1805 argophyllus 29055900 24516470 84.38
ARG1820 argophyllus 39802820 34013515 85.46
ARG1834 argophyllus 26969428 22912998 84.96
arg2B-4 argophyllus 21627940 17977941 83.12
arg4B-8 argophyllus 34276969 29250330 85.34
arg6B-1 argophyllus 32612250 27432294 84.12
btm10-5 argophyllus 18725992 15827749 84.52
btm13-4 argophyllus 28395684 24005375 84.54
btm17-4 argophyllus 26247563 22422066 85.43
btm19-1 argophyllus 30529452 26030359 85.26
btm20-8 argophyllus 24910558 20646712 82.88
btm21-4 argophyllus 27600852 23348716 84.59
btm22-8 argophyllus 25425154 21352036 83.98
btm25-2 argophyllus 30524207 25655371 84.05
btm26-4 argophyllus 19549044 16688985 85.37
btm30-6 argophyllus 20892621 17490824 83.72
btm27-3 argophyllus 24401569 20418717 83.68
BOL1037 bolanderi-exilis 26167182 18062305 69.03
BOL775 bolanderi-exilis 31223106 21457040 68.72
G109-13 bolanderi-exilis 42985566 36014216 83.78
G109-15 bolanderi-exilis 70944350 59454574 83.80
GM10-2 bolanderi-exilis 44223718 37205650 84.13
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Number of Number of reads Percent of

Name Taxa reads aligned reads aligned
GI10-3 bolanderi-exilis 66483881 55926052 84.12
GIN-12 bolanderi-exilis 87774745 73253352 83.46
GIm-14 bolanderi-exilis 107421789 90711457 84.44
Ames7109 bolanderi-exilis 26167182 18062305 69.03
EX12348 bolanderi-exilis 44572676 31383970 70.41
EXI2356 bolanderi-exilis 39567225 25972904 65.64
EXI2359 bolanderi-exilis 29071969 19746853 67.92
EXI2360 bolanderi-exilis 29667258 19322507 65.13
EXI2363 bolanderi-exilis 33376559 22619177 67.77
EXI2368 bolanderi-exilis 20336788 13603176 66.89
EXI12370 bolanderi-exilis 29301945 20181556 68.87
EXI2371 bolanderi-exilis 25989621 12729594 48.98
EXI2373 bolanderi-exilis 21987899 14680951 66.77
EXI2375 bolanderi-exilis 30733966 20412868 66.42
RAR43 debilis 52013181 41790184 80.35
RAR46 debilis 50158666 41128480 82.00
RAR50 debilis 40491523 32819939 81.05
RAR55 debilis 35884259 27509497 76.66
RAR57 debilis 41991840 33969621 80.90
arg4B-14 debilis-cucumerifolius 45056394 36991069 82.10
btm33-4 debilis-cucumerifolius 27292831 21934794 80.37
btm30-4* debilis-cucumerifolius 43834935 35629423 81.28
Des1484 deserticola 26497252 21512525 81.19
des2458 deserticola 43794883 34810632 79.49
Sample-Des2463 deserticola 35730029 28767695 80.51
Sample-desA2 deserticola 3714075 29778015 80.23
Sample-desc deserticola 43723828 35081963 80.24
Sample-des1486 deserticola 32392091 26570690 82.03
Sample-DES1476 deserticola 39649439 31937316 80.55
Sample-king159B paradoxus 40625152 33529189 82.53
Sample-king1443 paradoxus 53965251 44121249 81.76
king141B paradoxus 32300999 26765443 82.86
king145B paradoxus 16060683 13366646 83.23
kingl47A paradoxus 37575827 30985837 82.46
King151 paradoxus 27694489 22691534 81.94
king152 paradoxus 23934831 19993734 83.53
King156B paradoxus 36809637 30544925 82.98
GSD1439 petiolaris 29987906 20930366 69.80
GSD975 petiolaris 20657550 13585241 65.76
ISS19 petiolaris 14008016 9535625 68.07
KSG54 petiolaris 19264783 13960237 72.47
pet2119 petiolaris 47100253 38756757 82.29
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Number of Number of reads Percent of

Name Taxa reads aligned reads aligned
Pet2152 petiolaris 14130669 9907500 701
PET2341 petiolaris 4180314 34590157 82.75
PET2342 petiolaris 36629070 30033054 81.99
PET2343* petiolaris 35743351 29215050 81.74
PET2344 petiolaris 38713386 31503910 81.38
PET-2 petiolaris 29564853 24452966 82.71
PET-3 petiolaris 27410418 22824081 83.27
pet489 petiolaris 42288917 35300159 83.47
Pi468805 petiolaris 8326375 5822403 69.93
P1468812 petiolaris 31765630 25627245 80.68
P1468815 petiolaris 12584477 8791918 69.86
P1503232 petiolaris 37859430 30866806 81.53
P1531058 petiolaris 28992050 23744474 81.90
PI1547210 petiolaris 27495956 22292003 81.07
PI1586932b petiolaris 10269351 5591196 54.45
P1613767 petiolaris 4318173 35359396 82.01
P1649907 petiolaris 38150864 31009091 81.28
PL109 petiolaris 2578744 181827 70.26
btmi3-6 praecox-runyonii 43638715 35662815 81.72
btm14-4 praecox-runyonii 31370699 25672601 81.84
btm16-2 praecox-runyonii 39048713 32172596 82.39

88



H. anomalus - paradoxus

king1418
King147A
King151
Sample-king1443
Sample-desA2 Kipg1568
Sample-Des2463 samffle-king1598
Sample-desc 52

des24! king

52458
S: e-DES1476

H. deserticola \

Des1484’

\ EXI2348  Ames7109
Sample-des486

EXI2356 BOL1037
BOL775

Ano1495
Sample-Ano1506

EXI2368

X 9 EXI2373
P1468812 / 1236; 81?3:1153
P1649907
1819 / EXI2370

G111-14

Pi4GB8Q5 7
fore J s EXI2371
PI468315 )/ o
. . GSD1439 ///
petdBY  —aapers
H. petiolaris s \
PET-3 \ \
PET-2 N _ N
Pet2152 Sl NEW
PI547210 = /;l///'
2 % LEW1
1 SAW3
pet2119 Y - //
N Manteca8
PIS31058 rotel
PI5869320 et
PET2344 KSG54
PIB13767 o
PI503232
Sample-Goblinvalle
. ' \ Canal2
btm16-2
pimied N Academy7
e \ \\ arg11B-11
sy \ N\ ARG1805
H. praecox iy N
RAR43 bim30-4 .y N
e bim21-4 | im0 \bim25-2
RARSS btm20-8  btm26-4

arg4B-14 btm30-6 a
bt

rg2B-4
tm13-4 btm22-8

H. dEbllIS "‘m;f;-ém argdB-8

btm27-3

H. argophyllus

Figure 4-2: Splits network analysis of all EST samples.
Putative hybrids removed from future analyses are highlighted in red.

4.3.2 Parent identification

G109-15
EXI23g0  EXI2375

G111-12

H. bolanderi-exilis

H. annuus

Based on raw genetic distance, the parents of each of the hybrid species are

indeed H. annuus and H. petiolaris (Figure 4-3). | found that H. annuus is significantly

genetically closer to each of the hybrid species than H. bolanderi and H. argophyllus

(Table 4-2). On the other side, H. petiolaris is significantly genetically closer to each of

the hybrid species than both of its closer relative, H. debilis and H. praecox. Within the
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hybrid species, genetic distance was notably lower when comparing H. anomalus with

H. deserticola then in any comparison with H. paradoxus.
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Figure 4-3: Average genetic distance between hybrid species and their potential parents.
Genetic distance was calculated using all sites. Includes comparisons with a) H. anomalus, b) H.
deserticola, c) H. paradoxus and d) inter-hybrid species comparisons.
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Table 4-2: Results for permutation test comparing proposed hybrid parents with possible
alternatives. P values < 0.05 are bolded.

Ann vs Arg Ann vs Bol Pet vs Deb Pet vs Pra
H. anomalus p =0.004 p < E* p = 0.007 p = 0.001
H. deserticola p<E? p<E? p<E? p<E?
H. paradoxus p<E* p<E* p<E* p<E?

433 Genome average parental contribution

The parental contribution was biased toward H. annuus in H. paradoxus (58-
59% H. annuus), and for H. anomalus and H. deserticola the genome was biased
towards H. petiolaris (62-65% H. petiolaris) (Figure 4-4). Novel alleles, sites where the

hybrid had neither of the parental alleles, were only present at about 1% of sites.
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Figure 4-4: Genomic composition of hybrid species.
Calculated using loci with fixed differences between the parental species.

43.4 Genomic window parental contribution
| used the maximum likelihood admixture algorithm to assign a confidence

interval range of admixture proportions for each genomic window in each sample. This
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is summarized in Figure 4-5 which overlays confidence intervals of all samples by
species. Genome windows are scaled by cM, and genetic map differences between the
parental species are indicated. Values for individual samples are presented in
Appendix C. The size of the confidence interval varied (Figure 4-6), but 80% of genomic
windows had confidence intervals <= 0.5 admixture value wide (Figure 4-7). Parental
blocks were generally very small, most under 1 cM (median size ~0.12 cM), although

larger blocks were present in small numbers (Figure 4-8).
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color of the bars represents the maximum likelihood admixture proportion. All samples of a

Figure 4-5: Admixture proportion confidence intervals overlaid for each hybrid species.



species are overlaid to represent the average value. Genomic windows are scaled by cM. Genetic
map differences between H. annuus and H. petiolaris are highlighted with black bars.
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Figure 4-6: The distribution of admixture proportion confidence interval widths by species
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Figure 4-7: Counts of genomic windows in each category.

Unknown: confidence range > 0.5 wide. Admixed: confidence range overlapped 0.5. H. annuus.
confidence range entirely < 0.5. H. petiolaris: confidence range entirely > 0.5.
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Figure 4-8: Parental block size in hybrid species.
Block size was measured using consecutive 1 Mb windows with the same parentage. Unknown
windows were not considered. Admixed windows were their own individual blocks.

98



43.5 Age of hybridization

The net nucleotide distance between the hybrid species and their parents is
surprisingly high (Figure 4-9). There is considerable variation by gene, but highest

density values suggest the genetic distance is roughly ~0.35 to 0.65 times the genetic

distance of H. bolanderi — H. praecox (Table 4-3).
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Figure 4-9: Normalized net nucleotide distance between hybrid species and their parents.
Net nucleotide distance was normalized by H. bolanderi— H. praecox net nucleotide distance.
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Table 4-3: Normalized net nucleotide distance between hybrid species and their parents.
Net nucleotide distance was normalized by H. bolanderi— H. praecox net nucleotide distance.
Numbers presented are max density values.
\ H. anomalus H. deserticola H. paradoxus
H. annuus genes 0.391 0.330 0.508
H. petiolaris genes 0.355 0.489 0.660

43.6 Genomic similarity

Genomic composition was highly correlated when comparing samples within a
species (mean Pearson's correlation coefficient: H. anomalus 0.748, H. deserticola
0.851+ 0.061, H. paradoxus 0.924 + 0.024) (Figure 4-10). Between samples from
different species, H. anomalus and H. deserticola were the most correlated (0.659 +
0.015) and either compared to H. paradoxus resulted in much lower correlations (0.315
+ 0.16 and 0.303 + 0.019 respectively) (Figure 4-11). Simulated hybrid species resulted in
minimal correlations (0.0015 + 0.081). Increasing the stringency of the window filtering
(i.e., only using windows with narrow confidence intervals) universally increased
correlation coefficients. Inversely, decreasing the stringency decreased correlation

coefficients.
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Figure 4-10: Average intraspecies composition correlation.

Values were calculated using the Pearson’s correlation coefficient of windowed maximum
likelihood admixture proportions. Admixture is measured in 1 Mb windows and only includes
windows where both samples confidence intervals spanned less than 50% of the total range
individually.
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Figure 4-11: Average interspecies correlation coefficient including simulation.

Values were calculated using the Pearson’s correlation coefficient of windowed maximum
likelihood admixture proportions. Admixture is measured in 1 Mb windows and only includes
windows where both samples confidence intervals spanned less than 50% of the total range
individually. Simulated hybrid species were created using a population size of 100 and were run for
400 generations.

102



4.3.7 Shared origin of H. anomalus and H. deserticola

| identified non-parental alleles that were found in more than one hybrid

species. | found that H. anomalous and H. deserticola shared roughly ten times more

non-parental alleles than either did with H. paradoxus (Figure 4-12).
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Figure 4-12: Counts of non-parental alleles shared by more than one hybrid species
Ano, Des and Par are H. anomalus, H. deserticola and H. paradoxus respectively.
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43.8 Genome stabilization

Interspecific heterozygosity was lowest in H. paradoxus (mean = 0.0079) and
slightly higher in H. deserticola (mean = 0.035) and H. anomalus (mean = 0.054)

(Figure 4-13). For each species this heterozygosity is very low, but appreciably higher

than zero.
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Figure 4-13: Observed interspecific heterozygosity in hybrid species.

Interspecific heterozygosity was calculated from fixed differences between the parental species.
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4.4 Discussion
4.41 Helianthus annuus and H. petiolaris are the parental species

Before detailed work is done identifying genomic composition of the hybrids, it
is important to confirm that the parental species are correctly identified. Original
parentage identification was done using species ranges, morphology and restriction
site data (Rieseberg 1991). The proposed parents H. petiolaris and H. annuus both have
large ranges that overlap with all hybrid species, while the other potential parents are
regional endemics that do not overlap with the hybrid species ranges. Alternate
parents to H. annuus include H. bolanderi, a native of California and H. argophyllus,
which is native to Texas. Alternates to H. petiolaris include H. praecox (native to Texas)
and H. debilis (native to Texas, Mississippi and Florida). Despite this, it's possible that
ranges have significantly changed over the last million years and species range
overlaps were different when hybrid speciation occurred. Additionally, hybrid
speciation may have occurred before other speciation events (i.e., the parental species
may not be H. annuus but the ancestor of H. annuus and H. argophyllus).

The genetic distance scores show that of the petiolaris clade, H. petiolaris is the
closest relative to each hybrid species (Table 4-2). Similarly, for the annuus clade it is
the predicted parent H. annuus that is the closest relative (Table 4-2). This suggests
that the hybrid speciation events occurred after H. annuus and H. petiolaris speciated
from their nearest relatives and confirms previous hypotheses. Despite this result, it is

important to note that these patterns could be driven by gene flow post-hybrid
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speciation. Additionally, it is also possible that the hybrid speciation events occurred

before the most recent speciation events and H. annuus/H. petiolaris are the closest

genetic relatives because they have the largest effective population size and undergo
the least drift.

Now that | have determined the parental species, | can measure the relative
parental contributions to each hybrid species. | find that for both H. anomalus and H.
deserticola, H. petiolaris is the dominant parent (62% and 63-65% from H. petiolaris
respectively), while H. paradoxus has slightly more contribution from H. annuus (58-
59% from H. annuus) (Figure 4-4). This is partially consistent with morphological data;
both H. anomalus and H. deserticola are more similar to H. petiolaris than H. annuus,
while H. paradoxus, which is slightly more evenly admixed, is roughly intermediate
between the two (Rosenthal et al. 2002).

4.42 The hybrid genomes are highly recombined

At the beginning of hybrid speciation, parental genome fragments are very
large. As the genome stabilizes, genomic regions harboring incompatibilities will tend
to fix for one parental version. Before this happens, recombination will break up and
intermix parental haplotypes. Thus the speed at which the genome settles will
determine the size of parental fragments remaining after the genome has stabilized
(Fisher 1954; Stam 1980; Chapman and Thompson 2002). This rate is not necessarily

equal across the genome. If there is selection against interspecific heterozygosity, for
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example from hybrid incompatibilities, then that genomic region will settle faster and
with larger parentage blocks (Buerkle and Rieseberg 2008).

From previous work using sparse genetic maps of each hybrid species, |
expected parental fragments to be large (Rieseberg 2003). However, high-density
genomic data indicates that the hybrid genomes are highly recombined. A majority of
windows show evidence for admixture (Figure 4-7), suggesting that they are not
parentally pure across their entire 1 Mb size. | attempted to quantify the size of parental
blocks by measuring consecutive blocks of single parentage (Figure 4-8). This
distribution almost certainly overestimates the actual block sizes because the
minimum block size is determined by window size and therefore the recombination
rate. Considering the high number of admixed windows, which are treated as blocks of
their own, it is likely that there are numerous actual parental blocks smaller than the
minimum size.

Furthermore, the use of the H. annuus reference genome raises several possible
problems. Reads in hybrid samples from the H. annuus parental regions may correctly
align at a higher frequency and cause a bias towards H. annuus ancestry, consequently
causing longer blocks than reality. Conversely, both small and large chromosomal
rearrangements in the hybrid species genomes compared to H. annuus could cause
block sizes to be under-estimated.

With these caveats in mind, there are genomic regions in each species where

parental origin is consistent for > 5 cMs. These regions may harbor ecologically
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important loci and/or hybrid incompatibilities between the parental species and were
under selection during hybrid speciation.

The sorting of chromosomal rearrangements has been implicated as a major
source of hybrid incompatibility in each hybrid species (Lai et al. 2005). In contrast, |
find little correlation between rearranged regions and patterns of admixture (Figure
4-6). This may reflect variation within in the parental species, either geographically or
temporally (i.e., that the actual parents of the hybrid species had different
chromosomal structure than the populations used in contemporary genetic maps),
karyotypic changes after hybrid speciation, or that selection against heterozygous
chromosomal forms was weaker than currently thought.

4.43 The hybrid species are old

Because the hybrid sunflowers are arguable the best known examples of
homoploid hybrid species, their ages have important implications for hybridization’s
role in speciation. Human activities are thought to have contributed to a recent
expansion in the geographic range of H. annuus, leading some to suggest that the
hybrid species are the direct result of human disturbance and are consequently very
young (Schemske 2000). In contrast, estimates based on microsatellites, suggest they
predate human involvement: H. anomalus 116,000 — 144,000, H. deserticola 63,000 -
170,000, H. paradoxus 75,000 — 208,000 ybp (Schwarzbach and Rieseberg 2002;
Welch and Rieseberg 2002b; Gross et al. 2003). By comparing the genetic distance

between hybrids and their parents and the genetic distance between the allopatric
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species H. bolanderi and H. praecox, | find the hybrid species to be much older than
earlier claim. Using the H. bolanderi and H. praecox divergence, which has been
estimated to be 1.8 mya (Sambatti et al. 2012), as a baseline, then the hybrid speciation
events are 0.6 to 0.8 mya (H. anomalus and H. deserticola) or 0.9 to 1.2 mya (H.
paradoxus). These date estimates should be viewed with caution because normalized
net nucleotide distance is a crude method of dating a divergence time. It is possible
that these estimates are actually biased down slightly because | only used genes that
had confidently assigned parentage. Genes that evolved quickly in the hybrid species
may not be assigned to a parent because of mutations away from both parental
haplotypes. Alternatively, the estimate may be biased upwards because it measures
genetic distance to the entire parental species, and not the actual subpopulation
involved in hybrid speciation.

We would expect that the divergence estimates would be the same for genes
from both parents of a single hybrid species. Indeed, the divergence estimates largely
overlap, although are not identical (Figure 4-9). Helianthus annuus genes appear to be
slightly younger in H. deserticola and H. paradoxus, while the reverse is true in H.
anomalus. Considering the large amount of variation in genetic distance, this should be
interpreted with caution, but it raises the possibility of subsequent gene flow with the
parental species, which could cause such a pattern. Future work should use an
explicitly reticulate phylogenetic approach or estimate a phylogeny on each gene

independently.
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4.4.4 The hybrid genomes are not fully stabilized

Despite the fact that sequence divergence suggests ancient hybrid origins,
observed interspecific heterozygosity remains. In simulations based on early genetic
maps of the sunflower hybrid species interspecific heterozygosity declined rapidly to
zero and genome stabilization occurred in hundreds to thousands of generations
(Buerkle and Rieseberg 2008). Using transcriptome data, | find that the hybrid species
are much older than previously appreciated but, despite this, may not be completely
stabilized yet.

My measure of interspecific heterozygosity is based on fixed differences and is
likely to overestimate interspecific heterozygosity due to limited parental sampling.
Some of the sites, which were called as fixed differences, are not actually fixed
differences in the larger gene pool. Thus some cases of interspecific heterozygosity
could be intraspecific heterozygosity from a single parent. | expect this effect to be
largely equivalent in each hybrid species, since they rely on the same parental
sampling, so this does not explain the significantly higher observed interspecific
heterozygosity in H. deserticola and H. anomalus.

Gene flow between the hybrid species or with their parents could also inflate
observed interspecific heterozyqgosity. Indeed, H. deserticola and H. anomalus are
known to hybridize and each of them has noticeably higher heterozygosity.

It is also possible that the high observed interspecific heterozygosity reflects a genome

that is not completely stabilized. It's important to note that genome stabilization
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occurs in two stages. First selection on underdominant or epistatic loci rapidly reduces
interspecific heterozygosity immediately after hybridization. After these regions are
fixed in the nascent hybrid species and the genome has achieved an adaptive form, the
remaining interspecific heterozygosity is removed slower and is depend on effective

population size (Equation 4-2).

In this equation, t= number generations, H is heterozygosity at time zero (i.e., 1
for the hybrid species) and at time t, and N is population size. Helianthus paradoxus
has an estimated effective population size of circa 120,000 and, in my study, observed
heterozygosity of 0.0079 (Strasburg et al. 2011). If we ignore the initial selective phase
of stabilization, with these parameters t = ~1.1 million years and is in the upper range of
my estimate age values. Early strong selection against heterozygosity would
effectively reduce the Hpvalue and consequently reduce the time required to
stabilization, although exactly how much heterozygosity was lost through selection
compared to drift is unknown.

Helianthus anomalus and H. deserticola haven't had their effective population
sizes formally tested but they do have greater genetic diversity, and indeed we see
they have greater interspecific heterozyqgosity (Schwarzbach and Rieseberg 2002;

Welch and Rieseberg 2002b; Gross et al. 2003). Although each of the hybrid species is
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relatively rare, they have multiple populations in different states (Heiser et al. 1969). If
genome stabilization was incomplete before the original range expansion, then
population structure and ongoing gene flow could maintain the observed interspecific
heterozygosity. Thus it is theoretically plausible that the observed interspecific
heterozyqgosity is a result of high effective population sizes for the hybrid species, in
concert with the features discussed above.

If the genome were not fully stabilized we would also expect different parental
variants to be sorting within the species. | find little evidence for this; only 0.1to 0.4%
of genes in a single species have samples called for each parent (i.e., in gene A, H.
anomalus sample 1is from H. annuus and H. anomalus sample 2 is from H. petiolaris).
This is a much lower estimate than interspecific heterozygosity at the SNP level, but
may reflect methodological limitations. In particular, individuals heterozygous for
different parental alleles would necessarily be classified as “admixed”, and not be
counted. Also, if parental alleles were sorting within the species since hybrid
speciation, it is likely that recombination will break up parental haplotypes and create
alleles that would be classified as “admixed”.

4.45 The hybrid species do not have evidence for multiple origins

During hybrid speciation, the genome is expected to stabilize into a single form
as selection and drift removes interspecific heterozygosity. This means that stabilized
genomes should have similar parental fragments across their genome. If parental

fragments are not similar, this suggests that either the genome is not completely
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stabilized yet, or that the species had multiple origins. Although the genomes of each
hybrid species are not completely stabilized with regard to interspecific
heterozygosity, based on genetic distance they are old and so | expect high similarity
in genomic composition among samples of a single hybrid species if there is a single
origin of each species.

Previous work has suggested that both H. anomalus and H. deserticola might
have multiple origins (Schwarzbach and Rieseberg 2002; Gross et al. 2003). This is
based off of cpDNA haplotypes, microsatellites and interfertility experiments. | find
that the correlation coefficients for parental admixture are consistently high in both of
these species supporting a single origin, although they are slightly lower than the
values in H. paradoxus. For H. anomalus this conclusion is much weaker because | am
only using two H. anomalus samples, it is possible that the two samples, although from
geographically separated locations, are from only one of multiple origins. One
putatively H. anomalus sample was removed early due to evidence that it was a hybrid
with H. petiolaris, but it is possible that it represents a true lineage of H. anomalus with
a unique composition.

There is also surprisingly high consistency of ancestry among different hybrid
species. The highest is between H. anomalus and H. deserticola, which will be
discussed in the next section, but the correlation coefficients are not zero between H.
paradoxus and either other hybrid species. This correlation is far higher than the

simulations that attempt to control for the genomic features of the parents, including
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variable divergence. This is consistent with the action of fertility selection during
hybrid speciation (Rieseberg et al. 1996). Under this scenario selection may favor
particular combinations of parental alleles during the critical early hybrid generations
when fertility must be restored. Indeed, artificial hybrids produced had more similar
genomic compositions to the actual hybrid species than expected by chance
(Rieseberg et al. 1996). They also had increased interfertility with the natural hybrid
species, suggesting selection tended to favor the same combination of hybrid
incompatibilities (Rieseberg 2000).

This speculation must be tempered by the fact that the simulations may be
under estimating the neutral degree of correlation for several reasons. One is that the
simulations were run under small effective population sizes, which produce large
parental fragments. If a larger effective population size is used, parental fragments will
decrease in size. Eventually if parental fragments become much smaller than the
genomic window size, then all windows will look admixed and the correlation
coefficients will increase. In actual hybrid genomes, both large and small parental
fragments are seen so neither scenario is accurate.

4.4.6 Helianthus anomalus and H. deserticola may share a single origin

When Heiser first described H. deserticola, he posited that that H. deserticola
and H. anomalus were close relatives (Heiser 1960). Although later molecular analysis
attributed that morphological similarity to their parallel origin, using genomic data we

must once again face the possibility that Heiser was right all along.
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The first evidence for a shared origin was the finding that H. anomalus and H.
deserticola have remarkable similarity in parental composition across their genome.
Similarity in genomic composition may be driven by features of the parental genomes,
for example if H. annuus and H. petiolaris are not differentiated in a genomic window,
then hybrid species composition may be biased towards admixed values due to the
relatively flat likelihood curve. To account for this, | simulated hybrid species with
independent origins and large block sizes, and measured their correlation coefficients.
These simulations showed very little correlation, marginally above zero, suggesting
that these parental genome factors played little role in high correlation coefficients
seen.

High correlation coefficients may also reflect selection during the hybrid
speciation process. The genomic location of hybrid incompatibilities between the
parental species were likely similar for all hybrid speciation events. We expect there to
be strong fertility or ecological selection in early generations (Rieseberg et al. 1996)
and these may force hybrid species into similar compositions as was seen in artificial
hybrids (Rieseberg 2000).

To test whether the similarity is driven by shared origin, or parallel selection, |
examined non-parental alleles (i.e., alleles not found in either parent). These alleles are
either new mutations that have accumulated since the hybrid speciation events or are
low frequency parental variants not picked up in our parental dataset. If H. anomalus

and H. deserticola share a single origin, then | would expect them to share more of
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these non-parental alleles due to their shared evolutionary history. Alternatively, if H.
anomalus and H. deserticola are similar due to shared selective pressure, | do not
expect them to share an elevated amount of non-parental alleles because selection is
unlikely to select the same rare variants during hybrid speciation. As a reference, | also
measured the number of non-parental alleles shared with H. paradoxus, which is not
expected to have a shared origin.

| found that H. anomalus and H. deserticola share roughly ten times more non-
parental alleles than either does with H. paradoxus (Figure 4-12). This strongly supports
the shared origin hypothesis although it is also concordant with gene flow between H.
anomalus and H. deserticola. Although these species are known to hybridize, they are
currently strongly reproductively isolated, including several chromosomal
rearrangements (although interesting H. anomalus and H. deserticola have the least
reproductive isolation of the three hybrid species) (Lai et al. 2005). This suggests that
gene flow in the recent past is unlikely (but see (Yatabe et al. 2007)). Thus our current
results support a shared origin but cannot rule out independent origins followed by

gene flow.
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Chapter 5: Conclusion

Over the course of three data chapters | have explored hybridization from three
angles. Together these chapters tell us something more broadly about hybridization’s
role in evolution and how to study it. First, reproductive isolation does not accrue
uniformly in all taxa and therefore the prevalence and importance of hybridization is
also going to vary (Price and Bouvier 2002; Moyle et al. 2004; Bolnick and Near 2005).
If we had a better idea of the traits that affect this rate, we might better be able to
predict which species are prone to hybridization. These species have access to a larger
pool of potentially adaptive genetic variants but may also be more susceptible to
hybridization-mediated extinction (Rhymer and Simberloff 1996; Todesco et al. 2016).

Second, detecting introgression between species is challenging and multiple
methods should be used. STRUCTURE-type programs are often used as the main
evidence for or against introgression (e.g. (Sato et al. 2010; Mucci et al. 2012; Zhang et
al. 2014)), but in chapter 3 | found that FastStructure is unable to detect gene flow
found using more explicit approaches. Variations on the ABBA-BABA test are in current
development and allow for tests of a variety of gene flow scenarios, although their
relative nature (i.e., they detect if gene flow is greater in one species, not if it exists at
all) means that results should be interpreted with caution (Eaton and Ree 2013; Pease

and Hahn 2015).
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Lastly, the genome of a hybrid species does not stabilize evenly. My estimates
of parental block sizes in the Helianthus hybrid species found that although there are
regions of extended parental blocks, most of the genome is highly recombined.
Furthermore, | find evidence that the genome is not actually entirely stabilized, despite
the comparatively ancient origin. This suggests that during genome stabilization loci
under selection, either fertility or ecological, may not be dense enough to fully stabilize
the genome. Consequently, hybrid species may have more diversity than previously
appreciated, since they can retain alleles from both parents indefinitely in some
genomic regions. This may explain why H. paradoxus has a larger population size than
expected for a species that has undergone a hybridization bottleneck (Strasburg et al.
20Mm).

51 Strengths and weaknesses

Studying reproductive isolation among many taxa is challenging because each
measure is time consuming and potentially challenging. In chapter 2, | overcome this
challenge by using a rich literature of experimental measures. This lets me examine the
question in two separate lineages, Helianthus and Madiinae.

There are several limitations to this study. For one, | only looked at hybrid pollen
sterility. This ignores both prezygotic isolation factors (e.g. habitat selection, ovule
abortion) and other postzygotic isolation factors (e.g. ovule sterility, hybrid inviability).
These other factors almost certainly play a role in maintaining species boundaries and

may covary with pollen sterility. Second, in the annual species measured, pollen
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sterility was already quite high for the most closely related pairs. This suggests that
pollen sterility may begin to evolve in annuals before populations have diverged
enough to be classified as different species. In this way, | missed the critical period for
understanding the rate of reproductive isolation gain. Lastly, measures of genetic
distance were based on ITS sequence, which has limited resolution and the sequences
were not from the same populations tested experimentally. Thus genetic distance
measures may be inaccurate, especially for close relatives.

To rule out the hybrid origin of H. bolanderi, my study improved on previous
work by not only using better technology, but also much more thorough sampling of
both the focal species H. bolanderi-exilis and its sister H. annuus (Rieseberg et al.
1988). This allowed me to make conclusions about the directionality of gene flow that |
otherwise would not have been able. One shortcoming to my study is the unsatisfying
picture of where introgression occcurs, both geographically and genomically. | have
good evidence that California H. annuus as a whole harbors introgressions, but there
seems to be no geographic pattern to where introgressed individuals live. Similarly, |
failed to determine where in the genome introgression is occurring because of data
limitations. Solutions to both of these questions require more detailed sampling in
California H. annuus and higher resolution genomic data.

Homoploid hybrid species have not been examined with modern genomic
techniques (although see Heliconius Genome Consortium 2012), so my study is a

forerunner in this field. Consequently, this chapter is the first to explicitly assign
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parentage to a substantial portion of genes in the genome of a homoploid hybrid
species. Another strength of my analysis is the replication in species; | examine what
were previously believed to be three separate examples of homoploid hybrid
speciation. This allows me to look for common patterns that may be generalizable
across other hybrid taxa. It will be interesting to see if similar patterns emerge in the
much younger hybrid species Senecio squalidus (James and Abbott 2005). On the other
hand, my study is limited by sample size, particularly for H. anomalus. Although
genomic patterns were consistent within a species, the inconsistent sampling design
limited my ability to ask questions about within species variation in a geographic
context. Using transcriptome data gave me access to far more SNPs that any previous
analyses, but ultimately it represents only a small fraction of the total genome. Lastly,
the timing of divergence is challenging considering the hybrid genome and more
detailed phylogenetic analyses are required to date the hybrid speciation events more
precisely.
5.2 Future directions

In chapter 2 | showed that the rate of reproductive isolation acquisition varied by
life history. This was shown in two clades within the Compositae family and has
previously been shown within the genus Coreopsis, also in Compositae (Archibald et
al. 2005). The relatively close relation between all groups tested raises the question of
whether this is a family specific or more general pattern, which can be answered by

further studies. The patterns presented also raise the question of whether alternate
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mechanisms of reproductive isolation are more commonly used in perennials (e.g.
prezygotic mechanisms like habitat or gametic isolation) or if perennial species
tolerate higher levels of hybridization. Anecdotal evidence suggests perennial
sunflower species have stricter gametic isolation than annual species, but this remains
to be rigorously tested (Heiser et al. 1969).

In chapter 2 | showed that there was gene flow between H. annuus and H.
bolanderi-exilis, but the question remains if the introgression is adaptive, as is seen in
Texas (Whitney et al. 2010). Using whole genome shotgun data, genomic regions in the
H. annuus genome harboring introgression can be identified and tested for signs of
recent selection. For H. bolanderi-exilis, crossing studies can determine whether the
two genetic clades are reproductively isolated enough to be named separate species.
This has potential to be important for both agriculture and conservation. For example,
Helianthus exilis was considered an endangered species in the past but my work
suggests that the eastern clade of H. bolanderi-exilis, which has a more limited range,
may be a more important conservation concern. Similarly, breeding effort to
incorporate H. bolanderi-exilis genes into domestic H. annuus should focus on using
collections from both genetic clades to incorporate the most diversity.

The Helianthus homoploid hybrid species still remain an enigma, despite the
genomic analysis in chapter 4. For one, further work needs to be done to determine

the age of hybridization. Genetic distance suggests the hybrid speciation events may

121



be quite old, but this could be confounded by gene flow among different branches in
the clade.

To answer them, a comprehensive approach will need to be used that leverages
multiple genome sequences from each hybrid species, each parent species and their
close relatives and incorporates gene flow at multiple locations in the tree. This has
been done in several systems although not with homoploid hybrid species (Marcussen
et al. 2014; Liu et al. 2015; Wen et al. 2016).

Another feature of the homoploid hybrid species that needs exploring is the
proliferation of transposable elements. We know that the genome size has enlarged in
each hybrid species and that this is due to transposable elements, but artificial
hybridization experiments have failed to find support for immediate hybridization
induced proliferation (Kawakami et al. 2011). Long read genomic sequences could
accurately reconstruct TE sequence and determine their age based on sequence
divergence. From that, we could determine if the proliferation occurred immediately
after hybridization, suggesting it was caused by the hybridization itself, or if it was a
more gradual process.

Lastly, | find regions in the genome with unusually long parental block sizes.
This may be the work of selection during hybrid speciation or could be the rare
outcome of neutral processes. Future analyses could model hybrid speciation with and
without loci under selection to determine if neutral processes alone could produce the

patterns seen.
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53 Conclusion

The role of hybridization in evolution is better appreciated now in the era of
genomic data. Genome wide information has revealed a hidden side of hybridization in
two of my chapters. It showed that introgression in Californian sunflowers occurred in
the opposite direction from previous hypotheses, as well as an unexpected picture of
homoploid hybrid species. | expect genomic data will continue to expose hidden
hybridization in the evolutionary past, such that we will have to routinely consider the

spread of adaptive alleles not just within a single species, but across an entire genus.
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