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Abstract

One of the major goals of evolutionary biology is understanding the process of
species formation. There is particular interest in how selection can favtespe
formation through the process of reinforcement. When two diverging taxa produce
maladaptive hybrids, selection will favor greater reproductive isolationeleetthe taxa.
Reinforcement often results in a pattern of reproductive character @isyat which is
defined as two species having greater reproductive isolation in sympatrinth
allopatry. Floral-color divergence in the native Texas wildflowétpx drummondji
constitutes one of the best documented cases of reinforcement in fladtsmmondii
and a closely related speci€s,cuspidatgroduce similar light-blue flowers throughout
the allopatric parts of their ranges. However, in the area of synipatdnammondihas
dark-red flowers, which has been shown to decrease hybridization between the two
species. In the following work, | investigate the causes and consequences otdss pr
of reinforcement and the pattern of reproductive character displacenkent in
drummondii First, | identify the genetic basis of the flower color variation aslasayy
changes in two genes controlling the type and amount of anthocyanin floral ggrhent
then evaluate neutral genetic variation across the rargedséimmondiand conclude
there is extensive gene flow between allopatric and sympatric areasrangfese which
indicates that selection and not genetic drift is responsible for the flowenewiation.

By investigating genetic variation at the loci underlying flower color tiand find a

molecular signature of a selective sweep at one of the two flower colofuldber
v



indicating that selection is responsible for this flower color variationalllyin measure
selection on flower color in both sympatry and allopatry. | find no evidence dknarfl
color variation is a response to ecological character displacement oadiegaation in

the area of sympatryl find evidence of pollinator preference for the ancestral allopatric
flower color in allopatry, which may explain the persistence of the patteimaoacter
displacement. These investigations of reproductive character displacement a
reinforcement address important areas of research in evolutionary biolagiingadhe
genetic basis of adaptation, the formation of species, and pleiotropy andtecwnflic

selection pressures in species.
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Introduction

Species formation generates the biological diversity on Earth. Conseqaently,
major goal of evolutionary biology is to understand the process of speciesidorima
determining why and how traits that prevent gene flow between populations evbke. T
evolution of reproductive isolation (RI) halts the genomic homogenization caused by
gene flow and recombination, and thus enables divergences and local adaptations to
become fixed between populations. Most research on species formation and the
evolution of reproductive isolation focuses on traits that evolve as an incidental by-
product of divergence between geographically isolated populations (Coyne &2@D@;r
Nosil et al. 2005; Noor and Feder 2006; Lowry et al. 2008; Schluter and Conte 2009).
Extensive research has demonstrated how RI can evolve as a result of diveajent |
adaptation through a process termed ecological speciation and througb gemfétt
resulting from neutral or adaptive divergence between isolated populations. Byehe t
most species pairs are investigated many Rl mechanisms have acedrmauddt that it
becomes difficult, if not impossible, to determine which traits were involved in the
process of species formation and which traits are redundant and evolved long after
speciation was complete (Coyne and Orr 2004). Species formation does not have to be
the lucky side-effect of divergence between isolated populations. Reproductitiagsola
mechanisms can also evolve under direct selection through a process termed

reinforcement (Dobzhansky 1937; Howard 1993; Servedio and Noor 2003). When two
1



incipient species come into secondary contact, the production of hybrids withrlessfit
can result in selection favoring traits that decrease mating betweevothexa.

Reproductive isolating mechanisms that evolve as a response to selection to
decrease hybridization are most commonly identified if they results inaarpaft
reproductive character displacement (RCD), when two taxa have greatear@as of
their range that overlap (sympatry) then in isolated areas of thge (allopatry)

(Brown and Wilson 1956; Howard 1993). As with all forms of character displacement,
RCD involves two taxa having similar phenotypes in allopatry and diverged phenotypes
in sympatry. In the case of RCD, the diverged traits usually affectahaiee or

assortative mating. Although there is some disagreement on the preciggodesdini
reinforcement and reproductive character displacement (Butlin 1987; Howard 1993;
Pfennig and Pfennig 2009), | will refer to reinforcement as the process aje&liverin
sympatry in response to selection to decrease hybridization between taxacauhplete

RI, and RCD as the pattern of greater Rl in sympatry than allopatry causebt&btion

to decrease hybridization. The process of reinforcement can result in RCD but does not
necessarily have to if, for example, the derived Rl mechanism spreads thraihghout
entire range of the taxa. Furthermore, a pattern of RCD is not necesaasd by the
process of reinforcement if, for example, the two taxa are already e@hypl

reproductively isolated but still perform costly matings. In this casetsmeamnay still

favor reduced mating. Regardless of the ancestral levels of RI, a pattern @aRCD



indicate the evolution of an isolating mechanism under direct selection toskecrea
hybridization and thus inform our understanding of the process of speciation.

For decades, extensive theoretical work has attempted to determine if
reinforcementouldexist (Caisse and Antonovics 1978; Felsenstein 1981; Liou and Price
1994; Servedio and Kirkpatrick 1997; Kirkpatrick 2000; Servedio 2000), while
empiricists have argued thatibesexist (Butlin 1987; Loftushills and Littlejohn 1992;
Howard 1993; Noor 1995; Saetre et al. 1997; Higgie et al. 2000; Kay and Schemske
2008; Lemmon and Lemmon 2010; Matute 2010). An emerging consensus is that
reinforcement can and does exist and - given that it has been documented in birds,
insects, amphibians, plants, and mammals - it may actually be a common B&ep in t
completion of speciation (Howard 1993; Ortiz-Barrientos et al. 2009; Pfennig and
Pfennig 2009). Given that reinforcement and reproductive character displacement do
exist, | am interested in what can be learned about adaptation, speciatiorspammndeeo
selection from understanding the evolution of traits under direct selection tosecrea
hybridization.

The pattern of greater RI in sympatry than in allopatry has been reportedrigr
different taxa, and is often interpreted as evidence of RCD (Whalen 1978; Waage 1979;
Benedix and Howard 1991; Loftushills and Littlejohn 1992; Gerhardt 1994; Noor 1995;
Fishman and Wyatt 1999; Marshall and Cooley 2000; Gabor and Ryan 2001; Geyer and
Palumbi 2003; Smadja and Ganem 2005; De Weerd et al. 2006; Jang and Gerhardt

2006b), but this pattern alone is not sufficient for concluding that RCD has occurred.

3



The most widely used criteria for determining the existence of RCihase outlined by
Waage (1979) and by Howard (1993). While these criteria have been useful, thay om
key criterion that is important for understanding the evolutionary dynamics Df RC
allopatry, selection favors the ancestral character state. Thisarritemequired for
explaining why characters evolved in sympatry do not spread into the regioopaitiaf|
and thus why the geographical pattern associated with RCD persists.

Below are the criteria for documenting Reproductive Character Dispéate
Numbers in parentheses correspond to number of criteria in Waage (1979n{first e
and Howard (1993) (second entry).

1. Character differences between allopatry and sympatry are géndiased (na; 4)
2. Character divergence results in increased reproductive isolation. (1; 3)

3. Allopatric character state represents pre-contact condition (2; na)

4. Displacement is not due to other factors such as ecological differencesrbetwe

sympatry and allopatry (3&4; 5)

5. Net selection for divergence generated by hybrid incompatibility (4; 1&2)
6. Ancestral character state is favored in allopatry.

The first criterion, that the trait has a genetic basis, establishesl#patons in
sympatry can be acted on by selection (Howard 1993). Studies that demonstrate
differences in the degree of assortative mating between sympadratlapatric
populations often do not demonstrate that this difference is genetically based, &sloppos

to resulting from plasticity or learning (Benedix and Howard 1991; Gerhardt 1994;

4



Marshall and Cooley 2000). Although not required to demonstrate the existence of RCD,
a greater understanding of the process of reinforcement and RCD can result from
determining the actual identity of the genes underlying trait divergencde @vbat

advances have been made over the last two decades in understanding the genetic basi
postzygotic isolation (Moyle and Nakazato; Gadau et al. 1999; Presgraves 2008; Co
and Orr 2004; Wu and Ting 2004; Brideau et al. 2006; Mallet 2006; Noor and Feder
2006; Sweigart et al. 2006; Matute et al.), much less progress has been made in
identifying genes associated with prezygotic isolation. To date, the gangtitecture

of prezygotic isolation (e.g. the number of QTLs and their effect sizes) is Lowtefot

some species (Bradshaw et al. 1995; Noor and Aquadro 1998; Hawthorne and Via 2001;
Henry et al. 2002; Ortiz-Barrientos et al. 2004; Martin et al. 2007; Moyle 2007), but very
few actual genes contributing to prezygotic isolation have been identifiede]ér et al.

1991; Palumbi 1999). Furthermore, these efforts have focused almost exclusively on Rl
mechanisms that evolve as a by product of genetic divergence betweemnialtapat

Very little is known about the genetic basis of prezygotic isolating mechsutingh

evolve as a response to reinforcing selection (but see Ortiz-Barri¢mtio2@04; Saether

et al. 2007). Identification of specific “isolation” genes can contributevierabways to

our understanding of the evolution of reproductive isolation: (1) it allows quantification
of historical patterns of selection for isolation; (2) it facilitates eit@ing whether the
evolution of isolation involved multiple substitutions in the same gene; and (3) it enables
functional molecular analysis of how specific genetic changes contributdatas.

5



The second criterion, that there is differential reproductive isolation betwee
sympatry and allopatry, is the most widely investigated criterion. In coderriovel
isolating mechanism to be favored by selection, it must increase isolationagpite
existence of any cost associated with hybridization. Therefore, most Bi&Date
prezygotic isolating mechanisms which prevent the formation of maladaptividsybr
(but see Matute (2010) as an exception). One of the greatest challengesudytiod st
speciation is understanding the individual role of a Rl mechanism in contributing to the
formation of species (Ramsey et al. 2003; Coyne and Orr 2004; Nosil et al. 2006; Mart
and Willis 2007; Lowry et al. 2008). Reinforcement that results in a pattern of RCD
offers unique insight into this problem. In most cases, allopatric and sympatric
populations within a taxon differ little other than in the trait expressing despleat.

Thus, the allopatric phenotype offers a control for determining the effect sytingatric

trait on RI. Since degree of Rl varies within a species, by performisges between
allopatric and sympatric varieties the trait(s) of interest wilfesgate in subsequent
generations, thus making genetic and selection analyses easier theéarnrs siat

require interspecies crosses to evaluate variation in RI. Unfortunatedy estimates of
reproductive isolation caused by traits expressing RCD have been performt#etial a
settings, usually through controlled mate choice or no-choice tests (NoorPf8ahig

2000; Gabor and Ryan 2001; Nosil et al. 2003; Smadja and Ganem 2005; Matute 2010).
Although in most cases these tests will reveal qualitative differencdstimelig cannot

reliably quantify the increase in RI conferred by the diverged trait. Ondvalpating a

6



decrease in hybrid matings under natural sympatric conditions can the degree of
increased in RI be accurately evaluated.

The third criterion, that the allopatric character is ancestral, confivendirection
of adaptation. In most cases this criteria is assumed but, given that knowlduge of t
direction of adaption can inform later analyses, it is important to evaluageittence
for this criterion as well. Once the genetic basis of the character disygace known,
understanding which alleles are derived can inform predictions about signatures of
adaption, divergence, and selective sweeps. Knowledge about the direction of@daptati
can also inform our understanding of what constrains adaptive evolution and allow us to
address whether adaptations tend to be loss of function mutations or how new adaptations
affect existing traits through negative or positive pleiotropy.

The fourth criterion addresses the important observation that other forces, both
selective and neutral, can cause a pattern similar to RCD. In particdgieal
character displacement can generate similar patterns in mating-ssestsrthat can be
confused with RCD (Schluter and McPhail 1992; de Leon et al. 2010). For example,
divergence in flowering time in sympatric species could reflect eitbé& &
competition for limited pollinators (Armbruster 1986; Aizen and Vazquez 2006). In
addition, adaptation by one species to an environmental factor that limits gleeofean
sympatric species could result in a pattern resembling RCD, espeiciablya are
multiple routes to adapt to that factor (Waage 1979; Howard 1993; Schluter 2001,

Servedio 2001; Albert and Schluter 2004). Finally, if allopatric and sympatric

7



populations of the same species are geographically isolated, geneticagriftente a
pattern of divergence that mimics the pattern expected of RCD. The limited
investigations of this criterion have led to interesting insight into local adaptand
speciation. For example, in both stickleback fish and walking stick insects, irappea
that ecological selection pressures are driving divergence in syngpakithe resulting
reproductive isolation is a by product of these adaptations (Nosil et al. 2003; Aldbert a
Schluter 2004; Nosil et al. 2007). These examples demonstrate how speciatioh can stil
be driven by selection for local adaptation and optimal resource acquisition, even in
sympatry. Investigating this criterion can lead to a better understandirgaof w
conditions favor the evolution of reproductive isolation and completion of speciation. Is
reinforcement selection more successful when it acts in the same diresclozala
adaptation? Can reinforcement selection be stronger than other forces of eéetatiairs
and thus drive divergence in opposition to natural selection? And finally does drift or
restricted gene flow play a role in speciation and the fixation of derivesl itnai
sympatry?

In most studies that examine the relative fithess of ancestral andddeais in
sympatry, only the benefits associated with decreased hybridization ardiedigNbor
1995; Saetre et al. 1997; Rundle and Schluter 1998; Hoskin et al. 2005; Smadja and
Ganem 2005; Jang and Gerhardt 2006b; Nosil et al. 2007). However, because traits that
increase prezygotic isolation may have costs as well as benefits, it mhsilrethat

there is anetfitness increase associated with increased isolation. To the best of my
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knowledge, criterion five has yet to be addressed. In most cases RCD resultgygscha
in traits associated with mate acquisition. It is probable that divergdrck decreases
interspecific matings could also negatively affect conspecificngsti Particularly when
evaluating the importance of reinforcement relative to local adaptat®mmportant to
understand the costs as well as the benefits of diverged traits in sympatry.

The final criterion, understanding what maintains the ancestral statepatajlio
is important for understanding the long-term stability of the pattern ofatieara
displacement. Describing the selective forces causing divergence intsyarnsawers
only half the question of what causes the pattern of RCD. If there is no@electthe
ancestral trait in the region of allopatry then migration will allow thepstnic trait to
spread through the entire range of the species. Although this processly entir
consistent with reinforcement selection, and could explain patterns of prezZggotic
(Coyne and Orr 1989, 1997), it is inconsistent with the pattern of character cispfdace
Two exciting areas of research have arisen from investigating ttesami First, it has
long been thought that there could be a conflict between sexual selection oygtimizi
conspecific mate choice and selection to minimize heterospecific médRygn and
Rand 1993; Pfennig 1998; Pfennig and Pfennig 2005; Phelps et al. 2006; Higgie and
Blows 2007). By understanding selection in both sympatry and allopatry, it has become
clear that this conflict of selection pressures is capable of maintd@iy(Pfennig and
Pfennig 2005; Higgie and Blows 2007). Sexual selection to optimize mate quality can
maintain the ancestral trait in allopatry whereas reinforcementiselégtdecrease

9



heterospecific matings can cause divergence in sympatry. This has beeahistudrg

few systems but has already provided insight into how organisms balance these two
selection pressures. The second avenue of research that has stemmed fraandimders
selection in the region of allopatry is the realization that RCD can actogihte

speciation (Hoskin et al. 2005; Svensson et al. 2006; Higgie and Blows 2007; Pfennig
and Ryan 2007; Lemmon 2009; Rice and Pfennig 2010). Given that reinforcement can
cause RCD, it is understood that character displacement can represent gtagesof
speciation between two diverging taxa. However, it is now apparent that divergenc
between sympatric and allopatric populations can actually initiate spacrthin a

taxon. Most RCD involves traits associated with mate choice and assamating and
variation in these traits could result in restricted gene flow between ailtopad

sympatric populations. This restricted gene flow could enable accumulation of other
adaptations or neutral genetic variation, thus starting the process of speciation.
Investigating what maintains the ancestral phenotype in allopatry catoladzbtter
understanding of how and why reproductive isolation can form between allopatric a
sympatric populations.

In order to determine if reinforcement is causing the pattern of RCD it nsost al
be shown that speciation is not complete prior to the evolution of the displaced character
This criteria is not included in above list because it is not necessary for RG&, itas
only necessary for determining if RCD is caused by reinforcement. Quriegre is
insufficient evidence to determine if traits causing RCD when taxa haveetenR| are
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different from traits that evolve when taxa with incomplete RI. It has bepoged that
gene flow between species could constrain the genetic architecture ofaemént traits
(Felsenstein 1981; Servedio 2000; Ortiz-Barrientos et al. 2009; Servedio 2009). This has
empirically been supported by two cases: a discovery of a one-alleknig@gstem
(Ortiz-Barrientos et al. 2004; Ortiz-Barrientos and Noor 2005), and the discovery of
linkage between a reinforcement trait and post-zygotic Rl (Saethe280&). Given

that there are no genetic studies of RCD that do not involve reinforcement and@nly tw
that do, we cannot determine the prevalence or uniqueness of this constraint. Thus, |
argue that determining the extent of gene flow between diverging taxdagadloaracter
displacement is important in order to addresses hypotheses about the constpases im
by potential gene flow between taxa. More importantly, given that any B@®sents
adaptations driven by selection to increase reproductive isolation, | setigatiess of

all RCD informative in understanding the process of speciation.

The above six (or seven) criteria demonstrate how the complexity of RCD can
bring insight into broad evolutionary questions. For example, results from invesfigat
these criteria can inform hypotheses about how and why species form, howipapulat
respond to conflicting selection pressures, and about the constraints on and the order of
genetic mutations underlying adaptations. The below four chapters descnberkny
investigating reinforcement and the resulting pattern of reproductivectéiara

displacement in the native Texas wildflowtlox drummondii
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P. drummondishows the classic pattern of RCD in flower color divergence
(Levin 1985). Throughout most of its range,drummondihas light-blue flowers, but in
the area of sympatry with the closely related spdeiesispidataP. drummondihas
dark-red flowers (Levin 1985; Turner et al. 2008). cuspidataalso has light-blue
flowers, similar not only to those produced®ydrummondiin allopatry, but to most
species in th€hloxclade. No other speciesPhloxhas naturally evolved a dark-red
flower color consistent with the scenario that the sympatric darR-rdcummondicolor
is the derived flower color morphology (Levin 1985). In sympa&ryuspidataandP.
drummondiigrow in the same roadside ditches and open fields and pastures (Levin 1967,
Ruane and Donohue 2008). They both germinate in late fall, overwinter as rosettes and
beginning flowering in late February or early March. Hybrids are producedureratd
are vigorous but show high levels of sterility (Levin 1967; Ruane and Donohue 2008).
Both pollen viability and seed set are low, although not absent, in hybrid individuals.
Strong evidence indicates tlatdrummondiwith dark-red flowers produce fewer
hybrids withP. cuspidatahenP. drummondiwith light-blue flowers indicating that
flower color change increases reproductive isolation between these two¢axa (L
1985). Both species, and flower colordPofdrummondiiare pollinated by the same
array of lepidopteron species, with the predominant pollinator being the pipevine
swallowtail,Battus philenor Individual pollinators tend to forage with constancy based

on flower color thus explaining the pattern of hybridization.
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In Chapter One, | investigate the genetic basis of flower color divergefce i
drummondii | not only determine that flower color variation has a genetic basis, |
uncover the genetic variation responsible for this adaptation. This work revealgathat t
cis-regulatory variations in genes are involved in varying the type aadrdrof floral
pigments.

Chapter Two investigates genetic variation across the rarigedofimmondii
Specifically, | use patterns of neutral genetic variation to demoashrait restricted gene
flow and genetic drift cannot explain the pattern of flower color divergence in this
species. | find extensive evidence of gene flow suggesting selecisedctne pattern of
RCD. | also evaluate genetic variation in the genes underlying flowerdigtygence
and discover a molecular signature of a selective sweep at one of the two gémes, fur
indicating selection is responsible for divergence in sympatry.

In Chapter Three | explicitly test criterion 4 for determining RCD by
measuring selection on flower color in the sympatric regidd. @rummondii
Disregarding the effect of hybrid seed production, | find no selectiomgaati flower
color variation in the region of sympatry. | find no support for the hypotheses that local
adaptation or ecological character displacement caused the pattern of adigengen
flower color.

In Chapter Four, | address criterion 6 by measuring selection on flower molor i
the region of allopatry. A common garden field experiment revealed no variation in
survival or fruit set of the different flower colors but indicated pollinatorgpesice for
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the ancestral light-blue flower color morphology. This pattern could resuitieased
paternal success of this flower color or, in some years if there is poll¢ationj this

preference could result in increase fruit set for light-blue flowered indingdual
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Chapter One: Identification of two genes causing
reinforcement in the Texas wildflowerPhlox drummondit

1.1 Summary

Species formation generates biological diversity and occurs when Wl e
that prevent gene flow between populations. Discerning the number and distribution of
genes underlying these traits and, in a few cases, identifying the genesdnbvas
greatly enhanced our understanding of species formation over the past 15exeanse(t
by Noor and Feder (2006) and Wolf et al. (2010)). However, this work has almost
exclusively focused on traits that restrict gene flow between populatidrizatie
evolved as a byproduct of genetic divergence between geographically isolated
populations. By contrast, little is known about the characteristics of genems$oc
with reinforcement, the process by which natural selection directly faestricted gene
flow during the formation of species. Here | identify changes in twosgirae appear to
cause a flower-color change®nlox drummondjiwhichprevious work has shown
contributes to reinforcement. Both changes involve cis-regulatory mutations targenes
the anthocyanin biosynthetic pathway (ABP). Because one change is recéssioasw
the other is dominant, hybrid offspring produce an intermediate flower color that is
visited less by pollinators, and is presumably maladaptive. Thus, genetic changglsele

to increase prezygotic isolation also appears to result in increased pdstxaiation.

Z* This chapter has been accepter for publicaticghegournal Nature.
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1.2 Introduction

Natural selection can directly favor species formation through a precessd
reinforcement. If two incipient species experience secondary contactahaer
maladaptive hybrids, selection favors decreased gene flow and increased remroduct
isolation (RI) between them (Dobzhansky 1937; Howard 1993; Servedio and Noor 2003).
Reinforcement can be recognized by a resulting pattern known as reprodhetiaeter
displacement (RCD): reproductive isolation is greater in sympatry thalopaty
(Howard 1993). While the occurrence of reinforcement was historically corgralve
(Felsenstein 1981; Butlin 1987), empirical studies have documented reinforcirigpaelec
and RCD in birds, insects, amphibians, plants, and mammals, suggesting that it is a
common step in the process of species formation (reviewed by Ortiz-Basrgnt
al.(2009) and Pfennig and Pfennig (2009)). Despite this work, little is known about
genetic changes associated with reinforcement (but see QLT studdtbBarrientos
(2004) and Saether (2007)).

Floral-color divergence iR. drummondiconstitutes one of the best documented
cases of reinforcement in plants (Levin 1985) and exhibits the clasgmpaitRCD. P.
drummondiiand the closely relatd®l. cuspidatgroduce similar light-blue flowers
throughout the allopatric parts of their ranges. However, in the area of sympatr
drummondiihas dark-red flowers, representing the only natural evolution of red flowers
in thePhloxclade (Levin 1985). Both speciesRiiloxand colors oP. drummondiare

pollinated by the same array of Lepidoptera species (Levin 1985). Hybrids be¢hgse
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two species are formed at rates as high as 11% in the area of sympainy1@85). The
hybrids are vigorous but have high, although not complete, male and female sterility
(Levin 1967, 1975; Ruane and Donohue 2008). Experimental crosses indicate as many
as 40% of hand pollinated hybrid flowers will mature at least one seed andyaasnan
72% of crosses sired by hybrid pollen will set one seed (Ruane and Donohue 2008).
Additionally, allozyme data show low levels of gene flow between these spé&tbiox
(Levin 1975). Although other traits may contribute to prezygotic isolation (including
possible reinforcement traits such as self-compatibility (Levin 1985))nLevi
demonstrated that the shift from light-blue to dark-red floweR idrummondii

decreases interspecific hybridization by 66%, indicating that the clafigever color
substantially increases prezygotic Rl (Levin 1985). Given the above estimates, the
hybridization rate prior to the evolution of dark-red flower color could have beentas hig
as 28%, which, with low hybrid fitness, would presumably create strong selextion t

decrease hybridization.

1.3 Results and Discussion

| determined that the evolutionary transition from light-blue to dark-redeflow
color inP. drummondiresults from changes of large effect at two loci. F2 populations
derived from crosses between the allopatric color variant (light-bhee)re sympatric
color variant (dark-red) segregate four discrete flower colors: dark-igheplue, dark-
red, and light-red (Figure 1a.). Quantification of the spectral reflectance 02200 F

flowers, transformed into two-dimensional CIE 1976 color space (Gonnet 1993),
17



followed by discriminant analysis verified my discrete classificat (Figure 2, Table 4

& 5). The ratios of counts within these categories are very close to the 9:81 ra

expected from two loci with complete dominanc¥3, N=618)=.92p=0.8206) (Table

3). One locusk, determines flower hue, with blue allele dominant to red, while the

second locud, determines color intensity, with the dark allele dominant to the light.
These two loci appear to determine the types and amounts of anthocyanin floral

pigments produced iR. drummondii Anthocyanin pigments, the final products of the

well-characterized and highly conserved anthocyanin biosynthetic pathway, (#BP)

derived from six common types of anthocyanidins by the addition of sugar and/or methyl

moieties (Holton and Cornish 1995). Less-hydroxylated anthocyanidins give rise to

redder pigments while more-hydroxylated anthocyanidins give rise to bluerrgme

(Holton and Cornish 1995). Correspondingly, blue-flowdtedrummondi{H-)

produce anthocyanins derived from both the less-hydroxylated cyanidin and peonidin

pigments, as well as the more-hydroxylated malvidin pigment, while redr8dalg

produce exclusively the less-hydroxylated pigments (Figure 1b). Theechafigral

hue thus results from redirecting flux from the malvidin branch of the anthocyanin

pathway to the cyanidin/peonidin branch (Figure 1c). Individuals with increased color

intensity (-) produce more pigment thanndividuals, without an effect on pigment

composition (Figure 1b and Table 6, 7, 8). These biochemical patterns, coupled with the

structure of the ABP (Figure 1c), suggests candidate genes for the hue and irdeinsity |
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The structure of the ABP (Figure 1c) suggests that the loss of flux down the
malvidin branch of the ABP might results from changes in one of three candidate genes:
1) loss of function or reduced expression of the gene coding for the branching enzyme
flavanoid 3'5’hydroxylase (F3'5'H); 2) alteration of the substrate spaifdue to a
coding mutation in the gene for dihydroflavonol 4-reductase (DFR) making the enzym
unable to metabolize the malvidin precursor dinydromyricitin; and 3) a sintisatbn
of the substrate specificity of anthocyanidin synthase (ANS). To exah@se t
possibilities, | analyzed multiple F2 populations for cosegregation of floral ine w
single-nucleotide-polymorphism (SNP) markers in the candidate genes. &haf tiQ0
individuals there was perfect cosegregation betviE2s'h and floral hue (Table 10).
Moreover, genotype &3'5’h explains 77% of the variation in flower hue.

This genetic association corresponds to a down-regulatiB86th in red
flowers. Among F2 individuals, there is a nearly 100-fold decreds& h transcripts
in red-flowered compared to blue-flowered individuals (Figure 3a). In additionamned
blue-flowered individuals collected from multiple populations throughout the rarfige of
drummondiihave a comparable differenceR’5’h expression (Figure 3b) These
results demonstrate three features of the genetic change associatéeé wiiift tto red
flowers: 1) variation in hue is associated with transcript leveB&’'h; 2) genotype at
F3'5’h predicts transcript level; and 3) the expression difference evident between

naturally occurring flower-color variants segregates as a single Ind=2 individuals.
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These patterns imply that expression variatiof3%’h is caused by variation in
a cis-regulatory element. Allele—specific expression assays cahignmference: in
heterozygousHh) individuals, the red allele is almost completely down-regulated
(Figure 3c). This allelic imbalance indicates a cis-regulatory a&)amgereas equal
expression of the two alleles would indicate trans-acting regulation of skqres
(Wittkopp et al. 2004).

Based on the structure of the ABP, | identified three candidate genetieeshang
that could explain the increased pigment production in dgrldwers: 1) a cis-
regulatory change that increases production of an ABP enzyme with control ove
pathway flux; 2) increased enzymatic efficiency (through coding-sequmeuaizions) of
a rate-controlling enzyme in the ABP; and 3) increased expression or functioABfa
transcription factor coordinately regulating the expression of severaheszyTo
evaluate these possibilities, | cloned and sequenced genes coding for thezgones of
the pathway (Figure 1c), as well as an R2-R3 Myb transcription factor ortiusiog
those known to regulate ABP enzymes in other angiosperms. Of these geneskdéine mar
in R2-R3 Mylro-segregates perfectly with flower color intensity in 100 F2 individuals
(Table 11) and genotype explains 71% of the intensity variation. These observations
suggesMyb corresponds to the intensity locus.

This correspondence is further supported by quantificatidiybftranscript in F2
individuals. Myb expression is significantly higher in dark individuals relative to light
individuals (Figure 4a), demonstrating that both genotype and expression of this
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transcription factor are associated with variation in pigment production. Fudies
field-collected individuals show the same association between expressiyb ahd
flower color intensity (Figure 4b). Finally, analysis of allele-spe@&@kpression in
heterozygousli) individuals show that the “dark” allele is up-regulated relative to the
“light” allele (Figure 4c), a pattern indicative of a cis-regubatcnange at thdyb locus.

In all species that have been examined, b coordinately activates several, if
not all, of the ABP enzyme-coding genes (Koes et al. 2005). Thus, | expect that if
changes in expression blyb influence pigment intensity, there should be correlated
expression changes in the ABP enzyme-coding genes. This expectation vzad:ralli
five core-enzyme genes exhibited significant up-regulation in dark foredative to
light flowers (Figure 4d). These results indicate that a cis-regulatotations at the R2-
R3 MY B transcription factor causes the increased color intensRy dfummondii
flowers in sympatric populations.

My investigation has provided the first identification of genetic changesngaus
reinforcement of species boundaries. Ideally, | would like to have confirmed thigyide
of the hue and intensity loci by either fine mapping or transformation, but this is not
currently feasible in non-model systems Ikedrummondii.Nevertheless, | am
confident that | have identified the correct genes. Not only3i5'h andMyb
cosegregate perfectly with the hue and intensity loci, respectively, but okt ex

changes in expression levels in the directions that are expected to produce exlobse
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phenotypic changes. Moreover, the alternative possibility that the chenegase to
linked transcription factors is ruled out by differences in allele-sjpeexipression.

| have shown that reinforcement may involve changes in a small number of genes,
each change having a large phenotypic effect. My results expand upon two previous
analyses of the genetic architecture of reinforcement, which report the imesivef a
small number of QTL (Ortiz-Barrientos et al. 2004; Saether et al. 2007). pkesi
genetic architecture is consistent with theoretical expectationdh widicate that
selection for reinforcement is most likely to result in increased R whephi@otypic
effect of the assortative mating allele is large and selection far $ddng(Felsenstein
1981; Kirkpatrick 2000).

Ortiz-Barrientos et al. (2004) suggest that reinforcing RI should be inherited as a
dominant trait because of Haldane’s sieve (the greater probability of damewvant
adaptive mutation reaching fixation than a recessive mutation (Haldane 1924)). The
intensity locus fits this expectation, with the derived dark allele dominant tmgkie |
allele. In contrast, the hue locus shows the reverse pattern, with the dediadielee
recessive to the ancestral blue allele. Although it is easier fatisel¢o increase the
frequency of a novel dominant allele, Haldane’s sieve can be overcome with strong
selection (Haldane 1924). Additionally, probability of fixation has been found to be
independent of dominance when adaptations are not new mutations but are standing
genetic variation (Orr and Betancourt 2001). Either of these scenaridsexqléin the

fixation of the red allele in sympatry.
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Much work investigating the process of speciation focuses on categorizing traits
as a particular type of reproductive isolation mechanism (i.e. prezygqgastzygotic)
(reviewed by Lowry et al. (2008) and Nosil et al. (2005)). Recently it has bedeane c
that a single trait can affect multiple types of Rl (Dambroski et al. 208&ryand
Willis 2010), but it remains unclear how commonly this occurs. While the most obvious
effect of floral-color evolution ifP. drummondiis increased premating isolation wih
cuspidata the associated genetic changes may also have led to increased piostzygot
isolation. Hybrids between the dark-red-floweRecdirummondiand the light-blue-
floweredP. cuspidatehave dark-blue flowers, which differ from the two parental species.
Levin (1970) has shown that pollinators discriminate against this intermedatd hy
flower color. Although further experimental tests are required, this eisation likely
reduces male outcross success and possibly seed set, causing reduced fitaess of
hybrids beyond that associated with intrinsic postzygotic isolation. My work sthmws
the pattern of genetic dominance can influence whether a trait can contributeiptemult
types of isolation. This hypothesized extrinsic postzygotic isolation andgdbecause
the novel allele at the intensity locus is dominant, while the novel allele at theduge |
is recessive. Had the novel alleles at both loci exhibited the same dominanas hybri
would have had the same flower color as one of the parents.

Finally, both of the genetic changes contributing to reinforcememt in
drummondiiinvolve cis-regulatory mutations, rather than functional (coding-sequence)
mutations in pathway enzymes. The types of mutations described here aetsimil
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those described for other cases of flower color evolution in which reinforcesrnaott
known to be involved (Schwinn et al. 2006; Hoballah et al. 2007; Des Marais and
Rausher 2010). These similarities suggest that the genetic basis of ezim@ntenay be
comparable to that of adaptations not associated with reinforcement. But, only by
indentifying the genetic basis of reinforcement in other systems canaezstand what
aspects of the molecular genetic basis of these traits are ggmapitant for

reinforcement and which are unique to a particular system.

1.4 Methods

F2 crossesSeeds were collected from plants in six populations (Table 1) in the
spring of 2006, and germinated and grown at the Duke University greenhouses (Durham
NC). Seeds were soaked for 48 hours in 500ppm Giberellic Acid, planted in Metro-Mix
360 (Sun Gro Horticulture, Bellevue, WA), and stratified for 6 days@t #£lants were
transplanted at the 4-true leaf stage into a 50:50 mix of Fafard 4P (Conrad Refard |
Agawam, MA) and PermaTill One Time (Carolina Stalite Company, Salisbi@).
Light-blue plants were crossed with dark-red plants to form F1 seeds. F1 seeds we
grown as above and self-fertilized to create F2 populations. Self-incorfipaiiais
overcome using bud pollination.

Flower color phenotypingAll F2 individuals were categorically phenotyped for
flower color and chi-square test was used to determine if the ratio of casdoner
color counts differed from 9:3:3:1 (Table 3). A subset of individuals were quantitatively

phenotyped with a StellarNet® EPP2000C spectrometer with a SL1 visible light sourc
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and a SL5 Deuterium +Halogen UV-vis light source (StellarNet Inc., Tampiddslor
USA). Raw reflectance was transformed into two-dimensional CIE 1976ddlby

space (Gonnet 1993) (Figure 2). This transformation creates two axes of vatiatign, t
axis corresponds to u’ and the Y axis corresponds to v'. The white point is located at
(v'=.4683305, u'=.197833). The v’ coordinate represents a measure of hue and distance
from the white point is a quantitative measure of intensity. | used canonicaanant
analysis to confirm that flower color grouped into four discrete categoraddeg(# & 5).
Anthocyanidins were extracted from a total of 26 individuals (12 from cross A and 14
from cross B) using standard methods of dissolving petal tissue in HCI followed by
isoamyl alcohol extractions(Des Marais and Rausher 2010). Pigments weifesaient
using HPLC as in Des Marais and Rausher (2010). Pigments were quantified by
calculating the area under the HPLC peak and the scaled to the correspomdiagista

| used a Multivariate Analysis of Variance (MANOVA) to determine if pigireamount
differed by intensity, hue, family, and all interactions of main effects. d ssksequent
individual ANOVA models to determine significance of each of the above efiacts
amount of individual pigments (Table 7,8). All analyses were performed using SAS
software v9.1 (SAS Institute Inc, Cary, NC).

Genetic associatiori-eaf tissue was collected from F2 and parental individuals
and a modified CTAB extraction was used to isolate the DNA (as in Kelly ang Willi
(1998) but with an additional 2% Triton X-100 added to the CTAB solution and a 3M
sodium acetate wash after ethanol precipitation). Genes in the ABP weraethijpst
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using degenerate primers designed from orthologous genes in closely spatees and
then species specific primers were used in subsequent amplifications (TaBE&)tal
sequences for each gene were used to identify SNPs segregating in the Rbpspula
subset of F2 individuals were genotyped at each ABP gene and for those genes that
showed an association subsequent F2s were genotyped. Chi-square tests were used to
confirm associations between genotype and phenotype (Table 10 & 11). A mixed-model
ANOVA with F2 family as a random effect was used to determine how much igtiaeti
flower color variation was explained B8’'5’h and theR2-R3 Mylgenotype. For this
analysis | used flower color reflectance transformed into CIE color spalstdrmine
guantitative measures of hue and intensity (see above). The Y axispoodieg to v’
value, is the measure of hue and the distance each flower color point is from the white
point (v'=.4683305, u'=.197833) is the measure of intensity. All analyses were
performed using SAS software v9.1 (SAS Institute Inc, Cary, NC).

RNA Expression analyse&\H expression analyses were performed on flower-
bud tissue collected approximately two days before opening. RNA was extiracte
individuals using the SpectrdtiPlant Total RNA Kit (Sigma-Aldrich®, St. Louis, MO).
The Roche Applied Science Universal ProbeLibrary (Roche Diagnostics Co,
Indianapolis, IN) was used to quantify expression of each gene in the ABP (Mouitz
al. 2004). Probes sites and primers were designed using the online design center

(http://www.roche-applied-science.com/sis/rtpcr/upl/ezhome)rfhalble 12). Thermo

Scientific Verso 1-Step RT-gPCR kit was used to amplify as per manrdest
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instructions (Fisher Scientific, Pittsburgh, PA). 26 F2 individuals were used in the
F3'5’h expression assay. 12 F2 individuals were used iMjfieexpression assay. Two
replicate reactions were performed for each sample and the averagau€Waalused in
all analyses. Eflwas amplified in each sample to control for total amount of RNA in
each extraction. Raw expression data was analyzed as in Rieu and Powers (2668). |
a mixed-model ANOVA to detect a significant difference in expressioandidate
genes between color groups. F2 family was used as a random effect in the model.

| collected seeds from natural population$otirummondiin both allopatry and
sympatry (Table 2), grew them in the Duke University greenhouse and extrab®ed R
from bud tissue as described above. 36 individuals were used from field-collected
population expression assays with an additional 14 individuals from two additional
populations for thélyb assay. Transcript levels of all genes in the ABP were quantified
as above. | used a MANOVA to determine if flower color intensity has effect on
expression of non-causal ABP gen€sg Chi, F3h, Dfr, Ang. Subsequent ANOVA’s
were used to determine if each individual gene shows a significant effattmdity on
expression (Table 13). All analyses were performed using SAS software v&1 (SA
Institute Inc, Cary, NC).

Allele-specific ExpressionRNA from F1 individuals and heterozygous F2
individuals were used to quantify allele specific expression at bof3{bé and the
Myb gene. A schematic of the assay design (Figure 5), shows the SNP jdentvisil as

amplification and sequencing primer sequences. RNA was extracted alsetbabove
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from 28 individuals for thdlyb assays (11 heterozygotes and 7 homozygous controls)
and from 8 individuals for thE3'5’h assay (6 heterozygotes and 2 homozygous
controls). A reverse transcription reaction was performed using Invittdge
SuperScript ® I, (Life Technologies Co, Carlsbad, CA) as per manufacturer’s
instructions. DNA was extracted from leaf tissue as described aboveadfor

individual two replicate DNA and four replicate cDNA PCRs were run. No-taeapl
controls and no-sequencing-primer controls were performed as well. Pynosiegue
reactions were run on all samples using PyroMARK96ID (Qiagen Inc. Valencia,

CA) (Ahmadian et al. 2000; Wittkopp et al. 2004). Experiments on both genes were

independently replicated.
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Table 2: GPS location and flower color for field populations
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" %9 19
#$$ 7
s MW D)X
Parent S2 Offspring Color Count
Cross Populations
Blue Red Dark-Blue Dark-Red Light-Blue Light-Red
A Montl Smithv 42 17 12 3
B Dog95 POC 174 60 55 23
C-l 466_E7 80S1 125 41 48 18
Total 341 118 115 44
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Table 5: Classification counts estimated by discriminant analysis sHdw 84

accuracy in cluster.

Predicted Identity

DB DR LB LR
DB [ 72 (81%) 5 7 4
Actual DR 0 32 (78%) 0 9
Identity
LB 4 0 40 (88%) 1
LR 0 2 0 24 (92%)
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3 - 6!

Intensity| Hue | Cross Zr?tzgéslaarf:\é?ni)%orﬁgatosf Standard Errors for quantification
Malvidin | Cyanidin Peonidin  Malvidin Cyanidin  Peonidin

Dark Blue B 0.758 2.664 0.445 0.079 0.256 0.174
Light Blue B 0.528 0.752 0.288 0.069 0.221 0.151
Dark Red B 0.020 2.535 2.711 0.097 0.313 0.213
Light Red B 0.026 1.417 0.788 0.097 0.313 0.213
Dark Blue A 0.999 1.687 0.404 0.069 0.221 0.151
Light Blue A 0.634 0.389 0.113 0.069 0.221 0.150
Dark Red A 0.158 3.312 1.027 0.079 0.256 0.174
Light Red A 0.077 1.640 0.563 0.079 0.256 0.174
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| 23&453

IC JxOCC L ** CCC o xlx

Source Wilk's lamda  f value df den df P
Intensity 0.170 24.29 3 15 <.0001
Hue 0.074 62.37 3 15 <.0001
Family 0.394 7.66 3 15 0.0025
Intensity*Hue 0.401 7.46 3 15 0.0028
Hue*Family 0.342 9.6 3 15 0.0009
Intensity*family 0.652 2.66 3 15 0.085
Intensity*Hue*Family 0.485 5.3 3 15 0.0108
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) = 3&453

D+B9
Source Malvidin Cyanidin Peonidin
df F df F df F
Intensity 1 8.64** 1 66.74*** 1 32.11%**
Hue 1 134.03*** 1 21.57* 1 58.88***
Family 1 5.52* 1 0.21 1 18.03**
Intensity*Hue 1 5.2* 1 0.33 1 15.02**
Hue*Family 1 0.49 1 10.15** 1 11.45**
Intensity*family 1 0.95 1 0.01 1 7*

Intensity*Hue*Family 1 0.04 1 2.54 1 10.12**
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# + > 36+ I'" 7+

Primer Sequence (5'to 3"
Degenerate Chs Forward ATGGTCACCGTCGAGGA
Degenerate Chs Reverse TCACCAGTGGTCTTGAGCCC
Degenerate Chi Forward TCCTCGSCGGCGCWGGG
Degenerate Chi Reverse AWCACTGCTTCWGACAA
Degenerate Dfr Forward GGMTTCATCGGCTCRTGGC
Degenerate Dfr Reverse GAGTTTRAGGGGATWSGTAAGG
Degenerate Ans Forward CTACTACCCMAAATGCCCTCA
Degenerate Ans Reverse TATGYTKAATATGCTGRG
P.d. Chs Forward CGTCAGACAGGACATTGTCG
P.d. Chs Reverse GGATGAGATGAGAAGGAAGTCGGCCC
P.d. Chi Forward GGACAACAGTATTCGGAGAAGGTAGCAG
P.d. Chi Reverse GCCGGCTTTATTAGCAAGAAGAAGG
P.d. Dfr Forward GAACCGTGAACGTTGAAGAGCATC
P.d. Dfr Reverse ATCACAGCCCTCTCCCCCATCAC
P.d. Ans Forward GTTAGCGAATAATGCGAGTGG
P.d. Ans Reverse GCTCTTCTACAAGGGCAAATGGG
P.d. F3'5'h Forward CCCAACACCATGAATTTAGACATAGCC
P.d. F3'5'h Reverse CATAGAGTGGGCGCTTGCGGAGATG
P.d. R2-R3 Myb Forward GCTGGAAGACTACTACCCGGAAG
P.d. R2-R3 Myb Reverse GGATAGCGATGGAGATTGGGTC
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36+ ;3 8+9
UPL
GENE PROBE # PRIMER (5'to 3"
F35h 157 ATTTACGGCCCGATCATGTA
AGGGTTTTGAGGAAGGTTTT
R2-R3-Myb 77 CCAACAGTGGATAACATAACCTGCA

GACTCCCGCTATGTTATTGTCGGCTGGTG
CCTTCAACTTGGTTTTATGCTCA

CHS 9
GTATCGATCAGAGCACGTATGC
CHI 133 CAGTCACCCCTCGGATTAAC
CTCCCTCCTCAGGTATGGAAC
DER 157 GATTGATTTCATTAGCATCA
GGAGTAATGAAAGGACCAACCA
F3H 73 TTGTGGTTAACTTCTACCCGAAA
GGATCGGTATGTCGCTTGAG
ANS 106 TCCAAATGAAAATCAACTATTACCC
GCTTCAACACCTAGGGCAAG
EF1A 9 GATAGAAAAGGAGCCCAAGTT
GGCTTGGTCGGAACCATCTT
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Chapter Two: Molecular signatures of selection onléwer color
variation across the range of. drummondii

2.1 Introduction

Character displacement is a pattern in which two species have different
phenotypes in an area of range overlap but similar phenotypes in areas wheaa tjesir
do not overlap. Two types of character displacement are recognized. Character
displacement driven by resource competition in sympatry is teecm@dgicalcharacter
displacement (Brown and Wilson 1956; Losos 2000), whereas character displacement
that reduces mating between species is temey@wductivecharacter displacement
(Grant 1972; Howard 1993; Pfennig and Pfennig 2009). Reinforcement, the process by
which natural selection favors increased prezygotic isolation between inGpesiés in
sympatry, often results in the pattern of reproductive character displaicé®udin
1987; Servedio and Noor 2003; Ortiz-Barrientos et al. 2009).

The investigation of character displacement has clarified our understanding of
several basic evolutionary patterns and processes (Pfennig and Pfennig 2009). F
example, it is now recognized that character displacement is an altetoatorapetitive
exclusion when two ecologically similar species exist in the samelarsas(2000;

Dayan and Simberloff 2005). And reproductive character displacement can be involved
in either completing the process of speciation (reinforcement) or in adagtadt reduce
gamete wastage after speciation has been completed (Butlin 1987; Lioua@nti92d;

Noor 1995; Higgie et al. 2000; Servedio and Noor 2003; Smadja and Ganem 2005; Jang
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and Gerhardt 2006a; Nosil et al. 2007; Kay and Schemske 2008; Ortiz-Barrientos et al.
2009). The study of character displacement has also aided in understanding broader
evolutionary processes such as correlated evolution (Pfennig and Pfennig 2005) and
sexual selection (Pfennig 2000; Higgie and Blows 2007).

Most discussions of character displacement assume that character theplace
arises primarily via natural selection (Howard 1993; Pfennig and Pfennig 2009).
However, a pattern of character displacement can also arise throud séuttal
processes. Numerous authors have described criteria to determine ifragfatter
divergence represents RCD or ECD and all of these include a criteria siggngence
is not caused by something else (such as local adaptation) (Waage 1979; Howard 1993;
Servedio and Noor 2003). In none of these criteria is it recognized that neutrsl force
such as restricted gene flow and drift, can also cause patterns of divergaterdGi
character displacement. When two species have different phenotypes inrgyouptte
same phenotype in allopatry, the divergence within one species occurs alongeghe sam
boundary that limits the range of a second species. | argue that it is pl#uesibles
environmental factor(s) limiting the range of the second species could edde ar
boundary that limits gene flow within the first species, allowing for diffeagon within
that species to occur through a combination of genetic drift and restrictedlow.
Rarely has this alternative hypothesis been explicitly addressed inssbiidizaracter

displacement (Lehtonen et al. 2009).
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The classic method for assessing whether selection is responsible for pleenotyp
divergence within a species is to quantify selection on the divergent trait(8enert
environments (Kawecki and Ebert 2004; Hoeksema and Forde 2008; Hereford 2009).
However, because there may be substantial temporal and spatial variatiectinesel
environments across a species’ range, it can be misleading to extrapsilgtefrom
short-term, spatially-restricted experiments to an understanding of tes felnaping
species-wide patterns of variation. Furthermore, for most systems in elacacter
displacement has been documented, it is difficult to measure selection in natural
environments and evaluate the net cost of hybridization and competition. Instead, most
mate-choice tests and cost of hybridization assays are performed aehgditings and
the results only imply a cost to lifetime fitness (Noor 1995; Saetre et al. 1f@@rid?
2000; Cooley et al. 2001; Pfennig and Simovich 2002; Hobel and Gerhardt 2003).

An alternative approach to indirectly testing for selection, which has hgcent
become popular with the widespread availability genetic markers, is to aothpar
magnitude of trait divergence with that exhibited by neutral markers (MaKay atta
2002; Le Corre 2005; Edelist et al. 2006; Raeymaekers et al. 2007). If patterns of
phenotypic variation differ from those for neutral genetic variation, one majuctan
that processes other than drift and restricted gene flow, such as selectiobytota
phenotypic divergence (Gockel et al. 2001; Crispo et al. 2006; Keller et al. 2009;
Antoniazza et al. 2010). Additionally, if the genes responsible for phenotypiamariat
are known, analysis of patterns of genetic variation in these genes mdysignatures
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of selection (Charlesworth et al. 1997; Charlesworth et al. 2003; Durrett and
Schweinsberg 2004; Nielsen 2005). One advantage of this approach is that it integrates
the effects of both neutral and adaptive divergence over substantially longer time periods
and greater spatial scales than is possible with the classical approaccty di

measuring selection.

Here | use this type of molecular approach to investigate the hypothesis that
neutral genetic drift, coupled with restricted gene flow, has givertaia pattern of
reproductive character displacement in the native Texas wildflBiMex drummondii.
Throughout most of its randg® drummondihas the light-blue flower color typical of the
Phloxclade; but on the eastern edge of the range, in a region that is sympatric with the
closely related, light-blue flowerdel cuspidata, P. drummondhas dark-red flowers
(Levin 1985; Turner et al. 2003F. drummondithus exhibits the classic pattern of
character displacement in that the two species have the same flowen @lopatry but
different flower colors in sympatry. It has been suggested that thesmpattcaused by
reinforcement (Levin 1985). Hybrids between the two species are largaightimot
completely, sterile (Levin 1967; Ruane and Donohue 2008), thus allowing for some
introgression between the species (Levin 1975). Moreover, there is experimental
evidence indicating that dark-red-floweréddrummondiiexperience less interspecific
hybridization than light-blue-flowered individuals (Levin 1985). However, there have
been no prior attempts to determine whether this difference translateslaios
favoring the red morph in sympatry. Consequently, it remains to be determinedrwhethe
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selection, as opposed to restricted gene flow and drift, are responsibtenver-folor
divergence irP. drummondii.In this report, | attempted to distinguish between these
hypotheses by comparing patterns of variation in multiple co-dominant midlits&ei
to the pattern of differentiation found in flower color between eastern (sym)@atdc
western (allopatric) populations Bf drummondii

In addition, because | have previously identified the genes involved in the flower-
color change in sympatric populationsRofdrummondi{Hopkins and Rausher In press),
| investigate if these genes demonstrate a signature of a selective $mpagicular, |
asked whether these genes exhibited less variation in sympatric populations than in
allopatric populations. Because the sympatric flower color is derived—tkeethcolor
of sympatric populations is the only known occurrence of red in the gimos—any
selective sweep would have occurred in those populations and thus reduced variation in
those genes in sympatry (Charlesworth et al. 1997; Charlesworth et al. 20@8nNiel
2005).

Finally, even if a signature of a selective sweep has decayed, it maysii@gtis
detect continuing selection by assessing the degree of divergencesmimearived in
flower-color change. Both theory and empirical studies demonstrate thaapapul
subdivision and local selection is expected to result in the accumulation of neutral
divergence near loci subject to divergent selection (Charlesworth et al. 1997ar&torz
Kelly 2008). While gene flow and recombination tend to inhibit the accumulation of
divergence in most of the genome, differences may accumulate near theddel@aiue
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to reduced effective migration at that region of the genome. Such divergence would be
expected between populations that differed in the allele favored at the débdectbut

would not be expected between populations in which the same allele was favored. |
therefore attempted to determine whether in genomic regions surrounding the flowe
color loci there is greater divergence between dark-red and light-blue populations t
between populations with the same flower color. As with attempts to detecttassele
sweep, absence of this type of divergence cannot be taken as evidence for dbsence o
selection, since there may not have been sufficient time to accumulatgtuted

divergence.

2.2 Methods

Study Organism

Phlox drummondiis an annual herb found throughout East and Central Texas. It
grows commonly along roadsides and in pastures and agricultural fieldsin&ton
occurs typically in November and plants overwinter as rosettes. Floweringdlyypica
begins in March and continues until plants senesce in June oRhlbx cuspidatas
also an annual herb found in the same types of habiRatasimmondiialthough it's
range is limited to, and is coincident with, eastern populatioRs dfummondi(Levin
1985; Turner et al. 2003). This species produces light-blue flowers that are similar i
appearance, though smaller, than thoge. @irummondii. The two species overlap
substantially in flowering time, althoudh cuspidatabegins and ends flowering

somewhat earlier tha®. drummondi(Levin 1967, 1975). Both species are pollinated by
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the same species of butterflies (Levin 1985), predominantly pipevine swall{®atus
philenorn (personal observation).

Flower-color divergence between allopatric and sympatric populatidds of
drummondiiis due to cis-regulatory changes in two genes of the anthocyanin biosynthetic
pathway (Hopkins and Rausher In press). One cis-regulatory change, whiehdaé
floral hue (redvs blue) markedly reduces expression of the gene coding for the
branching enzyme Flavanone-3'5’-hydroxylase (F3'5’h). This down regulationmnigeve
the production of blue pigments and results in the production of only red pigments. The
other change, which influences pigment intensity, increases the expressidRbRa8
Myb transcription factor, which increases production of anthocyanin structuralayhes
thereby causes an increase in pigment production, leading to darker flowers. RAlthoug
have cloned and identified the coding sequences of both of these genes, | have not yet
identified the cis-regulatory changes that are responsible for thessiqom changes.
Consequently, my analysis of possible selective sweeps is restrictedrimiaga

patterns in the coding sequences.

Population survey

14 populations were surveyed in 2007, 12 populations in 2009 and 13 populations
were visited in the spring of 2010 for a total of 39 populations (Table 14, Figure 6).
Population sampling was designed to include approximately equal numbers of dark-red
and light-blue populations and as many mixed populations as | was able to find. Five
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populations were called “mixed” because they contained at least 35% of bothadlleles
the flower color loci. | chose sites that were at least 5 kilometersfegrareach other
(with the exception of population 1 and 2) and attempted to represent as much of the
documented range &. drummondiias possible, with concentrated sampling in the
center of the range on either side of the flower-color divergence boundary. For eac
population | surveyed flower color proportions, collected leaf tissue for DittAaction,

and recorded GPS location.

Flower color surveys were performed by tallying flower color courmtsgaB-5
transects through the length of each population. Every individual that fell on a line
transect was phenotyped for color. Within each population | counted 100-400 individuals
depending on the size of the population. For populations surveyed in 2007 | recorded
both floral hue (red versus blue) and intensity (light versus dark) phenotypeasimieas
genotypes were in Hardy-Weinberg equilibrium and estimated the recalslee
frequencyg, as the square root of the frequency of the corresponding phenotypic
frequency and then estimatpdthe frequency of the dominant alledes, 1 - (Table 14).
After evaluating the counts and discovering that the light allele and thellelige a
frequencies are almost perfectly correlatgdi¢;=0.98, p<0.0001), | restricted my
phenotyping in subsequent years to just recording flower hue (red verses blue) and
estimating allele frequency at the hue locus.

| collected leaf tissue for genotyping from 15-16 individuals haphazardlyhose
from each of the 39 locations, which yielded a total of 605 samples from throughout the
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range ofP. drummondii Effort was made to distribute the sampling throughout the
population and no neighboring plants were collected. From mixed populations, half the

individuals | sampled were dark-red and half were light-blue.

Neutral genetic variation

The 605 individuals from 39 populations were used to evaluate population genetic
structure withinP. drummondiin order to determine if neutral genetic differentiation
corresponded to patterns of flower color differentiation. | extracted DA leaf tissue
using a modified Cetyltrimethyl Ammonium Bromide (CTAB) extractiblopkins and
Rausher In press). Each individual was genotyped at 9 microsatellite Ibta (5. All
loci were developed using primers from Fehlbetrgl (2007) and Wu (2006).
Microsatellites were amplified using the Qiagen multiplex kit (Qmalgpe., Valencia,
CA), analyzed using capillary electrophoresis and fragment asalgsan ABI 3730x1
DNA Analyzer, and were scored by eye using the program GENEMARKER
(SoftGenetics, 2005, State College, PA). | determined whether the loci weaedy+ H
Weinberg equilibrium within a population in order to detect loci that are likely to have
high rates of allelic drop-out (Morin et al. 2009) using Arlequin v3.1 (Excoffiat. et
2005).

Genetic variation in these presumably neutral makers was analyzed in a number
of ways. First, | used a hierarchical model, Analysis of Molecular Varigkid©VA),
to explicitly test if there was significant genetic variation défeiating populations
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according to flower color. | partitioned the total variation into three compar(éhts
between color; (2) among populations within color; and (3) within population (Arlequin
v3.1). For this analysis | excluded the five mixed populations and only used populations
that were predominantly light-blue or dark-red. Including the mixed populatsoas a

third color category or as part of either of the fixed color categories prddunédar

results.

In many systems with large ranges and potentially restrictedfigener short
migration distances, there is a pattern of isolation by distance. If tresrpattists irP.
drummondiiit may distort an additional pattern of differentiation of flower color.
Furthermore, lack of isolation by distance would indicate there is extensied|ge
across the range of the species. |tested for isolation by distance ldargel test with
9,999 permutations in GenAlEx (Peakall and Smouse 2006). | used a pair-wise
geographic distance matrix created from the GPS coordinates using the walmprogr
Geographic Distance Matrix GeneratdErsts 2010) and a pair-wisergjenetic distance
matrix created by Arlequin v. 3.1.

Finally, | used the Bayesian clustering program STRUCTURE (faritcet al.
2000) to probabilistically assign all 605 individuals to a varying number of clugjers (
This model creates the most likely clustering pattern, withqartori divisions according
to sampling location or flower color, based on establishing Hardy-Weinbergoeiguili
within clusters. | used an admixture model with independent allele frequendias a
population identity prior. |ran 10 replicates for eack=i-16 with a burn-in of 10,000
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Morkov Chain Monte Carlo (MCMC) steps followed by 50,000 iterations. | used
Structure Harvester v0.56.4 (Evanno et al. 2005) to determine Wbitt fit the data by
calculating kbased on ). There was no clear optimglalthough k peaked slightly

atk= 6 clusters. Based on maypriori hypothesis of population subdivision according to
flower colors | further analyzed the data fkx2 as well a=6. The replicates &=2

andk=6 were consolidated for graphical representation using CLUMP (Jakobsson and
Rosenberg 2007) and DISTRUCT (Rosenberg 2004). | examined the cluster assgnment
for a pattern indicating grouping by flower color. ke2 | performed a mixed-model
analysis of variance (ANOVA) to determine if the likelihood of being in clulster

differed between the two flower colors. | excluded the mixed populations from this
analysis and included population nested in flower color class as a random efffect. T
likelihood of an individual being assigned to a given cluster was determined by
combining the likelihoods from the 10 replicates using the program CLUMP (Jakobsson

and Rosenberg 2007). This analysis was done in JMP (SAS Institute Inc, Cary, N

Genetic variation at flower-color loci

In examining genetic variation at the flower-color loci | focused on 5 populations
along a 38km transect spanning the flower color transition (Figure 6, inseot)g tiis
transect | sampled two populations with light-blue flower color, one mixed population,
and two populations with dark-red flower color. | extracted DNA from leaf tis50@

individuals from each population using the CTAB procedure described above. For each
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individual | amplified 532 base pairs of the third exon inR2eR3 Mylranscription

factor (intensity locus) , and 666 base pairs of the first ex&3'6fh (hue locus). For
each individual | amplified each gene fragment, direct sequenced both fragmieotis
directions, cloned each fragment, and sequenced 4 colonies. | amplified the products
using Qiagen Taq DNA Polymerase (Qiagen Inc., Valencia, CA) as per mamnefact
instructions. | ligated PCR products into pGEM® -T Easy Vector (Promega Co,
Madison, WI) and transformed into chemically competent cells . Chromatogt@ms fr
each individual were visually validated and then manually assembled into multiple
sequence alignments. Heterozygous sites were confirmed by a double peakrigcthe di
sequence chromatograms and both alleles appearing in sequences derivedttom dir
picks of individual clones. Additional clones were sequenced if there were missing
alleles as indicated by double peaks in the direct sequences. Haplotypes wanaedte
based on cloned sequences. Additional clones were picked and sequenced to clarify
guestionable base calls. For each gene, both alleles from every individualigreee
using Sequencher v 4.8 (Gene Codes Co, Ann Arbor, MI) and analyzed using DnaSP

(Librado and Rozas 2009).

Signature of a selective sweep
In order to determine if the derived alleles show evidence of a selectiep,swe
used a variety of diversity statistics to evaluate genetic divetdiyth loci within each
population. All statistics were performed in DnaSP (Librado and Rozas 2009)adkor e

58



of the 5 populations | calculated the number of segregating sites (S), thermimbe
haplotypes (h), and the average pair-wise difference between sequéncksl$o
evaluated the average total nucleotide diversiyyth a Jukes Cantor correction (Jukes
and Cantor 1969) and the nucleotide diversity for synonomeysiid nonsynonomous
sites (a). Finally, | calculated Tajima’s D and Fu and Li's F* statistic to eat if the
sequence evolution was significantly different from the expectation undealneutr
processes. Tajima’s D can detect positive selection through deviations inrtretessbf

by the number of segregating sites and average number of nucleotide difference
(Tajima 1989). Confidence limits were calculated assuming the stébiébiws a beta
distribution (Tajima 1989). The F* test detects positive selection through rixgmi
variation in number of external-branch verses and internal-branch mutations (Eu and
1993). In addition to calculating each of these summary statistics withiroétwe
populations, | also grouped the two dark-red populations and the two light-blue
populations to determine if patterns were consistent and that one anomalous population
did not skew the interpretation of my results.

| then compared the levels of diversity at each locus within populations with

different flower colors and looked for a pattern of lower diversity in the datk-r
populations. | used a permutation test to evaluate if these estimates ofydwersit
different from expected by sampling 20 sequences randomly from a piaghictic
population including all 5 sampling locations. Specifically, | randomly chose 20

sequences from the pool of all 100 possible sequences (ignoring sampling location
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identity), and calculated bothwith a Jukes Cantor correction and number of unique
haplotypes. | performed this random sampling 10,000 times and created a distribution of
diversity values expected if my sequence sampling was taken from one panmicti
population including all 100 sequenced alleles. | calculated two-tailed 95% caefiden
intervals to determine significant deviations from random and plotted the five population
estimates of diversity on the distribution of diversity estimates. Thenapibypulation
estimates that fell outside the range of the 95% confidence interval ovesidered more

or less diverse then expected by chance.

Signature of divergence

To evaluate if populations with different flower colors show more divergence at
F3'5’h and Myb than populations with the same color, | first calculated two statlstics
estimate divergence between two populationg:add Q. The first of these is the
average pairwise number of nucleotide differences per site between populatioas, whil
the latter corrects the former by subtracting the average genetisityiwveithin
populations, i.e. P= Dyy .l also calculated summary statistics that evaluate the
amount of genetic variation between populations relative to the amount within
populations. Specifically, | calculatedfbased on average sequence diversity and G
based on average haplotype diversity. Highgrdnd Gt values between divergent
populations than between populations with the same flower color would constitute

evidence of accumulated divergence at the selected loci. One potential confounding
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factor in these analyses is that populations with different flower colora@ne
geographically distant from each other than populations with the same flower alor. T
determine whether this difference confounds my results, | tested fatiamehip

between genetic differentiation (as measureddyaRd Gy) and geographic distance (in
kilometers) using a Mantel testsffand Gt were calculated in DnaSP and the Mantel

test was performed in GenAlEx.

2.3 Results

Neutral genetic variation

Neutral genetic variation iR. drummondiias estimated from 605 individuals
across 39 sampling locations, shows high levels of admixture among populations and
little differentiation corresponding to flower-color variation. Because @ifjtite 9
microsatellite loci were in Hardy-Weinberg equilibrium in most locatioassumed low
levels of allelic drop-out (Phl68 was the outlier; see Table 15 for loci deth#scluded
locus Phl68 from subsequent analyses. | found moderate to low levelshatween
populations with averagesF=0.1. Explicitly testing for differentiation based on flower
color using an Analysis of Molecular Variation (AMOVA) reveals no variatiqrianed
by flower-color group. Only 10% of the genetic variation is explained lmngm
population within-color group differences, and the remaining variation (90%) is
explained by within-population variation (Table16).

Isolation by distance iR. drummondiis weak. Although a MANTEL test

indicates a significant correlation between genetic distance andagbogdistance, this
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correlation is very weak (Rxy=0.2, P=0.019), which further indicates high ratesef g
flow across the range of this species (Figure 7).

The Bayesian analysis performed in STRUCTURE, which groups individuals into
clusters without priori population or color categorization, also shows low levels of
population differentiation and no differentiation between flower colors (FigurefBst
optimized the number of clustetg py using Evano’s (2005) method of calculatirlg |
found a slight peak ink atk=6 and so evaluated bdtk6 andk=2. The STRUCTURE
results ofk=2 show that most individuals from most locations are not assigned to a single
cluster, although there are a few exceptions. One cluster includes threambght-
blue locations (77N1, 36N1, 21W1), and one southern dark-red location (71FS1). The
other cluster includes individuals from two northern light-blue locations (696N1, 969e1l),
and a dark-red location (713E1). The remaining 25 locations contained individuals
assigned to both of the clusters. Visually evaluating the graphical output, itafia
the clustering results do not group individuals based on flower-color or geographic
location (Figure 8).

| formally tested for genetic similarity by flower color using x@&a-model
ANOVA with probability of being in cluster 1 as the dependent variable aneflowalor
as the independent variable. This analysis showed a significant differeweeihe
flower colors in the likelihood of an individual’s assignment to clusterl456.71,
p=0.014). However, the mean probability of an individual being assigned to cluster 1

from a light-blue population is 0.46 where as from a dark red-population it is 0.64 .
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Although these two probabilities are significantly different from eabbrotheir
proximity to 0.5 indicates substantial uncertainty in being able to assign an intstidua
sampling location to a particular cluster. Only half of the individuals from bgttk li
blue (156 out of 313) and dark-red (103 out of 217) populations can be assigned to one or
the other cluster with a probability greater then 0.2.
The results fronk=6 show very little pattern of clustering by individual, flower-
color, or geographic location. 1 find that individuals from the light-blue location 36N1
and the dark-red location 71FS1 continue to group into one cluster and most individuals

from the southern dark-red location (90AFS1) group into a single cluster.

Genetic variation at flower color loci — Tests for selective sweeps

| focused my analysis of genetic diversity at the flower color loci on five
populations forming a transect across the cline in flower color (Figure 6 sniasiex).
Genetic diversity at both flower-color loci within all five populations along testct is
moderately high (Table 17). In the first exon of the hue IdEB'®’h, each population
contains 24-31 segregating sites and have nucleotide diversitgl(ies ranging from
0.00764-0.0158. A signature of a selective sweep would correspond to levels of variation
at the derived red allele being less than the variation at the ancestralldliele The two
dark-red populations do have less genetic diversity than the two light-blue popsilati
The pattern is exhibited by all measures of diversity including numbegdgaing

sites, number of haplotypes, and| used a permutation test to determine if estimates of
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and number of haplotypes in the red populations were significantly lower than would
be expected by chance from sampling across all populations. The test indidated tha
both measures of diversity, dark-red populations had significantly lower divéraity
expected by chance (Figure 9a & 10a). This pattern of lowered diversity istennsis
with the signature expected from a past selective sweep at this locus.

A pattern of lower genetic diversity is also consistent with a population medtike

or founder effect. If these two red populations were recently colonized | wouldtexpe
genetic diversity at all loci to be lower, similar to that foun83&’h. In order to
evaluate this possibility, | investigated the levels of within-populationtigetieersity at
the 8 microsatellite loci described above. | calculated the Shannon’s Itfmriralex
(1) (Figure 11b) and the Fixation indexdHFigure 11a) within each of the 39
populations described above and then asked whether the two dark-red populations used in
the transect (population 27 and 29) had lower estimates of genetic diversgy at th
microsatellite loci than the other populations. | found all five focal populations fell
within one standard deviation of the mean for ddii= 1.17,SD=0.13) and [s
(M=0.12,SD=0.10). Furthermore, | found no evidence of reduced diversity in the two
dark-red populationd;=1.23,SD=0.10,Mgs=0.15,SD:s=0.003), compared to the
light-blue populationsNl,=1.20,SD=0.12,Mgs=0.11,SD-s=0.03). These results are
inconsistent with the hypothesis that these two dark-red populations underwent a recent
founder effect or bottleneck, but are consistent with genetic variation around the hue

locus £3'5’h) undergoing a selective sweep.
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Despite the lower overall genetic diversityF&5’h in red populations, tests of
neutrality do not show significant signatures of positive selection in these popsiat
Tajima’s D and Fu and Li F* statistics both indicate neutral evolution across all
populations (Table 17).

Unlike the hue locus, the third exon of the intensity locusREWR3 Myb
transcription factor, shows no signature of a selective sweep (Table 1& gigurOb).

This region contains 10-19 segregating sites per population with averageidacleot
diversity within population () ranging from 0.00502-0.01127. Although there is

variation among populations in the amount of diversity aMiaelocus, | do not find

that the dark-red populations are less diverse then the light-blue populationst, dméa
dark-red population (2571E1) is the most diverse and the other is the least diverse
(535W1). The permutation test for values and haplotype diversity show one light-

blue and one dark-red population with lower diversity than expected by chance in a
panmictic population and one dark-red population with higher diversity than expected by
chance. As wit3'5’h, Tajima’s D and Fu and Li's F* statistics do not indicate positive

selection at this locus.

Genetic variation at flower color loci — Tests for divergence
Measures of divergence between populations along the transect at the tere flow
color loci do not indicate greater differentiation between populations with diffeoét

alleles (Table 18). Fd¥3'5’h, Dxy averaged 0.015 (S.D.=0.003) between populations
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with different flower colors and 0.012 (S.D.=0.0001) between populations with the same
flower color. Analogous values for Da both 0.003 (S.D.=0.0004) for both between and
within color comparisons. Similarly, neithegfhor Gst were significantly higher for
comparisons between populations with different flower colors then for between
populations like flower colors, @ 0.189 (S.D.=0.092) and 0.18300 (S.D.=0.023);: G
0.033 (S.D.=0.014) and 0.025 (S.D.=0.014) respectively). There was no significant
relationship between eithegfor Gst and geographic distance (Mantel test: Rxy=0.218,
p=0.265, and Rxy=0.466, p=0.072, respectively)

TheMyb gene also shows no evidence for increased divergence between light-
blue and dark-red populations (Table 18). Dxy, and Da show little difference between
populations with different and similar flower colors (Dxy: 0.009 (0.062).009
(0.0001; Da: 0.0017 (0.000¢30.0015 (0.0002) for populations with differeust similar
flower colors, respectively). Furthermorgrland G exhibit lower divergence for
populations with different flower colosss. similar flower colors (Ev: 0.176 (0.05)s.

0.189 (0.013) and £ 0.069 (0.057ys 0.085 (0.061)) although not significantly so.
Again, there was no significant relationship between geographic distancerard¥s

(Rxy=0.549, p=0.056 and Rxy=0.40, p=0.18).

2.4 Discussion
From west to easB. drummondipopulations show a sharp transition in flower-
color. Western populations contain solely, or almost solely, light-blue-flowered

individuals. The boundary between these populations and those with solely dark-red-
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flowered individuals in the eastern portion of the species’ range is typsegdbrated by
a cline spanning as little as 8 km (Table 14 and Figure 6). Moreover, this boundary
corresponds to the western limit of the distribution of the congenauspidatgLevin
1985; Turner et al. 2003)This pattern of phenotypic differentiationf drummondii
appears to reflect character displacement: sympatric populati®hsinimmondidiffer

in flower color fromP. cuspidatavhereas allopatric populations do not. As with most
patterns of character displacement, divergence between sympatric gadiiallo
populations has been interpreted as being caused by selection. Specificalyheen
argued that this divergence is caused by reinforcing selection in order tededuc
maladaptive hybridization between the two species (Levin 1985). However, direct
evidence of selection in causing the divergence is lacking.

Here | tested the alternative hypothesis that restricted gene floneaaticgdrift
caused this pattern of flower color divergence. | find that neutral ges@etation shows
no pattern of differentiation corresponding to flower color divergence. Instead, any dat
show a pattern consistent with selection maintaining locally adapted phenotype
face of gene flow between populations. Also consistent with this interpretation i
finding that one of the loci contributing to the evolution of dark-red flowers in syynpa

shows a signature of selection indicative of a recent selective sweep.

Selection for flower-color divergence
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The shift in flower color across the rangePofdrummondibccurs over a very
small geographic scale with populations fixed for different colors groasngjose as
8km apart. Analyses of variation at presumed neutral genetic markersRithin
drummondiishow low levels of differentiation between populations and no pattern of
genetic differentiation between regions with different flower-colorsthEamore, across
the 300km north-south span of my sampling | see a marginally significant, but very low
correlation between genetic distance and geographic distance. This resatesmtbw
isolation by distance and implies moderate gene flow between everapeogtly
distant populations. These patterns lead us to conclude that the pattern of paetial g
differentiation is markedly different from the pattern of flower-colaiateon and thus
support the hypothesis that selection was responsible for the transition tedddwrers
in eastern populations &. drummondii.

The steepness of the flower color transitioR irdrummondiis similar to other
phenotypic clines that have been maintained by selection despite high levels of gene
flow. For example, there is a 10-20 km wide cline in flower color in the bush mimulus
(Streisfeld and Kohn 2005), and steep clines in coat color in both the rock pocket mouse
(Hoekstra et al. 2004) and the oldfield mouse (Mullen and Hoekstra 2008). As with
many similar clines that have been studied (McKay et al. 2001; Storz 2002;18torz a
Dubach 2004; Hall et al. 2007; Antoniazza et al. 2010; Santure et al. 2010), these three
clines have been hypothesized to be due to local adaptation to variation in biotic or
abiotic environmental differences, specifically, to optimize pollination atgioe crypsis
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respectively. Despite the abundance of examples of RCD and ECD, there have been only
a limited number of investigations documenting gene flow across a character
displacement (Lehtonen et al. 2009; Rice and Pfennig 2010). Thus, this study represents
one of the first explicit demonstrations of character displacement beingamaahtn the

face of gene flow between allopatric and sympatric populations.

Implications for reinforcement and speciation

Although the agents causing divergent selection on flower cordnummondi
have yet to be definitively explicated, some experimental evidence sutiggstelection
favoring dark-red flowers in eastern populations reflects reinforcemeadtice
interspecific hybridization witlP. cuspidatgsee introduction) The process of
reinforcement has been hypothesized not only to complete the process of speciation but
also, in some cases, to initiate the process of speciation (Howard 1993; Hoskin et al.
2005; Higgie and Blows 2007; Lemmon 2009; Rice and Pfennig 2010). When
reinforcement causes reproductive character displacement there is digetgetibn
within a species for different mating signals or preferences in diffpeetg of the range
(i.e. allopatry verses sympatry). This divergence in mating traits sah e further
isolation with sympatric heterospecifics, but also decreased gene fioedmethe
sympatric and allopatric populations of conspecifics (Ortiz-Barrieritak 2009;
Pfennig and Pfennig 2009). As has been documented in a number of systems, diverged
mating traits can cause prezygotic reproductive isolation directly ghrowate choice
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and assortative mating) and potentially postzygotic isolation (though hybrid ditagea

in mate or resource acquisition) between populations of the same species (lakkin e
2005; Svensson et al. 2006; Higgie and Blows 2007; Pfennig and Ryan 2007; Lemmon
20009).

One sign of the development of this type of reproductive isolation between
conspecific populations would be divergence between populations at neutral loci (Rice
and Pfennig 2010) My population genetic data suggest there is no detectable divergence
at presumed neutral loci betweendrummondipopulations with different flower
colors. | thus find no evidence that reinforcement of isolation bet®edrummondii
andP. cuspidatehas contributed to the development of isolation between eastern and

western populations &. drummondii.

Selective sweeps

Selective sweeps generate a pattern of reduced variability atlsgesy linked to
the selected locus (Charlesworth et al. 1997; Charlesworth et al. 2003; Nielsen 2005).
This pattern is expected to decay over time as mutations accumulate ared restor
variability to pre-sweep levels (Przeworski 2002). Nevertheless, ltedtasignature
of a selective sweep at one of the two loci | examined. Specifically, abtus the
derived “red” allele oF3'5’h from eastern populations shows significantly less diversity
than the ancestral blue allele from western populations. One alternative &mpléma

this pattern is that the eastern populations went through a recent bottleneck. If thi
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explanation were true, | would expect other loci to exhibit a similar reduction in
variability. Since | detected no evidence for lower diversity at other loci
(microsatellites), | can rule out this alternative explanation.

By contrast, | found no evidence of decreased variation in the derived allele at the
intensity locusRR2-R3 Myb).One explanation for this result is that there was a selective
sweep, but that its signal has been degraded over time by recombination between the
functional changes in the cis-regulatory region and the coding region. If thecgene
distance between the functional changes and the coding region is similartieo the
genes, or smaller iMyb, then the absence of a signature of a sweep iMyegene
would suggest that its sweep occurred before thBB&h. Alternatively, if this
distance is greater in tiMyb gene, it may have occurred later. Future identification of
the site of the functional changes in these genes may allow us to infer whether
recombination rates differ, and thus which of these explanations is more likely.

The second explanation for the absence of a signature of a selective sweep in the
Myb gene is that fixation of the dark allele involved a “soft-sweep” (Hermisson a
Pennings 2005; Pritchard et al. 2010). In this scenario, the causal mutationé€s) iexist
P. drummondiprior to the two species coming into secondary contact but was
maintained at low frequencies due to slightly deleterious fitness consequendése. B
time the ranges of the two Phlox ranges became sympatric -- causingd didwer
color to be advantageous -- the adaptive mutation may have recombined onto many
different genetic backgrounds thereby forming multiple haplotypes as=bevdh the
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causal adaptive mutations. Fixation would then drag with it most of the variation around

initially present aroundlyb, resulting in little reduction of variation.

Lack of divergence at causal loci

Spatially varying selection can produce a peak of nucleotide diversity a&tctesel
locus due to high linkage disequilibrium among neutral polymorphisms accumulated near
selected mutations (Charlesworth et al. 1997; Nielsen 2005; Storz and Kelly 20@8). Th
magnitude of this effect will be proportional to how long divergent selection hasexperat
and to how strong selection is, but inversely proportional to the rate of recombination
between the selected site and the scored sites. An expected signatweftéchis
greater divergence between alleles than between copies of the sdenfecatiadifferent
populations. | found no evidence for this effect at eif85’h or Myb. At this point |
have no evidence indicating if this is due to insufficient polymorphisms, or substantial

recombination at both loci.
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( Map of Texas showing locations of 39 sampled populations. Blue squsre
indicated populations with light-blue flower color, red squares indicated populations with
dark-red flower color, and purple squares indicate mix flowe-color populations. The first
insert shows all populations numbered as indicated in Table 14. Tlsecond insert shows the
5 populations (in circles) used to assess variation at the floweslor loci and the distance
between neighboring populations in kilometers.
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) Structure results for k=2 andk=6 show no pattern of differentiation by flower color or by north-south geographic
location. The small black lines separate populations, as named at thettom of the graph. Each individual is a small bar color coded
according to probability of clustering in a particular group. Populations are ordered north to south within each flower color category.
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# Permutation test for average nucleotide diversity () within each
population for F3'5’h (a) and R2-R3 Myb(b). In green is the distribution of values for
twenty alleles randomly chosen from the all 100 sequenced alleles. el¢plored arrows
indicate the actual values for each of the sampled populations. Red arrows indi&the
populations with dark-red flowers, blue arrows indicate the poplations with light-blue
flowers and the purple arrow indicates the population with nixed flower color. The area
within the black bars represents 95% of the permuted values.
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* Permutation test for haplotype diversity (h) within each populdion for
F3'5’h (a) andR2-R3 Myb(b). In green is the distribution of h values for twenty alleles
randomly chosen from the all 100 sequenced alleles. The colored ar®wmdicate the actual
h values for each of the sampled populations. Red arrows indite the populations with
dark-red flowers, blue arrows indicate the populations with ight-blue flowers and the
purple arrow indicates the population with mixed flower @lor. The area to the right of
black bar represents 95% of the permuted values.
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North West Blue Red Light Dark
1 77N1 2010 30.55 -97.00 %% % %
2 36N1 2007 30.41 -96.60 & ! & * % | o * % * % %&
3 Rranch 2010 30.36 -98.12 %% % %
4 21W1 2010 30.34 -96.90 %% % %
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7 969E1 2009 30.17 -97.41 $%( % % ! % *"
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15 792N1 2007 28.84 -97.84 % & % % | % %"
16 239E1 2010 28.73 -97.63 %% % %
17 239E2 2010 28.61 -97.32 %% % %
18 239E3 2010 28.51 -97.11 %% % %
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20 281IN1 2010 28.28 -98.11 %% % %
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22 535W2 2009 29.92 -97.29 o9 $( %% % " % ($
23 466E11 2009 29.48 -97.67 o9 1& % "( % ((
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" Microsatellite loci information. Shown are the average number of &les (Na), the observed heterozygosity (Ho), and

the expected heterozygosity (He) at each locus across all 39 populasionf ) Loci discovered by amplifying, cloning and sequencing
marker Ipol121 (Wu 2006). (#) Loci discovered by amplifying, cloning and sequeing marker PhI33 (Fehlberg et al. 2007). (*) Loci

discovered by Fehlberg et. al. (2007).
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" (3 2 5 32453
!
Source DF Sum of Variance % Variation
Squares  component
Between color 1 15.78 0.012 0.51
Among population within

color 37 303.09 0.233 9.62

Within populations 1171 2240.95 2.184 89.87
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" Genetic diversity at flower color loci a)F3'5’h and b) R2-R3 Myh for each of the 5 populations in the transect. No
value of Tajima’s D was significantly different from neutral as predcted by a two tailed test assuming a beta distribution (Tajima 1989)
No value of Fu and Li's F* was significantly different for neutral as compared to the critical values obtained by Fu and Li (1993).
(n=number of individuals, S=number of segregation site, h=numbef haplotypes, K=average number of haplotypes,=average

nucleotide diversity, (S) =average nucleotide diversity for synonymous sites(A)=average nucleotide diversity for non-synonymous
sites).
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") Pair-wise genetic distance between each population in the traetd at
F3'5’h (a.) andR2-R3 Myb(b). Above the diagonal are the average pair-wise nucleotide

differences between populations (Dxy) and below the diagonal areetimet pair-wise
nucleotide differences between populations (Da). Bold accentistances between dark-red

flowered and light-blue flowered populations.
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"# Pairwise genetic divergence between populations in the transeat
F3'5’h (a.) andR2-R3 Myh(b). Above the diagonal are Gr estimates calculated from
haplotype diversity and below the diagonal are & estimates calculated from nucleotide
diversity. Bold accents divergence between dark-red flowered dright-blue flowered

populations
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Chapter Three: Selection on flower color in the sympatric
region of two Phlox species

3.1 Introduction

Reinforcement, increased reproductive isolation in sympatry due to sel&xctio
decrease maladaptive hybridization between diverging taxa, has been hypdttebe
involved in the final stages of speciation for numerous animals and plants (Howard 1993;
Servedio and Noor 2003; Ortiz-Barrientos et al. 2009). This process often creates the
pattern of reproductive character displacement (RCD), defined by two taxa having
stronger barriers to gene flow in an area of geographic overlap (syinpainyin an area
of geographic isolation (allopatry) (Brown and Wilson 1956; Pfennig and Pfennig 2009).
As with all instances of character displacement, RCD involves taxa haviitgrsim
phenotypes in allopatry but different phenotypes in sympatry, but for RCD theetiverg
trait increases reproductive isolation (RI) (usually through mate choassortative
mating) in the area of sympatry. In order to prove trait divergence thathieseRCD
is actually caused by reinforcement, one must rule out the alternative rsipatiz
other ecological factors, unrelated to maladaptive hybridization, comribselection
for divergence (Waage 1979; Howard 1993). Experiments to address this hypothesis
have rarely been attempted (Waage 1979; Schluter and McPhail 1992; Hoskin et al.
2005).

Two, non-mutually exclusive, mechanisms besides reinforcement can cause a
pattern of character displacement that is similar to that produced by remgmt First,
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trait divergence may simply reflect local adaptation, with incidentattsf on

reproductive isolation with sympatric species. Under this explanation, altopatri
populations of one species experience one type of environment, while populations of the
same species that are sympatric with a second species experierfieeeatdif

environment. For example, the same environmental factor that limits the fahge o
second species, could also selected for local adaptation in sympatric populatiens of

first species. Local adaptation that incidentally cause Rl with a syimfzata would

thus resemble RCD even though selection is not a result of maladaptive hylondizat
between the two taxa (Schluter 2001; Servedio 2001; Albert and Schluter 2004).

A second alternative explanation for a pattern that resembles RCD is that
divergence in sympatry can be caused by selection to alleviate resourcdittmmpe
between taxa, termed ecological character displacement (ECaWriEnd Wilson 1956;
Dayan and Simberloff 2005; Pfennig and Pfennig 2009). In some cases divergence
resulting from ECD can also cause increased reproductive isolation betwigeat sy
species and resemble RCD (Schluter and McPhail 1992; de Leon et al. 2010). Simply
demonstrating a trait decreases maladaptive hybridization does not proventbating
selection was the principle factor leading to an apparent pattern of R@mfiortant
to experimentally test the alternative hypotheses of local adaption and eablogi
character displacement before concluding reinforcement alone causgeuloeer

A classic example of character displacement in flowering plantsvigftcolor
divergence irPhlox drummondii Previous work by Levin (1985) suggests this
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divergence could be caused by reinforcing selection. Throughout most of itsRange,
drummondiihas light-blue flowers, but in the eastern portion of the range it, has dark-red
flowers (Levin 1985; Turner et al. 2003). This eastern region coincides with part of the
range of the closely relatéd cuspidatawhich has light-blue flowers similar to those of
P. drummondiin the allopatric part of its range. Given that no oft@oxspecies has
red flowers, the sympatric flower color, dark-red, witRindrummondiis most likely the
derived phenotype.

This transition to dark-red flowers in sympatry withcuspidatahas previously
been shown to be adaptive and not due to genetic drift in isolated populations (Chapter
2). Evidence suggests that reinforcing selection contributes to this divergeace for
number of reasons: (1) while hybrids between the two species are viable giergaly,
though not completely, sterile (Levin 1967, 1975; Ruane and Donohue 2008); and (2)
Levin (1985) demonstrated experimentally that hybridization Ritbuspidatas lower
for P. drummondiwith dark-red flowers than with light-blue flowers. Both species of
Phlox and individuals with different flower-colors, share the same Lepidoptera
pollinators (Levin 1985), with the pipevine swallowt&httus philenorpeing the
predominant pollinator (personal observation). These pollinators show foraging
constancy based on flower color and thus transition more frequently bé®ween
cuspidataandP. drummondiwith light-blue flowers then those with dark-red flowers

(personal observation).
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Despite these patterns, there is currently no direct evidence that idcrease
prezygotic isolation in the region of sympatry is not an incidental effect oéfloaior
divergence driven by local adaptation or competition for pollinators. These two
alternative hypotheses for the evolution of a pattern that resembles RGEtanaly
plausible. Substantial evidence suggests that genetic variants gffemtiar color can
also have pleiotropic effects on tolerance to environmental factors such alstdhogiy
temperatures, and natural enemies (Levin and Brack 1995; Schemske and Bierzychudek
2001; Irwin et al. 2003; Coberly and Rausher 2008), suggesting that flower-color
divergence irP. drummondicould reflect local adaptation to regional variation.
Moreover, sympatric and allopatric portionsRofdrummondis range differ in abiotic
environmental factors, such as soil calcium content (Ruane and Donohue 2007, 2008),
suggesting that they may also differ in factors that could impose diverdgcticaeon
flower color. That flower-color divergence Bf drummondiin sympatry could be
driven by competition for pollinators is also plausible because, as described above, t
two species compete for the same pollinators. Floral divergence that relodveetor
competition with sympatric species has been documented in a number of othex specie
(Goodwillie 2001; Bell et al. 2005; Kay 2006).

Here, | describe the results of an experiment designed to determine whéider eit
of these two alternative hypotheses can explain the pattern of ehat@giacement in
flower-color inP. drummondii Specifically, by performing a common garden
experiment in the sympatric rangeRafdrummondiandP. cuspidatal estimate
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components of fithess for genotypedPofdrummondiwith different flower colors. By
including treatments with and withoBt cuspidatal test whether the presenceraf
cuspidatareduces seed set. Because in this report | do not differentiate between hybrid
and non-hybrid seeds, this experiment asks whether the preséhasuspidata
differentially affects?. drummondiflower-color genotypes through resource or

pollinator competition

3.2 Methods

Study system - P. drummonidiian annual wildflower that grows along roadsides
and in open pastures and fields throughout eastern and central Texas. Plantsegggrmina
the late fall, overwinter as small rosettes, grow vegetatively througlada and begin to
flower in late February or early March. Plants continue to flower andwsettil the
onset of summer heat when they dry-up and die. A flower has only three carpélssand t
can set a maximum of three seeds per flower, but an individual can produce hundreds of
flowers in a growing season.

Previous work has shown that flower color variation is caused by cis-regulatory
mutations in two genes involved in the production of floral anthocyanin pigments
(Hopkins In press). One locus, termed the hue lddysdetermines whether flowers
produce a mixture of red and blue pigments or just red pigments. This locus codes for the
enzyme F3'5’H, which adds a hydroxyl group to anthocyanin precursors, converting
them to blue pigments. The dominant ancestral altgles(expressed at high levels, thus

enabling the production of blue floral pigments. The derived altglis fnarkedly
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down-regulated, eliminating the production of blue pigments and resulting in the
production of red flowers. The second locus influences pigment intensity, refiedte
amount of anthocyanin pigments produced. This locus, termed the intensity Ipcus, (
codes for an R2-R3 Myb transcription factor. The dominant derived dljeteup-
regulated compared to the ancestral allglar{d results in greater pigment production.
Thus, the ancestral flower color in allopatry is light-blHeél(i), the derived flower color

in sympatry is dark-rechfll), and the two potential intermediate flower colors are dark-
blue HHII) and light-red fihii).

Crossing design +performed a series of crosses to produce seeds of known
genotype for the field experiment (Figure 12). This crossing design randbtheze
genetic background of unlinked loci and ensured that experimental seeds of the four
double homozygote genotypes were equally outbred. In the spring of 2006 | cdMected
drummondiiseeds from two populations with dark-red flowers (Poc2104 and 80S1) and
two populations with light-blue flowers (Dog95 and 466E7) (Table 20). Seeds were
soaked in 500ppm gibberellic acid solution for 48 hours, planted in Metro-Mix 360 (Sun
Gro Horticulture, Bellevue, WA) and stratified for 7 days & 4 Seeds germinated and
grew in the Duke University greenhouses (Durham, NC). Individuals from population
Dog95 were paired with individuals from population Poc2104, and individuals from
466E7 were paired with individuals from 80S1. Pairs of individuals were crossed to

create F1 individuals and these F1's were self-fertilized to create F2 popsila
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| created a total of four F2 populations from the population cross 466E7X80S1
and six F2 populations from the population cross Dog95XPoc2104. F2 individuals were
genotyped at markers in the hue lode3'%’h) and the intensity locufRQ-R3 Mybin
order to identify individuals homozygous at single nucleotide polymorphisms
differentiating the two parents at each locus. F2 populations created freamtlee
parental source populations were paired for a total of 2 pairs of F2 populations from
466E7X80S1 and 3 pairs from Dog95XPoc2104. For each pair of F2 populations,
individuals from one population with a particular doubly homozygous genotype were
crossed to individuals from the other population having the same genotype. There were a
total of four possible homozygous genotype combinations within each F2 population
pair: light-blue (iiHH), dark-blue (IIHH), light-red (iihh), and dark-rdthfi)). These
crosses between paired F2 populations created the seeds used in the fieldeakperim
This crossing design created five sets of outbred full-sib seed famitreknvown
homozygous genotype at the flower-color loci and with randomized genetic background
with respect to source population. For all analyses the crosses were grouped@ecordi
the two source populations (466E7X80s1 and Dog95XPoc2104). | performed this
grouping because | found no significant difference in fruit set between farogdg-
nested within source population and no improvement in the fit of the models when cross-
family factor was included.

Experimental design3072 seeds were planted in a randomized block design

across four spatial blocks. For each block, an equal number of seeds for each flower-
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color genotype within each source population were fully randomized. As above, seeds
were soaked in 500ppm GA for 48 hours, cold stratified for 7 days and planted into
Metro-mix 360 to germinate. Seeds were allowed to germinate and producstttradi

leaf in the University of Texas at Austin greenhouses (Austin, TX). |y Badember

2008, seedlings were planted into four spatially separated blocks at the University of
Texas Stengl research station (Smithville, TX). Within each block seedlergs w

planted in 8 rows with 96 individuals per row. Seedlings were given supplementary
water every three days for two weeks to enhance transplant survivalylaftarplants

were left to survive under natural conditions.

P. drummondiandP. cuspidatagrow in sympatry at the Stengl research station.
In order to test for an affect of the presence of the second species we instituted a
cuspidatatreatment in two of the four blocks. In two blocks supplemdntalispidata
were planted between the rowsRofdrummondii In the other two blocks, any naturally
occurringP. cuspidatglants were removed from the area. The few naturally occurring
P. drummondiplants were removed from the proximity of the four blocks as well.

Data collection Experimental plants overwintered as small vegetative rosettes,
grew vegetatively through February, and then began to produce reproductive shoots and
flower. They flowered and set fruit through the end of June at which point they dried-up
and died. Throughout the course of the experiment plants were surveyed for survival,
growth, life-history transitions, and fruit set. These traits are deschblow. | surveyed
for overwinter survival at the end of January and continued to monitor survival weekly
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for the remainder of the experiment. Number of leaves on every plant were counted at
the end of February in order to estimate size during the vegetative stagelahtise |
surveyed for day of first flower once a week throughout the course of the egperim

All dates were transformed into days since start of the experimemgtattbecember

10, 2008. Fruits were counted and removed as they ripened on each plant. A subset of
fruits were collected in order to calculate average seed set ger\ifben almost
completely ripe, between four and ten fruits were collected on 8 plants of eaeh fl

color genotype from each block for a total of 128 plants, 547 fruits, and 1290 seeds. |
used an Analysis of Variance (ANOVA) as implemented in SAS software v9.1 (SAS
Institute Inc, Cary, NC) to test for an effect of genotype at the hue loaustyge at the
intensity locus, source population, block and presence/abseRcewdpidataon number

of seeds per fruits.

As an indirect estimate of paternal fithess | observed pollinators tarde¢er
proportion of visits to each flower color by pollinators. Pollinator observations were
performed during the full day-light hours between 10am and £ettus philenorthe
pipevine swallowtail, constituted over 90% of the visits, so only visits by thisespeti
butterfly were analyzed. For each butterfly observed to enter the exptimpiet |
recorded each visit to each plant, the flower-color of the plant, and the number of flowers
visited per plant. A visit was only counted if the proboscis of the butterfly watddse

into the corolla of a flower. Prior to pollinator observations, the total number of open
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flowers in a plot for each of the four flower color genotypes was counted. Olisesva
were performed on five days with a total of 42 butterflies observed.

Statistical AnalysesFhe field data were analyzed using Analysis of Variance
(ANOVA) models in Proc GLM, SAS software v9.1 (SAS Institute Inc, Cary).NC
First, | calculated the frequency of survival to flower by genotype dtubdocus,
genotype at the intensity locus, source population, block nested Rithurspidata
treatment, an®. cuspidatareatment. The 32 survival proportions were arcsin
transformed before analysis. | used split-plot, mixed model ANOVA to akkséet
frequencies differed by genotype at the flower color loci, source populatiBn, or
cuspidatatreatment and all 2- 3- and 4-way interactions. | also included a block nested
within P. cuspidatareatment in the model. Block and source population were random
effects in the model. All effects were tested over the appropriate meansss(faial
and Rohlf 1995).

| used a similar split-plot, mixed model ANOVA to determine if genotype at the
hue or intensity locus affected fruit set. |included all main effects, 2xB4-avay
interactions of intensity locus, hue locus, source population, and block nestedRwithin
cuspidatatreatment in the model. 1 also included the 2- and 3-way interactions between
P. cuspidatareatment and genotype at the hue and intensity locus. | tested eath effe
over the appropriate means squares error term (Sokal and Rohlf 1995).

Next, | used a more comprehensive model to ask what factors affect finiPset

drummondii The model included the fixed effects mentioned above (hue genotype,
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intensity genotypeR. cuspidatareatment) as well as number of leaves, day to flower,
and day to death. Block nested witRincuspidatdreatment and source population were
included as random effects in the model. As above, all 2-, 3- and 4- way interactions
involving intensity, hue, source, and block were included and the interactions between
treatment and genotype at the two flower color loci. In addition, the 2-wagatitars
between block and the three fixed effects: number of leaves, day to flower, and day t
death. Other interaction terms were dropped from the analysis because inttieding

did not improve the fit of the model. |tested each effect over the appropriate means
squares error term (Sokal and Rohlf 1995).

Finally, | used a multivariate analysis of variance (MANOVA) to deteenfiow
genotype at the hue and intensity locus affect the measures of growth, and .sUiveval
dependent variables included in the model were number of leaves, day to flower, and day
to death. Genotype at the hue locus and the intensity locus as Retespidata
treatment were fixed effects. Source population and block nested Ritbuspidata
treatment were random effects. | had insufficient degrees of freedonfampéne
multivariate test for effect d?. cuspidata.l performed individual ANOVASs on the
dependent variables and reported only the effects that were significant iiAN©@WA
results as well as the effect®f cuspidata

In order to estimate pollinator preference | used a replicated G-tesbdhess-
of-fit. First | performed an individual G-test of goodness-of-fit for obst@ons on each
day (Sokal and Rohlf 1995). The flower color proportions were used to calculate the
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expected number of visits for each flower color genotype, and these were compared t
the actual number of flowers of each genotype visited. | added up the G-vahs=s acr
the five days to calculate a total G-value. Next, | pooled my raw data adlrigs days
and calculated a pooled G-value. By subtracting the pooled G-value from the-total G
value | was able to calculate a heterogeneity G-test of independenceemnurtkeif the
visitation patterns across each day of observations were statistiagme.

In addition to testing if pollinators visited more flowers of a certain coddsd
tested if pollinators visited more flowers on a plant for a particular colesed an
ANOVA model to ask if the number of flowers visited per plant was different depending

on genotype at the hue locus, the intensity locus or an interaction between the two.

3.3 Results

Survival analysis Of the 3072 seedlings planted, 358 did not survive transplant.
513 additional individuals did not survive over winter, with equal proportions of dark
(80%), light (82%), red (82%), and blue (82%) genotypes surviving. Due to the larger
size and high survivorship of plants in one of the blocks, | only collected data from half
the individuals in that block. All individuals in the other three blocks are included. Of
the plants that survived the winter and were followed through the end of the experiment,
63% survived to flower. There was no effect of genotype at the hue or the intensity loc
or theP. cuspidatareatment on survival. There was a significant effect of block and
source population on survival to flower, but not effect of genotype at the flower color loci

or P. cuspidatdreatment (Table 21). Across the experiment, 308 dark-blue plants
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(IIHH), 310 dark-red plants (Ilhh), 296 light-blue plants (iiHH), and 299 light-red plants
(iihh) survived to flower.

Fruit set analysesAcross all plants an average of 2.78 (0.4) seeds were produced
per fruit. There was no significant difference in seeds per fruit for genatyipe laue
locus, intensity locus or an interaction (Table 22). Because the number of seeds produced
per fruit does not seem to differ among genotypes, | consider lifetime nofripeits
produced (fruit set) a reasonable estimate of female fitness in thisneeper

Genotype at flower color loci did not have any consistent effect on fruit set
(Figure 13). The results from the first ANOVA model, which only included flowkrc
genotype and experimental design factors,Rincuspidatareatment, indicate no
significant main effect of hue genotype or intensity genotype on fruit set (Zah)e
There was a significant interaction between source population and intensity genotyp
which is caused by the light individuals from the 466E7X80S1 population having higher
fruit set then the light individuals and dark individuals from Dog95XPo0c2104 population
having higher fruit set then light individuals. There is also a significant atiena
between intensity by population by hue. This is due to the intensity effect only being
present in the individuals with the blue alleles. Thus in the 466E7X80S1 population only
the dark-blue individuals have fewer fruits and in the Dog95XPoc2104 cross only the
light-blue individuals have fewer fruits (Table 23b). The model also shows a saghific

4-way interaction: intensity by hue by population by block interaction, which imiplees
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difference in fruit set for the intensity genotypes is inconsistent not ordgs
populations, and hue genotype, but also across spatial blocks in the experiment.

| found no effect of the presenceRfcuspidatan fruit set. Neither the main
effect of P. cuspidatgresence nor the interactions with genotype at the flower color loci
are significant. Thus, | found no evidence pollinator competition between species
decreases fruit set in light-blue flowereddrummondii

| performed another, more complete, ANOVA model to explain fruit set, which
included growth and development traits as well as genotype at flower color loci and
treatment effects. The goals for running this model were two fold. Firs¢, gamotype
at the flower color loci alone did not explain fruit set variation | was intedast
determining if other traits did; and second, interactions with growth and development
traits could help explain the inconsistent genotype effects at the flowerd@alor
significant in the simpler model. As with the simple model, | found no signifeféedt
of flower color genotype on fruit set. The main effects of genotype wergmificant
nor were the interactions with the other growth and development factors. The only
interaction, which included genotype at the intensity locus, that remained significa
the complete model was intensity by hue by population. Fruit set is significiatiied
by early vegetative size, flowering date, and death date as indicated Z#able
Specifically, plants with more leaves by the end of February have madse &ud plants
that flower earlier produce more fruits, and plants that survive longer (latbrdisg
have more fruits.
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My next analysis aimed to determine if genotypes at the flower colorffected
growth and survival despite their lack of effect on fruit set. It is possiatdltdwer color
genotypes may have a pleiotropic effect on growth or survival but under thesalparti
growth conditions there is no effect on fruit set. Under other conditions, pleiotropic
effects on growth processes might ultimately affect fithess. The MAN@gAlts
indicated significant overall effects of genotype at both the hue and intlersisy(Table
25a). | therefore performed individual ANOVAs on the dependent variables (Table 25b).
Genotype at the hue locus affects day of first flower with blue (HH) indisdi@kering
later then red (hh) individuals. Date of first flower is also significantiycadd by
genotype at the intensity locus, with the dark allele (1) floweringezatiien the light
allele (ii) (Table 26a). These effects are largely driven by tHg #awering of dark-red
individuals (Ilhh), which is evidenced by the significant interaction betweeotgee at
the two loci (Table 25b). This interaction between genotypes is inconsistess aource
populations as evidenced by the significant hue by intensity by population interaction.
For population 466E7X80S1, the effect of the intensity allele on day to flower was
evident in individuals with the red hue allele and the dark-red individuals had thetearlie
flowering day. In the Dog95XPoc2104 population there was a slightly later frayver
day for the light-blue individuals (Table 26b).

The intensity locus also affects the number of leaves prior to reproduction. The
light alleles (ii) have statistically more leaves then the individuéls tive dark alleles
(1), but the difference in least square means is less then one leaf (TabléAR6aith the
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flowering day trait, the effect of the intensity locus is inconsistent asmsse
populations. | found no effect of hue or intensity locus genotype on day to death. There
was a significant hue by intensity by block effect indicating, as with fiogeme, that
the effect on death day is inconstant. In summary it appears that genotype ¢ ot t
and the intensity locus have minor and inconsistent affects on size, transition to
flowering, and day to death.

In this experiment | did not directly measure paternity but instead | used
pollinator visitations as a proxy of estimating paternal success: a gtodimgator
preference for one flower color would indicate that that color is has a higher outcross
success than the other colors. Analysis of pollinator observations over the five
observation days reveals that the observed number of visits per flower color does not
match the expected (Pooled G, Table 27.) However, there was significanybatsty
among days in which genotypes were preferentially visited (Heteedges, Table 27),
indicating significant inconstancies in visitation patterns across the days, dn the
first day, the dark-red and the dark-blue flowers are over-visited andjttdlue
flowers are under-visited. By contrast, on the last day the light-blue flane®/er-
visited and the light-red flowers are under-visited, and on day 3 there seemed to be no
preference. This inconsistency indicates no reliable pattern of flower-cefergmce by
Battus philenompollinators, although it is possible that over the entire season plants with
some flower colors were visited more than plants with other colors. | also found no
effect of flower color genotype on the number of flowers per plant visited. The number
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of flowers visited per plant was extremely varia=@.727,SD=2.03) but this variation

did not differ according to flower color (Table 28).

3.4 Discussion

The results of the experiment described here provide no evidence that divergence
in flower color inP. drummondiis caused by either local adaptation or ecological
character displacement. If either of these processes were operatmddlexpect to see
consistent differences in fitness among floral-color genotypes. leydartiif the
evolution of dark-red flowers in sympatry were due to adaptation to local envintedme
conditions, not counting the presencd’otuspidatal would have expected to have
detected higher fitnesses for genotypes carryind) #imelh alleles than for the light-blue-
flowered {HHii) genotype. Similarly, if this evolutionary change were driven by
competition for resources or pollinators wRhcuspidatal would have expected to have
seen either a main effect Bf cuspidatgpresence on fitness or an interaction effect
betweerP. cuspidataand either genotype at either the hue or the intensity locus on
fitness.

Previous experiments have found convincing evidence that flower color variation
in P. drummondiresults in decreased maladaptive hybridization with the sympatric
specied?. cuspidatgLevin 1985). These data suggests that reinforcement could have
caused the flower-color variation, but they do not rule out the possibilitgtiet
selective forces are also acting on flower color variatid?. idrummondii The current

experiment ignores the possible effects of hybridization Ritbuspidataon P.
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drummondiion fithess and thus doemt specifically test the hypothesis that
reinforcement is causing flower color divergence. Instead this expetritests whether
other forces of selection contribute to flower color divergenée oirummondii

There is ample evidence that flower color divergence can be an indirect
consequence of other selective forces (Levin and Brack 1995; Fry and Rausher 1997;
Schemske and Bierzychudek 2001; Fenster et al. 2004; Coberly and Rausher 2008;
Rausher 2008). This study reveals no such pleiotropic effects of flower caldroram
P. drummondii The four double-homozygote genotypes in our experiments did not
differ detectably in survival or fruit seDespite some variation in size, days to flower,
and day to death between flower color genotypes, none of this variation results in
significant differences in fithess across genotypes.

The absence of any consistent differences in visitation rates or numbm~ers|
visited per plant, suggests that paternal fitness does not differ among flower color
genotypes. Although most days of observation showed significant deviation of observed
number of visits to each flower color from expected number of visits, the direction and
distribution of these variations are inconsistent with respect to color alceodayts.

Levin (1972) measured pollinator preference of flower color across theimafiatnd in
cultivatedP. drummondii Although none of these cultivated flower colors have been
shown to be the same as the natural color variants, his results indicate a sligtopoll
preference for the light-blue-like flower color. These results could itedtbat, if further
pollinator observations were performed, | might actually find preference fanttestral

104



flower color and not the derived flower color. The pollinator visitation results alghg
the fruit set and survival results indicate that flower color divergence in sherrea
populations oP. drummondiwas not caused by local adaptation.

There is evidence in other systems that ECD, caused by competition for resource
can result in incidental effects on reproductive isolation and thus resembl¢3RGIDter
and McPhail 1992; de Leon et al. 2010). | found no detectable effect of the presence of
P. cuspidateon fruit set or survival, suggesting that there was little competition for
pollinators or other resources that could drive ecological character displaiceine
absence of any of these effects suggests that the observed patternatéchara
displacement does not reflect ecological character displacement.

My results are consistent with those of a previous study, which indicated that
there may not be a difference in fitness of the two native flower colorsomancn
garden (Levin and Schmidt 1985). In that study, seeds were collected from lightwtblue a
dark-red populations and planted in common gardens at sites in the areas of altapatry a
sympatry. Although fitness for the dark-red populations did not differ on average fr
fitness of the light-blue populations, flower-color was not necessarily theddfdgence
between these two groups of populations. In particular, local adaptation abotimeay
have produced differences in fitness that mask any effects of the flowereamlot |
attempted to minimize this type of effect by randomizing the genetigbaund for my
experimental plants through multiple generations of controlled crosses. Although there
still may be large regions of linkage disequilibrium for genes linked to the flox@r c
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loci, this procedure should have been successful at randomizing much of the genetic
background. Consequently, my failure to find consistent effects of the flowarlgoil
on fitness suggests that they are probably not masked by variation at other loci.
There is no indication from any of the above analyses that there is a dieett aff
of genotype at the hue or intensity locus on fitness, but some of the models did find
significant interaction terms. These significant interactions could imdatdeast two
non-mutually exclusive scenarios. First, there could be epistasis betliedes at a
flower color loci and alleles at another locus. This scenario could explain aciiter
with a flower color locus and source population. If such an epistatic interaction were
responsible for the spread of the derived flower color alleles, | would expect the
beneficial interaction to occur all the populations with the derived alleles. The
interaction between source population and flower color genotype indicates this
hypothetical epistatic interaction evolved after the spread of the derlets alnd thus
did not cause the spread of theses alleles. A second scenario to explain theet@mger
is that there could be a locus linked to a flower color locus segregating ed&létsng in
variation in fruit set, flowering day, or other traits. If a beneficiallgle became linked
to a flower color allele in one population this could explain an interaction betweesr flow
color genotype and source population. Similar to above, | would predict that this linked
beneficial allele did natausethe spread of the derived flower color alleles because it is
not fixed in all the populations that are fixed for the dark-red flower color. Although,
epistasis and linkage could cause the significant interaction effects iflN(O¥ A
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models, it is less likely they explain the spread of the derived flower dgtasan the

region of sympatry.
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Parentﬁ

30T

Schematic of crossing design. Figure shows four parents pairenldreate F1 heterozygous individuals, and then self-
fertilized to make two F2 populations that segregate all four fler colors. F2 individuals homozygous at both flower color loci we
identified. These homozygous individuals were paired and crossedtWween F2 populations (cross indicated in colored lines).



$ Average fruit set per plant by flower color loci genotype. Theresino
significant difference between any of the four genotypic combinains. Least square means
and standard errors are indicated on each column. Color of bar correspals to flower
color
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"o Locations of P. drummondiinatural populations. Each of the four source
locations, their flower color and the pairings used for crosses aiiadicated.
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ANOVA on frequency of survival to flower showing no effect of gnotype
at the hue or intensity locus.
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- ANOVA on fruit showing significant effects of number of leaves, ay to
flower and day to death but no effect of genotype at either the intertgior the hue locus
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" Replicated G-test of goodness of fit for pollinator visitation. Rio of
observed to expected number of visits is shown for each genotyge each day. Results from
all G-tests (individual, total, pooled and heterogeneity) are indidad.

Observed / Expected

i HH " i hh I G-Value df P

Dayl 040 1.18 1.08 1.42 83.73 3 <.0001
Day2 089 09 1.01 1.8 13.78 3 0.00032
Day3 1.12 1.03 0.92 0.93 2.49 3 0.47
Day4 125 0.79 0.88 1.23 48.71 3 <.0001
Day5 124 096 0.84 0.89 17.33 3 0.0006

total G 166.05 15 <.0001

Pooled G 18.63 3 <.0003

Heterogeneity G 147.42 12 <.0001
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Chapter Four: Evidence for selection of ancestrallbwer color
in Phlox drummondii

4.1 Introduction

Reproductive character displacement (RCD) occurs when two taxa haw great
reproductive isolation where their ranges overlap (sympatry) then wWiereanges do
not (allopatry) (Brown and Wilson 1956; Servedio and Noor 2003; Pfennig and Pfennig
2009). When species interfere with each other’s ability to identify conspeecifesm
there can be strong selection to prevent maladaptive heterospecificanatirgprocess
can be directly involved in the formation of new species, which is referred to as
reinforcement, or occur after speciation is complete, but in either situatiocauke of
adaptation in sympatry is selection to decrease maladaptive hybridizatitin (B87;
Howard 1993). As such, the traits demonstrating this pattern are usuallyatestegth
mate choice and assortative mating, with the ancestral morphology remaiaifapatry
and the divergence occurring in sympatry (Waage 1979; Higgie et al. 2000; Mansha
Cooley 2000; Albert and Schluter 2004; Lemmon and Lemmon 2010). Describing the
selective forces causing divergence in sympatry answers only half tsi@oquef what
causes the pattern of RCD. One of the largely unanswered question with regard to the
pattern of RCD is what maintains the ancestral phenotype in the area ofrgflopat

There are two alternative hypotheses as to how the ancestral phenotyips rema
allopatry. The first is a neutral hypothesis. If there is limited gemeldetween
allopatric and sympatric areas of an organism’s range, then adaptationpatrgywill

migrate slowly into the allopatric range (Haldane 1930; Wright 1931). Ldngéme flow
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could cause the ancestral phenotype to remain in allopatry. The second hypisthiesis
there is selection for the ancestral phenotype in allopatry. This hypotlwsd nesult in
the pattern of character displacement being maintained even with gerfeoflowther
areas of the range (Haldane 1930; Wright 1931; Hoekstra et al. 2004).

The first hypothesis, that neutral forces restrict gene flow and slow thedspf
the sympatric phenotype, is unstable and implies that, given enough time, the gfatter
RCD will disappear. For this hypothesis to be true there must be low levels ofagyene f
between allopatric and sympatric regions of the range (Wright 1931; Felgel&76;
Slatkin 1985). This hypothesis can be indirectly tested using neutral geneticatarker
estimate migration between regions of a species’ range. Using neutrat gauneture
to investigate gene flow between sympatric and allopatric populations has enly be
attempted in two systems demonstrating a pattern of RCD (Lehtonen et alRRE09;
and Pfennig 2010).

Disproving the first hypothesis of neutral forces maintaining the pattdRCbf
implies the second hypothesis is true; but, demonstrating why selection maimeains
ancestral phenotype in allopatry is difficult and has only been attempted in temsyst
(Pfennig and Pfennig 2005; Higgie and Blows 2007). In cases of RCD, the divergent
traits are predominantly involved in mate choice and assortative mating. biééras
hypothesized that there can be a conflict between optimizing intraspaetés and
minimizing interspecific mates (Ryan and Rand 1993; Pfennig 1998; Phelps et al. 2006)
If two species optimize conspecific matings in similar ways, then, wheratbag

sympatry, these mating cues may result in heterospecific matings. g@entg,
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adaptations to decrease heterospecific matings could interfere wittabptinspecific
mating strategies. Thus, for a species demonstrating a pattern of RCRittime tr
allopatry may be optimal for acquiring the best conspecific mates, vehthie&rait in
sympatry may be best for distinguishing conspecific from heterospeafesniPfennig
and Pfennig 2005; Higgie and Blows 2007). In this way the ancestral trait will be
maintained by selection in allopatry. This scenario has only been theoyediwal|
empirically investigated in animal systems in which strong sexualtiesiecfluences
optimal mate choice (Ryan and Rand 1993; Pfennig 1998; Phelps et al. 2006). But, the
same theory could apply to traits under natural selection to increase fitnesdl. If a
trait under natural selection to increase fitness in allopatry also resuitseased hybrid
matings in sympatry, then divergence in that trait could be favored by selection in
sympatry, but not in allopatry.

In this study | address the above two hypotheses by investigating whatinsint
the ancestral flower color phenotype throughout much of the range of the Texas
wildflower Phlox drummondii P. drummondishows the classic pattern of RCD in
flower color divergence (Levin 1985). Like most species irPthexclade,P.
drummondiihas light-blue flowers throughout much if its range. In the area of synpatr
with a closely related, light-blue speciescuspidataP. drummondihas a derived dark-
red flower color, which represents the only natural evolution of red flower color in the
Phloxclade (Levin 1985; Turner et al. 2003). Strong evidence indicates the dark-red
flower color is selected for in sympatry because it decreases maladayiridization

between the two Phlox species (Levin 1985). Viable hybrids between the two species
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occur in nature (Levin 1967, 1975; Ruane and Donohue 2008), but have high, although
not complete, sterility (Levin 1975; Ruane and Donohue 2008). Both flower color
morphologies and both species are pollinated by the same set of pollinators (pyincipall
the pipevine swallowtail butterflBattus philenaoy, but individual pollinators tend to
forage with constancy based on flower color (personal observation). Levin (1985)
showed thaP. cuspidatehybridizes more with light-blue flowerd?l drummondithen
dark-redP. drummondii

Although these studies strongly suggest that the derived dark-red flowerscolor i
under selection in sympatry, there is no evidence for what maintains the @ oggtr
blue flower color throughout the rest of the rang® ofirummondii | use two strategies
to address this question. First, | test the neutral hypothesis that regfentetiow
prevents the selected alleles from spreading out of sympatry by using nentad ge
variation to estimate migration between paired allopatric and sympatricapiopsl
After ruling out the neutral hypothesis, | performed a common garden fieldreepé
with all potential flower colors dP. drummondito test for a fithess advantage of the
ancestral flower color alleles in sympatry. | discover pollinator peate for the
ancestral flower color in the allopatric region of Bhedrummondirange, implying

higher paternal fitness for this flower color.

4.2 Methods
Study System
P. drummondiis an annual wildflower native to central and eastern Texas, which

grows along roadsides and in open fields and pastures. Individuals germiagdefatl,|
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overwinter as small rosettes, grow vegetatively through January, and dégindr in

late February or early March. Plants continue to flower and set fruit until teeafns
summer heat when they dry-up and die. Flower-color variation withdnummondiis
caused by cis-regulatory mutations in two genes involved in the production of floral
anthocyanin pigments (Hopkins and Rausher In press). The huel)cdetermines
whether an individual produces both blue and red pigments (ancestral state) or just red
pigments (derived state). This locus codes for the enzyme F3'5’h, which is highly
expressed in the ancestral dominant allele &nd down regulated in the derived allele

(h). The second locus, termed the intensity lotysiétermines the amount of
anthocyanin pigments produced. At this locus, there is lower expression in the ancestra
allele (), resulting in less pigment than in the dominant, derived allgle/ich is up-
regulated. The ancestral, allopatric phenotype is light-lildel {, and the derived

flower color is dark-redithh), and the potential intermediate flower colors are dark-blue

(IIHH) and light-redihh).

Estimating migration using neutral genetic variation:

Population sampling To determined if there is gene flow between the allopatric
and sympatric ranges Bf drummondii estimated migration rate between 7 allopatric-
sympatric population pairs (Table 29). The division between allopatry and syrfgiatry
generally along a north-south transect with allopatric populations predorginssi and
sympatric populations predominantly east. | choose 7 pairs of populations along this

north-south division with one population in sympatry and one population in allopatry
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(Figure 14). These populations were chosen because they were monomorphic for flowe
color (or fewer than 5% of individuals exhibited the non-native flower color), and grew
close to the previously documented border of sympatry and allopatry (Levin 1985; Turner
et al. 2003). From each population | collected 15 or 16 individuals and extracted DNA
using a modified CTAB extraction protocol. Each individual was genotyped at 8
microsatellite loci. PCR’s were done using Qiagen Multiplex Mix. Sar&tion was
analyzed on an ABI 3730x1 DNA Analyzer, and scored by eye using the program
GENEMARKER (SoftGenetics, 2005, State College, PA). For details on population
collections, microsatellite markers, and genotyping protocol see Chaptath2dde

Analysis First | calculated pairwiseskbetween populations and estimated
migration using the formulagih ¥4 (/est— 1) (Wright 1931, 1940, 1943; Slatkin and
Barton 1989; Bohonak 1999). This gave me an estimate of number of migrants per
generation assuming equal immigration and emigration. | estimgtesifg all 8
microsatellite loci in Arlequin V3.1(Excoffier et al. 2005).

| also used an approach based on coalescence theory to estimate both migration
rate M=m/ ), wheremis the immigration rate andis the mutation rate per site, and
population size parameter{ =4Ng ), where N is the effective population size, in the
program MIGRATE 3.1.6 (Beerli and Felsenstein 2001). Jointly estimatingieéfec
population size and immigration rate for each pair of populations can result in a more
accurate estimate of migration rate than tgenkethod if migration is asymmetrical
(Broquet and Petit 2009). | used the maximum likelihood with the infinite-aheteke!

assuming Brownian motion in microsatellite data. For each population pairduian f
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runs. For the first run, andM starting values were estimated usirg &nd for the next

three runs, andM starting values were the ML estimates from the pervious run. In the
first three runs, ML was run for ten short and one long chain with 50,000 and 500,000
sampled genealogies with a burn-in of 10,000 for each chain. The fourth run was run for
ten short and four long chains. Six out of 7 population pair estimates converged by the
third run and were confirmed in the fourth run. Population pair 2 required a fifth run with
the same parameters and settings as the fourth run to confirm convergence. By
multiplying the MLE ofM by the MLE of , | estimated the number of immigrants per

generation for each population agnN

Estimating selection using common garden field experiment

Experimental designl performed a series of crosses to produce equally outbred
seeds with known homozygous genotypes at the flower color loci and randomized genetic
background of unlinked loci (Figure 15). | collected seeds from two dark-red populations
in sympatry (Poc2104 and 80S1), and two populations in allopatry (Dog95 and 466E7) in
the spring of 2009 (Table 30). | paired an individual from the light-blue population
466E7 with an individual from the dark red population Poc2104 as well as an individual
from DOG95 with one from 80S1. In order to increase the number of pairs | also made a
cross between an individual from Dog95 and Poc2104. From these pairings | created F1
offspring which | then self-fertilized to create F2 populations. | usederavkithin the
two flower color loci to identify four groups of offspring homozygous at both the hue

locus £3'5’h) and the intensity locufk@-R3-Myb. F2 individuals with the same
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homozygous genotype at both flower color loci were crossed between F2 families. |
created crosses for all four flower color genotypes between F2 individomigte
466E7XP0c2104 cross and the Dog95X80S1 cross. Crosses were made between
Dog95Xpoc2104 individuals and 466E7XPoc2104 individuals but, due to low seed set,
there were not enough seeds to include the dark-red gendtyperf the experiment.

This crossing design created full-sibling families that included individuaisozygous at
each of the possible four flower color genotypes: light-biti#H(), dark-blue [HH),

light-red {ihh), and dark-redi(hh). Experimental individuals were outbred at the last
generation to reduced inbreeding-depression and randomized genetic backgrtiunds wi
respect to source population.

Seeds were allowed to germinate and produce their first true leaves in the
University of Texas at Austin greenhouses, (Austin, TX). The seedlings hegre t
transplanted into a common garden plot at the University of Texas Brackeneidge fi
station (Austin, TX) at the end of January 2010. This field station is in the allopatric
range ofP. drummondiwhere all native individuals have light-blue flower color. 100
individuals from each of the four flower color genotypes were included in the
experiment. Plants were fully randomized across 10 rows. These plants wetereons
the focal plants and all analyses and conclusions are based only on the growtal, survi
and fitness of these plants.

In order to better mimic the conditions under which a derived flower color allele
would invade an allopatric population, | distorted the flower color frequency such that

most of the plants in the plot had the ancestral light-blue flower color native toehat ar
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of the range. In order to do this | planted an additional 300 light-blue individuals
randomly interspersed with the focal plants.

Data collection- | surveyed the focal plants once a week for transition to
reproductive growth (bolting), day of first flower, and day of death. After 6 weeks of
vegetative growth, | counted the number of leaves on every focal plant as dqoreixe
(nl). On the day of bolting | also counted the number of leaves on the plant in order to
estimate size at reproduction (nlbd).

Maternal fitness was estimated by counting ripened fruits. Throughout the cours
of the experiment | counted mature fruits, removed them from the plant and summed over
the entire lifetime of the plant. A subset of fruits were bagged in fine gresin amd
ripened seeds were counted to estimate number of seeds produced per fruit for each
flower color in each crossing population. In total | collected 7236 fruits andezbunt
17,187 seeds. Paternal fithess was estimated using pollinator visitationrefere
Pollinator observations were performed during the full day-light hours betweenak@bm
4pm. The predominant pollinator was the pipevine swallovBaitus philenorso only
visits by these butterflies were analyzed. For éattus philenoiobserved | recorded
the flower-color of the plant visited, and the number of flowers visited per plant. ¢rior t
pollinator observations, total number of open flowers in the plot for each of the four
flower color genotypes was counted (including both focal and non-focal plants).
Observations were performed on three days, but 41 of the total 47 observations occurred

on one day.
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Statistical analysed performed a series of analysis of variance (ANOVA)
models using Proc GLM, SAS software v9.1 (SAS Institute Inc, Cary, NC) toatgal
variation in the field experiment data. In order to confirm that fruit set welsaale
estimate of female fitness | used an ANOVA to determine if number of peedsiit
differed by genotype at the hue or intensity locus or by population or by all two-way
interactions of the three main effects. | then used a mixed-model ANOV Acordiee
if genotype at either of the flower color loci affected female far(estal fruit set). |
included genotype at the hue locus, genotype at the intensity locus, and row as fixed
effects, as well as source populations (population), as a random effect. elsgsofor
all possible 2-, and 3-way interactions, but no population by hue by intensity temn coul
be included in the model due to missing dark-red genotypes from one source population.

| followed this analysis with a more comprehensive model asking what traits
affect fruit set. |included all predictor effects in the pervious model dsawéhe
number of leaves (nl), number of leaves at bolting (nlbd), day to first flower €Blow
and day to death (Death). 2- and 3-way interactions with the hue and intensity genotype
and all other effects, except population, were included in the model to determine if
genotype at flower color loci interacted with other traits to affect $etit All dates were
transformed into number of days since start of experiment, which was set to Irfrebrua
2010.

Finally, 1 used a multivariate analysis of variance (MANOVA) to deteentiow
genotype at the flower color loci affected the measures of growth and surivigaler

color loci may have pleiotropic effects on growth and survival traits that didamsidte
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into increases in fruit set in this particular experiment. | only included nuoflbeaves,
day to flower, and the day to death in the model because the number of leaves at bolting
did not show a significant affect on fruit set in the previous model. | used a MANOVA
to test for an overall effect of genotype at the hue and intensity locus. The model als
included row as a fixed effect, population as a random effect, and all possible
interactions. | then followed the MANOVA with individual ANOVAs for each daf th
dependent variables and reported the effects significant in the MANOVA. Ahhoug
genotype at the intensity locus and population were not significant at the 0.05 Iénel in t
MANOVA | reported the individual ANOVA results for these two factors lseahe
interaction between them was significant in the MANOVA.

All of the above analyses evaluated the effect of genotype at the color loci on
female fitness, so in order to estimate paternal fitness | tested fimapmilpreference.
More observed visits to a particular flower color than expected by chancetésdicat
pollinators prefer that color, thus increasing probability of paternal ssi¢oethat flower
color. Pollinator observations were analyzed in two ways. First, | used Gf-test
goodness-of-fit to determine if the observed number of visits to each flower coltrevas
same as expected by chance. Because | had so few observations on two of the days, |
pooled all the samples across all three days. For each butterfly obsenaticuidted
the expected proportion of visits to each color based on the number of open flowers for
each color in the plot. |then averaged the expected proportions across all 47 pollinator

observations and used the average proportions to determine the expected number of visit
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to each color. This weighted the expected visitation according to how many @s#s w
observed on a given day with a given number of open flowers.

My second analysis of the pollinator data was to determine if pollinatorsivisite
more flowers per plant for a particular flower color. Using and ANOVA ondlswper
plant | looked for an effect of genotype at the hue or the intensity locus or actiotera

between the two loci.

4.3 Results

Estimating migration using neutral genetic variation:

Neutral genetic variation reveals ample gene flow between sympat
allopatric populations. The paired populations have an averggalbe of 0.082 with a
range from 0.04 to 0.188 (Table 31). This low level of population divergence resulted in
all migration estimates @) greater then 1 migrant per generation and as high as 6
migrants per generation (Table 31). Average migration between paired popuations
estimated by &ris 3.6 (SD=1.68) individuals per generation.

Jointly estimating effective population size and immigration rate fdn pair of
populations using coalescence theory also predicts high levels of migration between
populations (Table 32). On averagemor migrants from sympatry to allopatry is 5.79
(SD=4.22) and from allopatry to sympatry is 4.3DE2.74). All but one estimate of

immigration rate (allopatric population 1) was greater then 2.

Estimating selection using common garden field experiment

131



Fruit set and maternal fitnessDue to low germination | was unable to plant 19
light-blue individuals and 20 light-red individuals. Of the individuals planted, only 15
did not survive transplant. Only one individual, which was dark-red, did not survive to
flower after initial transplant survival.

Across all plants an average of 2.4 (S.D.=0.4) seeds were produced per fruit.
There was no significant variation in number of seeds per fruits between floler c
genotypes or source populations (Table 33), thus | conclude that fruit set israaldas
estimate of female fitness in this experiment. The first analysis dfriateset was a
simple model looking for the effect of the flower color loci taking into account
experimental design factors. This analysis revealed no significant madtsesf the hue
or intensity genotype on fruit set, but the interaction between the two locigvafscaint
(Table 34a). Using independent contrasts | found that lightireg {(ndividuals had
significantly fewer fruits then both the dark-réthf) and the dark-bludiHH)
individuals (Figure 16). No other genotypes had significantly different fru{ffséle
34b).

| further investigated the causes of variation in fruit set by includingrineth
and development traits in the ANOVA model (including: number of leaves, number of
leaves at bolting, flower and death day) (Table 35). As above, | found no significant
main effect of genotype at either flower color locus, and in this model, thaatiber
between genotypes showed no significant effect. Instead, | found a signiffeahbé
number of leaves on fruit set in the direction of plants with more leaves producing more

fruits (Figure 17b). I also found a significant relationship between both day ta #mae
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day to death. (Figure 17a,c) Both of these indicate that the longer a plant flemens (
by flowering earlier or by dying later), the higher the fruit setlsd found a significant
hue by intensity by flower day interaction. This implies that the relationshiyebat
flower day and fruit set is different for at least one of the flower color gpest By
regressing fruit set on flower day for each of the flower color genotyipesd a
significant negative relationship between flowering day and fruit set idatieblue
(IIHH), the dark-redl(hh), and the light-blueiiHH ), but no relationship in light-red
(iihh) genotype (Figure 17a).

Potentially, genotype at the hue and intensity loci could affect growth and
development traits and help explain the significant interaction present irsthe f
ANOVA but not in the second. Using a MANOVA to test for an effect of genotype on
growth and development traits, | found an overall significant effect of hue, and a
marginally significant interaction between intensity genotype and soupcggbion
Table 36a). The individual ANOVAS on the three dependent traits (Table 36b) show no
patterns that explain the lower fruit set detected in the light-red individufdand a
significant effect of genotype at the hue locus on the number of leaves producéaewit
red (h) allele having more leaves than the bldéi] allele (Table 37a). Given that more
alleles result in higher fitness, as indicated above, this does not explaightred
individuals have fewer fruits. | found a similar effect on death day with relésll
having a significantly later death day (Table 37a). Later death day teredsitbin
higher fitness. Finally, | found a significant interaction of genotype at teesity locus

and source population on death day (Table 37b). In the population for which there were
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no dark-red individuals, there was later death day for dark than for light individuaks. T
means the dark-blue individuals from this cross died later then the light-blue and the
light-red individuals. There was no difference in death day in the other crose Wideer
also a significant effect of intensity on death day but since genotype at th&tintecus
was not significant in the MANOVA test this may be a spurious result. Inagettes
first ANOVA model on fruit set indicated a significant interaction betweenamde
intensity locus. When more growth and development traits were added to the hisdel, t
effect disappeared. Genotypes at neither the hue nor the intensity locustheedict
growth and development traits in a way the could account for the initial sigmifica
interaction affecting fruit set

Pollinator observations and paternal fithesd found significant pollinator
preference for the light-blue flower color (Figure 18). The G-tegbotiness-of-fit
shows deviation of expected from observed number of visits across the flower colors
(Gn=s61,0i=5=105.3, P<.0001). The ancestral, light-blue flower color was visited nearly
40% more than expected while the dark-red, derived flower color was under-visited b
nearly 40% of what was expected. The light-red and dark-blue were each unddr visit
by 30% of what was expected by chance. These results indicate that theugght-bl
genotypei{HH) had greater opportunity to contribute pollen to other plants in the plot,
which would presumably result in higher paternal fitness for this flower.cMaorre
pollinator observations to increase the sample size, and paternity analygsmihental

offspring would further verify this result.
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The second analysis of pollinator data used an ANOVA to detect variation in the
number of flowers visited per plant or each flower color genotype. | found no significant

effect of hue or intensity genotype on number of flowers per plant visited (Téble 3

4.4 Discussion

The pattern of character displacement has been studied extensively foisdecade
(Brown and Wilson 1956; Butlin 1987; Howard 1993; Servedio and Noor 2003; Pfennig
and Pfennig 2009), but very little effort has been made to understand what maintains the
ancestral phenotype in the region of allopatry (Pfennig and Pfennig 2005; Higgie a
Blows 2007). Selection for the ancestral phenotype in the region of allopatry ssaigce
for the pattern of character displacement to be stable over time. Althougttedsiene
flow can delay the spread of the derived alleles, only selection can man&aattern of
divergence indefinitely. In this study I find evidence of migration between thpatyic
and allopatric areas of thie drummondirange. This finding suggest that there is
selection on the ancestral flower color in allopatry. | tested this predwiibra
common garden field experiment and find evidence of pollinator preference for the
ancestral flower color. This pollinator preference could result in highemphféness
for individuals with the ancestral phenoytpe and therefore explain how the light-bl
flower color remains in the region of allopatry despite alleles imningydtom the
region of sympatry.

Indirect methods of estimating migration between allopatry and sympdicate
sufficient opportunity for the flower color alleles to move between the twonegf the

P. drummondirange. Although there are a number of potential caveats and problems
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with using these indirect methods to estimate migration, the two | used both dedinced hig
rates of gene flow between populations. Calculating migration rate baseiihtates of

Fstis potentially inaccurate because this method assumes equal population sizes and
equal immigration and emigration between populations (Broguet and Petit 2009). |
cannot confirm either of these assumptions. The program MIGRATE (Beerli and
Felsenstein 2001) uses the coalescence theory to estimate immigratioatiemayrd
population size of both populations simultaneously, but has also been shown to give poor
estimates of migration under some conditions (Abdo et al. 2004). In 1930 Wright
estimated that with immigration ratdrf) greater then 1 individual per generation,

genetic drift will not result in population differentiation at neutral locright 1931).

Although this is a crude estimate, and panmixia is not a threshold trait, subsequent work
has shown this estimate can be an effective approximation for how genetiadirift a
migration interact (Felsenstein 1976; Slatkin 1985). Despite the posdittfy.
drummondiidemography may violate the assumptions of Wright's island model,
migration rates as high as 5 ang Estimates as low as 0.08 suggest lack of gene flow
and drift arenot maintaining the ancestral flower color in allopatry. These results are
consistent with the population genetic structure results in Chapter Two. halgene

neutral genetic variation indicates high levels of gene flow acrosartige ofP.

drummondii. Furthermore, genetic variation at the loci causing flower color variation
(F3'5’h andR2-R3 Myb also show low levels of differentiation between allopatric and
sympatric populations (see Chapter Two). These data support the hypothesis that gene

flow and recombination between alleles from allopatry and sympatry hasextafier
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the flower color adaptations in sympatry. Thus, these results support the hypththesi
selection is favoring the light-blue flower color in the region of allopatry.

The common-garden field experiment revealed strong pollinator preference for
the ancestral light-blue flower color. These results are consistenheigtudy of
pollinator flower color preference by Levin (1972). Although this study was peztbrm
with cultivated varieties dP. drummondiwith an unnatural range of colors, the results
indicate a preference for light-blue flower color resulting in higher fatit &or
hermaphroditic plants, pollinator visitation could increase fitness in two waitker by
increasing female fitness through higher fruit set or increasing maed through
higher pollen export (Bell 1985). | found no significant difference in femalesBtrees
measured by fruit set, between the derived darkitked)(and ancestral light-bluaKiH)
flower color variants. Although there is some indication that the light-red geesmohgve
lower fruit set, this genotype had the same pollinator visitation rate as Kabldar
flowers indicating that this fruit set pattern cannot be explained by pollinadvement
alone. This result is different from what was found in Levin’s study. Incocis&in the
effect of pollinator preference on female fitness could be due to variation ingpotli
limitation across years and populations or due to differences betweented|&veal
natural varieties dP. drummondii Further work is needed to determine if pollinator
preference can effect female fitness in some natural field conditions.

In this experiment, the fruit set data indicate that in this experiment potlinat
preference is likely to affect only the male fithess component. Even if omegpai|visit

is sufficient to fertilize the three ovules per flowePindrummondiiincreased pollinator

137



visitation can increase the opportunity for pollen removal and thus increase paternal
fitness (Bell 1985; Vaughton and Ramsey 1998). Pollinators can enact prefereace for
flower color in three ways: first by visiting more flowers per plant but theessumber
of plants of each flower color, second by visiting more plants of a color but the same
number of flowers per plant, and third by visiting more plants and more flowers per pla
of a particular color. | found no difference in the number of flowers per plant visited for
the different flower colors indicating that pollinators show preferenceédaef color by
visiting more plants of a particular color. This means that increase pollnsitation is
resulting in greater pollen export from an individual and not just greater pollen raovem
within an individual (i.e. geitonogamy). Although | have not direct evidenceltisat t
results in higher paternal fitness, increased pollen removal has beentedath
increase male fitness in other systems (Galen 1992; Melendez-Ackemth@awmpbell
1998; Rademaker and De Jong 1998; Maad 2000).

| found weak evidence of a negative interaction of the red allele and the light
allele on fruit set. Individuals with light-red genotypal{) had significantly lower fruit
set in the simplest ANOVA model, which just included genotype at flower coloahakti
experimental design parameters. Once other predictor traits were ingiutiedmnodel
(number of leaves, flowering day and death day), this genotype interaction was no longer
significant. This could be because the model no longer had the power to detect a
significant interaction due to lack of degrees of freedom, or because the vandtiat i
set was better explained by another parameter in the model. Intereshiegiyd allele

was associated with two traits causing higher fruit set - fastettlyi@s indicated by
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more leaves before flowering) and later death. Clearly these d&stidid not result in
higher fruit set, at least for the light-red individuals. More work needs to be done to
evaluate if this genotypic interaction is repeatable over multiple gearslifferent
allopatric growing conditions.

Two previous studies on systems, showing a pattern of RCD, have addressed the
guestion of what maintains the ancestral phenotype in allopatry (Pfennig andyPfenni
2005; Higgie and Blows 2007). Both of these studies were done in animals for which it
has been shown that strong sexual selection drives mate choice. In each of these sys
the study found sexual selection favoring the ancestral phenotype in allopatry,
presumably because this phenotype signals higher mate quality. In one cftloése
the potential fitness cost was quantified showing sympatric, “low qualityigiipes
result in fewer offspring with lower survival (Pfennig and Pfennig 2005). Tsteskes
then concluded that selection for higher quality mates influences allopatric phesoty
whereas selection to avoid heterospecific mating drives divergence isymp

ThePhloxsystem is different from these two animal systems. Unlike the animal
systems, this flowering plant species has not been shown to experience alexctiahs
Instead, for the first time, | have demonstrated that natural selection ca® oppos
reinforcing selection in the region of allopatry to create a pattern of R@bh tBis
study and a previous study by Levin (1972), demonstrate that natural seleatien fa
light-blue flower color due to pollinator preference. Although some definitionsxabke
selection allow for the inclusion of selection on flower traits (Delph and Ashman,2006)

the light-blue flower color ifPhloxdoes not fit the classic characteristics of a trait under
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sexual selectionP. drummondiare hermaphroditic and there does not appear to be
conflict between the sexes influencing the evolution of secondary sexualtehatias.
This study showed pollinator preference on color had the potential to increase male
fitness components, where as Levin’s study (1972) found an effect of preference on
female fithess components as well. In the current study, genotybesfiawter color
loci are not associated with higher fruit set or female fitness and thus do natendate
quality as would be expected in a scenario of sexual selection. Females do not choose
light-blue flower color because it is a signal of male quality, and males doenfibwer
color in male-male competitive interactions. Thus, it appears that the tehestass of
sexual selection influencing the dynamics of mate choice in the above dbeumssal
systems are not influencing selection on flower color irPthiexsystem. It seems,
instead, that conventional natural selection for increased fitness is ¢ogflicth
reinforcement to create the pattern of character displacement in flower col

The pattern of RCD, particularly when caused by reinforcement, is mosiywi
known for the role it plays in speciation (Howard 1993; Noor 1999; Servedio and Noor
2003). The insights from studying the causes and consequences of divergence in
sympatry have increased our understanding of the process of speciation adutinene
of reproductive isolation (Servedio 2001; Pfennig and Pfennig 2009), but the pattern of
character displacement can also inform micro-evolutionary processesthé@nigh
understanding selection bothallopatry and sympatry, can we use RCD to better
understand how a single species responds to conflicting selection pressagsstacr

range (Pfennig and Pfennig 2005; Higgie and Blows 2007; Pfennig and Pfennig 2009).
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This work demonstrates how RCD can be the result of conflict between naturibgele

to increase fitness and reinforcing selection to decrease maladaginaization.
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Population sampling across the range d?. drummondii Blue shading
indicates estimated range distribution of the light-blue ibwer color genotype and the red
shading indicates whereP. drummondiihas dark-red flower color. The blue and red

squares represent the 7 allopatric and sympatric populations used estimated migration.
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] F1 F1
F2 F2 F2

iiHH, IIHH, IIhh, iihh | iiHH, IIHH, lThh, iihh

Experimental Experimental
Population 1 Population 2

, Crossing design for common garden field experiment. Individda from
four starting populations were crossed to make F1's that were hetozygous at both flower
color loci. These were self-fertilized to make F2 populationggregating all possible flower
colors. Homozygous individuals of each genotypic combination were cresksbetween F2
families to create equally out-bred seeds with known homozygousrgeaypes at the flower
color loci.
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( Fruit set for each genotype at the hue and the intensity locus tivileast
square means and standard error noted in each bar.
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between day to flower and fruit set for each flower color gengpe. There is a significant
negative relationship between fruit set and flower day for darkslue (R?= 0.0748 F (182
=6.55, p=0.012), light-blue (R= 0.258,F 1 71)=24.31 ,p<.0001) and dark-red (R= 0.128,
F@,s1=11.81, p=0.0009), but no relationship for the light-red individuals (R= 0.0379F 1,71
=2.75, p=0.1015). (b.) Regression showing a positive relationship between numbgtleaves
and number of fruits across all genotypes (R 0.219,F (1,308)=86.52,p<.0001). (c.)
Regression showing a positive relationship between day to death andifrset for all
genotypes (R= 0.672,F 1 311)=22.33 , p<.0001).
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) The ratio of observed visits over expected pollinator visits foeach
genotype at the hue and the intensity locus. The black outlines indie a ratio of 1, when
observed equals expected number of visits. The light-blueHH ) genotype had many more
visits than expected, where as the other three genotypes, dark-réthh ), dark-blue (I1IHH ),
and light-red (iihh) show fewer visits than expected by chance.
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"# Population sampling locations for sympatric-allopatric populationpairs
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"B Source populations for field experiment seeds.
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"8 Migration rate (Nem) and Fst estimates for each sympatric-allopatric

population pair.
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"8
sympatric populations.

Estimates of population size () and immigration (M) and calculated immigration rate (Nem) between pairs of allopatric-
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S, ANOVA of fruit set including growth and development traits as
predictors of fithess. Flower color genotype shows no significaeffect, while day to flower,
day to death and number of leaves show strong effects on fruit set.
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" $( ! 23&453
1= ANOVA results for number of leaves, flower day and
death day, showing effects that were significant in the MANOVAesults.
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" $B >

Il The effect of hue on number of leaves and

death day shows individuals with red alleleshf) individuals have more leaves and a later
death day (live longer) then individuals with blue allelesHH). (b) Means and standard
errors for death day within each experimental source populationdr each intensity

genotype. The dark(ll) alleles have a later death date in population 2 but these individis
are only dark-blue genotypesIi{HH ).
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)| ANOVA describing the variation in number of flowers visited pe plant
for each flower color genotype. There is no effect of hue genotypeiotensity genotype on
number of visits per plant.

Source of variation df
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Appendix A: Least Square Means for Chapter Three fuit set
ANOVA
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Appendix B: Least square means for Chapter Four frit set
ANOVA
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