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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 favor species 

formation through the process of reinforcement.  When two diverging taxa produce 

maladaptive hybrids, selection will favor greater reproductive isolation between the taxa.  

Reinforcement often results in a pattern of reproductive character displacement, which is 

defined as two species having greater reproductive isolation in sympatry then in 

allopatry.  Floral-color divergence in the native Texas wildflower, Phlox drummondii, 

constitutes one of the best documented cases of reinforcement in plants.  P. drummondii 

and a closely related species, P. cuspidata produce similar light-blue flowers throughout 

the allopatric parts of their ranges.  However, in the area of sympatry P. drummondii has 

dark-red flowers, which has been shown to decrease hybridization between the two 

species.  In the following work, I investigate the causes and consequences of the process 

of reinforcement and the pattern of reproductive character displacement in P. 

drummondii.  First, I identify the genetic basis of the flower color variation as regulatory 

changes in two genes controlling the type and amount of anthocyanin floral pigments.  I 

then evaluate neutral genetic variation across the range of P. drummondii and conclude 

there is extensive gene flow between allopatric and sympatric areas of the range, which 

indicates that selection and not genetic drift is responsible for the flower color variation.  

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

molecular signature of a selective sweep at one of the two flower color loci, further 
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indicating that selection is responsible for this flower color variation.  Finally, I measure 

selection on flower color in both sympatry and allopatry.  I find no evidence that flower 

color variation is a response to ecological character displacement or local adaptation in 

the area of sympatry.  I find evidence of pollinator preference for the ancestral allopatric 

flower color in allopatry, which may explain the persistence of the pattern of character 

displacement.  These investigations of reproductive character displacement and 

reinforcement address important areas of research in evolutionary biology including the 

genetic basis of adaptation, the formation of species, and pleiotropy and conflicting 

selection pressures in species.    
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Introduction 

Species formation generates the biological diversity on Earth.  Consequently, a 

major goal of evolutionary biology is to understand the process of species formation by 

determining why and how traits that prevent gene flow between populations evolve.  The 

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 and Orr 2004; 

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 divergent local 

adaptation through a process termed ecological speciation and through genetic conflict 

resulting from neutral or adaptive divergence between isolated populations.  By the time 

most species pairs are investigated many RI mechanisms have accumulated such 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.  Reproductive isolating 

mechanisms can also evolve under direct selection through a process termed 

reinforcement (Dobzhansky 1937; Howard 1993; Servedio and Noor 2003).  When two 
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incipient species come into secondary contact, the production of hybrids with low fitness 

can result in selection favoring traits that decrease mating between the two taxa.   

Reproductive isolating mechanisms that evolve as a response to selection to 

decrease hybridization are most commonly identified if they results in a pattern of 

reproductive character displacement (RCD), when two taxa have greater RI in areas of 

their range that overlap (sympatry) then in isolated areas of their range (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 affect mate choice or 

assortative mating.  Although there is some disagreement on the precise definition of 

reinforcement and reproductive character displacement (Butlin 1987; Howard 1993; 

Pfennig and Pfennig 2009), I will refer to reinforcement as the process of divergence in 

sympatry in response to selection to decrease hybridization between taxa with incomplete 

RI, and RCD as the pattern of greater RI in sympatry than allopatry caused by selection 

to decrease hybridization.  The process of reinforcement can result in RCD but does not 

necessarily have to if, for example, the derived RI mechanism spreads throughout the 

entire range of the taxa.  Furthermore, a pattern of RCD is not necessarily caused by the 

process of reinforcement if, for example, the two taxa are already completely 

reproductively isolated but still perform costly matings. In this case selection may still 

favor reduced mating.  Regardless of the ancestral levels of RI, a pattern of RCD can 
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indicate the evolution of an isolating mechanism under direct selection to decrease 

hybridization and thus inform our understanding of the process of speciation.   

For decades, extensive theoretical work has attempted to determine if 

reinforcement could exist (Caisse and Antonovics 1978; Felsenstein 1981; Liou and Price 

1994; Servedio and Kirkpatrick 1997; Kirkpatrick 2000; Servedio 2000), while 

empiricists have argued that it does exist (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 step in the 

completion of speciation (Howard 1993; Ortiz-Barrientos et al. 2009; Pfennig and 

Pfennig 2009).  Given that reinforcement and reproductive character displacement do 

exist, I am interested in what can be learned about adaptation, speciation, and response to 

selection from understanding the evolution of traits under direct selection to decrease 

hybridization.   

The pattern of greater RI in sympatry than in allopatry has been reported for many 

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.  
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The most widely used criteria for determining the existence of RCD are those outlined by 

Waage (1979) and by Howard (1993).  While these criteria have been useful, they omit a 

key criterion that is important for understanding the evolutionary dynamics of RCD: in 

allopatry, selection favors the ancestral character state.  This criterion is required for 

explaining why characters evolved in sympatry do not spread into the region of allopatry, 

and thus why the geographical pattern associated with RCD persists.  

Below are the criteria for documenting Reproductive Character Displacement. 

Numbers in parentheses correspond to number of criteria in Waage (1979) (first entry) 

and Howard (1993) (second entry). 

1.  Character differences between allopatry and sympatry are genetically based (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 differences between            

     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, establishes that adaptations in 

sympatry can be acted on by selection (Howard 1993). Studies that demonstrate 

differences in the degree of assortative mating between sympatric and allopatric 

populations often do not demonstrate that this difference is genetically based, as opposed 

to resulting from plasticity or learning (Benedix and Howard 1991; Gerhardt 1994; 
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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 divergence.  While great 

advances have been made over the last two decades in understanding the genetic basis of 

postzygotic isolation (Moyle and Nakazato; Gadau et al. 1999; Presgraves 2003; Coyne 

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 genetic architecture 

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

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 identified (Wheeler et al. 

1991; Palumbi 1999).  Furthermore, these efforts have focused almost exclusively on RI 

mechanisms that evolve as a by product of genetic divergence between allopatric taxa.  

Very little is known about the genetic basis of prezygotic isolating mechanisms that 

evolve as a response to reinforcing selection (but see Ortiz-Barrientos et al. 2004; Saether 

et al. 2007).  Identification of specific “isolation” genes can contribute in several ways to 

our understanding of the evolution of reproductive isolation: (1) it allows quantification 

of historical patterns of selection for isolation; (2) it facilitates determining whether the 

evolution of isolation involved multiple substitutions in the same gene; and (3) it enables 

functional molecular analysis of how specific genetic changes contribute to isolation.   
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The second criterion, that there is differential reproductive isolation between 

sympatry and allopatry, is the most widely investigated criterion.  In order for a novel 

isolating mechanism to be favored by selection, it must increase isolation prior to the 

existence of any cost associated with hybridization.  Therefore, most RCD traits are 

prezygotic isolating mechanisms which prevent the formation of maladaptive hybrids 

(but see Matute (2010) as an exception).  One of the greatest challenges in the study of 

speciation is understanding the individual role of a RI mechanism in contributing to the 

formation of species (Ramsey et al. 2003; Coyne and Orr 2004; Nosil et al. 2005; Martin 

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 displacement.  

Thus, the allopatric phenotype offers a control for determining the effect of the sympatric 

trait on RI.  Since degree of RI varies within a species, by performing crosses between 

allopatric and sympatric varieties the trait(s) of interest will segregate in subsequent 

generations, thus making genetic and selection analyses easier then in systems that 

require interspecies crosses to evaluate variation in RI.  Unfortunately, most estimates of 

reproductive isolation caused by traits expressing RCD have been performed in artificial 

settings, usually through controlled mate choice or no-choice tests (Noor 1995; Pfennig 

2000; Gabor and Ryan 2001; Nosil et al. 2003; Smadja and Ganem 2005; Matute 2010).  

Although in most cases these tests will reveal qualitative differences in RI, they cannot 

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



 

7 

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, confirms the direction 

of adaptation.  In most cases this criteria is assumed but, given that knowledge of the 

direction of adaption can inform later analyses, it is important to evaluate the evidence 

for this criterion as well.  Once the genetic basis of the character displacement is known, 

understanding which alleles are derived can inform predictions about signatures of 

adaption, divergence, and selective sweeps.  Knowledge about the direction of adaptation 

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 particular, ecological 

character displacement can generate similar patterns in mating-system traits that 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 either RCD or 

competition for limited pollinators (Armbruster 1986; Aizen and Vazquez 2006).  In 

addition, adaptation by one species to an environmental factor that limits the range of a 

sympatric species could result in a pattern resembling RCD, especially if there 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 
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populations of the same species are geographically isolated, genetic drift may create a 

pattern of divergence that mimics the pattern expected of RCD.  The limited 

investigations of this criterion have led to interesting insight into local adaptation, and 

speciation.  For example, in both stickleback fish and walking stick insects, it appears 

that ecological selection pressures are driving divergence in sympatry and the resulting 

reproductive isolation is a by product of these adaptations (Nosil et al. 2003; Albert and 

Schluter 2004; Nosil et al. 2007).  These examples demonstrate how speciation can still 

be driven by selection for local adaptation and optimal resource acquisition, even in 

sympatry.  Investigating this criterion can lead to a better understanding of what 

conditions favor the evolution of reproductive isolation and completion of speciation.  Is 

reinforcement selection more successful when it acts in the same direction as local 

adaptation? Can reinforcement selection be stronger than other forces of natural selection 

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 derived traits in 

sympatry? 

In most studies that examine the relative fitness of ancestral and derived traits in 

sympatry, only the benefits associated with decreased hybridization are quantified (Noor 

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 must be shown that 

there is a net fitness 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 results in changes 

in traits associated with mate acquisition.  It is probable that divergence which decreases 

interspecific matings could also negatively affect conspecific matings.  Particularly when 

evaluating the importance of reinforcement relative to local adaptation it is important to 

understand the costs as well as the benefits of diverged traits in sympatry.   

The final criterion, understanding what maintains the ancestral state in allopatry, 

is important for understanding the long-term stability of the pattern of character 

displacement.  Describing the selective forces causing divergence in sympatry answers 

only half the question of what causes the pattern of RCD.  If there is no selection for the 

ancestral trait in the region of allopatry then migration will allow the sympatric trait to 

spread through the entire range of the species.  Although this process is entirely 

consistent with reinforcement selection, and could explain patterns of prezygotic RI 

(Coyne and Orr 1989, 1997), it is inconsistent with the pattern of character displacement.  

Two exciting areas of research have arisen from investigating this criterion.  First, it has 

long been thought that there could be a conflict between sexual selection optimizing 

conspecific mate choice and selection to minimize heterospecific matings (Ryan 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 maintaining RCD (Pfennig and 

Pfennig 2005; Higgie and Blows 2007).  Sexual selection to optimize mate quality can 

maintain the ancestral trait in allopatry whereas reinforcement selection to decrease 
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heterospecific matings can cause divergence in sympatry.  This has been studied in very 

few systems but has already provided insight into how organisms balance these two 

selection pressures.  The second avenue of research that has stemmed from understanding 

selection in the region of allopatry is the realization that RCD can actually initiate 

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 the final stages of 

speciation between two diverging taxa.  However, it is now apparent that divergence 

between sympatric and allopatric populations can actually initiate speciation within a 

taxon.  Most RCD involves traits associated with mate choice and assortative mating and 

variation in these traits could result in restricted gene flow between allopatric and 

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 can lead to a better 

understanding of how and why reproductive isolation can form between allopatric and 

sympatric populations. 

In order to determine if reinforcement is causing the pattern of RCD it must also 

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 RCD, rather it is 

only necessary for determining if RCD is caused by reinforcement.  Currently there is 

insufficient evidence to determine if traits causing RCD when taxa have complete RI are 
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different from traits that evolve when taxa with incomplete RI.  It has been proposed that 

gene flow between species could constrain the genetic architecture of reinforcement 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-allele isolating system 

(Ortiz-Barrientos et al. 2004; Ortiz-Barrientos and Noor 2005), and the discovery of 

linkage between a reinforcement trait and post-zygotic RI (Saether et al. 2007).  Given 

that there are no genetic studies of RCD that do not involve reinforcement and only two 

that do, we cannot determine the prevalence or uniqueness of this constraint.  Thus, I 

argue that determining the extent of gene flow between diverging taxa prior to character 

displacement is important in order to addresses hypotheses about the constraints imposed 

by potential gene flow between taxa.  More importantly, given that any RCD represents 

adaptations driven by selection to increase reproductive isolation, I see investigations 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 investigating 

these criteria can inform hypotheses about how and why species form, how populations 

respond to conflicting selection pressures, and about the constraints on and the order of 

genetic mutations underlying adaptations. The below four chapters describe my work 

investigating reinforcement and the resulting pattern of reproductive character 

displacement in the native Texas wildflower Phlox drummondii. 



 

12 

P. drummondii shows the classic pattern of RCD in flower color divergence 

(Levin 1985).  Throughout most of its range, P. drummondii has light-blue flowers, but in 

the area of sympatry with the closely related species P. cuspidata, P. drummondii has 

dark-red flowers (Levin 1985; Turner et al. 2003).  P. cuspidata also has light-blue 

flowers, similar not only to those produced by P. drummondii in allopatry, but to most 

species in the Phlox clade.   No other species of Phlox has naturally evolved a dark-red 

flower color consistent with the scenario that the sympatric dark-red P. drummondii color 

is the derived flower color morphology (Levin 1985).  In sympatry, P. cuspidata  and P. 

drummondii grow 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 produced in nature and 

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 that P. drummondii with dark-red flowers produce fewer 

hybrids with P. cuspidata then P. drummondii with light-blue flowers indicating that 

flower color change increases reproductive isolation between these two taxa (Levin 

1985).  Both species, and flower colors of P. drummondii, are 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, I investigate the genetic basis of flower color divergence in P. 

drummondii.  I not only determine that flower color variation has a genetic basis, I 

uncover the genetic variation responsible for this adaptation.  This work reveals that two 

cis-regulatory variations in genes are involved in varying the type and amount of floral 

pigments.  

Chapter Two investigates genetic variation across the range of P. drummondii.  

Specifically, I use patterns of neutral genetic variation to demonstrate that restricted gene 

flow and genetic drift cannot explain the pattern of flower color divergence in this 

species.  I find extensive evidence of gene flow suggesting selection caused the pattern of 

RCD.  I also evaluate genetic variation in the genes underlying flower color divergence 

and discover a molecular signature of a selective sweep at one of the two genes, further 

indicating selection is responsible for divergence in sympatry.  

 In Chapter Three I explicitly test criterion 4 for determining RCD by 

measuring selection on flower color in the sympatric region of P. drummondii.  

Disregarding the effect of hybrid seed production, I find no selection acting on flower 

color variation in the region of sympatry.  I find no support for the hypotheses that local 

adaptation or ecological character displacement caused the pattern of divergence in 

flower color.    

In Chapter Four, I address criterion 6 by measuring selection on flower color in 

the region of allopatry.  A common garden field experiment revealed no variation in 

survival or fruit set of the different flower colors but indicated pollinator preference for 
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the ancestral light-blue flower color morphology.  This pattern could result in increased 

paternal success of this flower color or, in some years if there is pollen limitation, this 

preference could result in increase fruit set for light-blue flowered individuals.   
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Chapter One: Identification of two genes causing 
reinforcement in the Texas wildflower Phlox drummondii1 

1.1 Summary 

Species formation generates biological diversity and occurs when traits evolve 

that prevent gene flow between populations.  Discerning the number and distribution of 

genes underlying these traits and, in a few cases, identifying the genes involved, has 

greatly enhanced our understanding of species formation over the past 15 years (reviewed 

by Noor and Feder (2006) and Wolf et al. (2010)).  However, this work has almost 

exclusively focused on traits that restrict gene flow between populations that have 

evolved as a byproduct of genetic divergence between geographically isolated 

populations.  By contrast, little is known about the characteristics of genes associated 

with reinforcement, the process by which natural selection directly favors restricted gene 

flow during the formation of species.  Here I identify changes in two genes that appear to 

cause a flower-color change in Phlox drummondii, which previous work has shown 

contributes to reinforcement.  Both changes involve cis-regulatory mutations to genes in 

the anthocyanin biosynthetic pathway (ABP).  Because one change is recessive whereas 

the other is dominant, hybrid offspring produce an intermediate flower color that is 

visited less by pollinators, and is presumably maladaptive.  Thus, genetic change selected 

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

 

                                                 
z1 This chapter has been accepter for publication to the journal Nature. 
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1.2 Introduction 

Natural selection can directly favor species formation through a process termed 

reinforcement.  If two incipient species experience secondary contact and produce 

maladaptive hybrids, selection favors decreased gene flow and increased reproductive 

isolation (RI) between them (Dobzhansky 1937; Howard 1993; Servedio and Noor 2003).  

Reinforcement can be recognized by a resulting pattern known as reproductive character 

displacement (RCD): reproductive isolation is greater in sympatry than in allopatry 

(Howard 1993).  While the occurrence of reinforcement was historically controversial 

(Felsenstein 1981; Butlin 1987), empirical studies have documented reinforcing selection 

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-Barrientos et 

al.(2009) and Pfennig and Pfennig (2009)).  Despite this work, little is known about 

genetic changes associated with reinforcement (but see QLT studies by Ortiz-Barrientos 

(2004) and Saether (2007)). 

Floral-color divergence in P. drummondii constitutes one of the best documented 

cases of reinforcement in plants (Levin 1985) and exhibits the classic pattern of RCD.  P. 

drummondii and the closely related P. cuspidata produce similar light-blue flowers 

throughout the allopatric parts of their ranges.  However, in the area of sympatry P.  

drummondii has dark-red flowers, representing the only natural evolution of red flowers 

in the Phlox clade (Levin 1985).  Both species of Phlox and colors of P. drummondii are 

pollinated by the same array of Lepidoptera species (Levin 1985).  Hybrids between these 
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two species are formed at rates as high as 11% in the area of sympatry (Levin 1985).  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 and as many as 

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 species of Phlox 

(Levin 1975).  Although other traits may contribute to prezygotic isolation (including 

possible reinforcement traits such as self-compatibility (Levin 1985)), Levin 

demonstrated that the shift from light-blue to dark-red flowers in P. drummondii 

decreases interspecific hybridization by 66%, indicating that the change in flower color 

substantially increases prezygotic RI (Levin 1985).  Given the above estimates, the 

hybridization rate prior to the evolution of dark-red flower color could have been as high 

as 28%, which, with low hybrid fitness, would presumably create strong selection to 

decrease hybridization.   

1.3 Results and Discussion 

I determined that the evolutionary transition from light-blue to dark-red flower 

color in P. drummondii results from changes of large effect at two loci.  F2 populations 

derived from crosses between the allopatric color variant (light-blue) and the sympatric 

color variant (dark-red) segregate four discrete flower colors: dark-blue, light-blue, dark-

red, and light-red (Figure 1a.).  Quantification of the spectral reflectance of 200 F2 

flowers, transformed into two-dimensional CIE 1976 color space (Gonnet 1993), 
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followed by discriminant analysis verified my  discrete classifications (Figure 2, Table 4 

& 5).  The ratios of counts within these categories are very close to the 9:3:3:1 ratios 

expected from two loci with complete dominance (χ²(3, N=618)=.92, p=0.8206) (Table 

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

second locus, I, 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 in P. drummondii.  Anthocyanin pigments, the final products of the 

well-characterized and highly conserved anthocyanin biosynthetic pathway (ABP), are 

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 bluer pigments 

(Holton and Cornish 1995).  Correspondingly, blue-flowered P. drummondii (H-) 

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

pigments, as well as the more-hydroxylated malvidin pigment, while red flowers (hh) 

produce exclusively the less-hydroxylated pigments (Figure 1b).  The change in floral 

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 (I-) produce more pigment than ii  individuals, 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 intensity loci.   
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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 specificity due to a 

coding mutation in the gene for dihydroflavonol 4-reductase (DFR) making the enzyme 

unable to metabolize the malvidin precursor dihydromyricitin; and 3) a similar alteration 

of the substrate specificity of anthocyanidin synthase (ANS).  To examine these 

possibilities, I analyzed multiple F2 populations for cosegregation of floral hue with 

single-nucleotide-polymorphism (SNP) markers in the candidate genes.  In a total of 100 

individuals there was perfect cosegregation between F3’5’h and floral hue (Table 10).  

Moreover, genotype at F3’5’h explains 77% of the variation in flower hue. 

This genetic association corresponds to a down-regulation of F3’5’h in red 

flowers.  Among F2 individuals, there is a nearly 100-fold decrease in F3’5’h transcripts 

in red-flowered compared to blue-flowered individuals (Figure 3a).  In addition, red- and 

blue-flowered individuals collected from multiple populations throughout the range of P. 

drummondii have a comparable difference in F3’5’h expression (Figure 3b)  These 

results demonstrate three features of the genetic change associated with the shift to red 

flowers: 1) variation in hue is associated with transcript level of F3’5’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 locus in F2 individuals.   
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These patterns imply that expression variation at F3’5’h is caused by variation in 

a cis-regulatory element.  Allele–specific expression assays confirm this inference: in 

heterozygous (Hh) individuals, the red allele is almost completely down-regulated  

(Figure 3c).  This allelic imbalance indicates a cis-regulatory change, whereas equal 

expression of the two alleles would indicate trans-acting regulation of expression 

(Wittkopp et al. 2004).   

Based on the structure of the ABP, I identified three candidate genetic changes 

that could explain the increased pigment production in dark (I-) flowers: 1) a cis-

regulatory change that increases production of an ABP enzyme with control over 

pathway flux; 2) increased enzymatic efficiency (through coding-sequence mutations) of 

a rate-controlling enzyme in the ABP; and 3) increased expression or function of an ABP 

transcription factor coordinately regulating the expression of several enzymes.  To 

evaluate these possibilities, I cloned and sequenced genes coding for the core enzymes of 

the pathway (Figure 1c), as well as an R2-R3 Myb transcription factor orthologous to 

those known to regulate ABP enzymes in other angiosperms.  Of these genes, the marker 

in R2-R3 Myb co-segregates perfectly with flower color intensity in 100 F2 individuals 

(Table 11) and genotype explains 71% of the intensity variation.  These observations 

suggest Myb corresponds to the intensity locus. 

This correspondence is further supported by quantification of Myb transcript 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.  Furthermore, 

field-collected individuals show the same association between expression of Myb and 

flower color intensity (Figure 4b).  Finally, analysis of allele-specific expression in 

heterozygous (Ii ) individuals show that the “dark” allele is up-regulated relative to the 

“light” allele (Figure 4c), a pattern indicative of a cis-regulatory change at the Myb locus. 

In all species that have been examined, this Myb coordinately activates several, if 

not all, of the ABP enzyme-coding genes (Koes et al. 2005).  Thus, I expect that if 

changes in expression of Myb influence pigment intensity, there should be correlated 

expression changes in the ABP enzyme-coding genes.  This expectation was realized: all 

five core-enzyme genes exhibited significant up-regulation in dark flowers relative to 

light flowers (Figure 4d).  These results indicate that a cis-regulatory mutations at the R2-

R3 MYB transcription factor causes the increased color intensity of P. drummondii 

flowers in sympatric populations. 

My investigation has provided the first identification of genetic changes causing 

reinforcement of species boundaries.   Ideally, I would like to have confirmed the identity 

of the hue and intensity loci by either fine mapping or transformation, but this is not 

currently feasible in non-model systems like P. drummondii.  Nevertheless, I am 

confident that I have identified the correct genes.  Not only do F3’5’h and Myb 

cosegregate perfectly with the hue and intensity loci, respectively, but both exhibit 

changes in expression levels in the directions that are expected to produce the observed 
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phenotypic changes.  Moreover, the alternative possibility that the changes are due to 

linked transcription factors is ruled out by differences in allele-specific expression.   

I 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 involvement of a 

small number of QTL (Ortiz-Barrientos et al. 2004; Saether et al. 2007).  This simple 

genetic architecture is consistent with theoretical expectations, which indicate that 

selection for reinforcement is most likely to result in increased RI when the phenotypic 

effect of the assortative mating allele is large and selection for RI is strong(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 a new dominant 

adaptive mutation reaching fixation than a recessive mutation (Haldane 1924)).  The 

intensity locus fits this expectation, with the derived dark allele dominant to the light 

allele.  In contrast, the hue locus shows the reverse pattern, with the derived red allele 

recessive to the ancestral blue allele.  Although it is easier for selection to 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 scenarios could explain 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. prezygotic or postzygotic) 

(reviewed by Lowry et al. (2008) and Nosil et al. (2005)).  Recently it has become clear 

that a single trait can affect multiple types of RI (Dambroski et al. 2005; Lowry and 

Willis 2010), but it remains unclear how commonly this occurs.  While the most obvious 

effect of floral-color evolution in P. drummondii is increased premating isolation with P. 

cuspidata, the associated genetic changes may also have led to increased postzygotic 

isolation.  Hybrids between the dark-red-flowered P. drummondii and the light-blue-

flowered P. cuspidata have dark-blue flowers, which differ from the two parental species.  

Levin (1970) has shown that pollinators discriminate against this intermediate hybrid 

flower color.  Although further experimental tests are required, this discrimination likely 

reduces male outcross success and possibly seed set, causing reduced fitness of the 

hybrids beyond that associated with intrinsic postzygotic isolation.  My work shows how 

the pattern of genetic dominance can influence whether a trait can contribute to multiple 

types of isolation.  This hypothesized extrinsic postzygotic isolation arises only because 

the novel allele at the intensity locus is dominant, while the novel allele at the hue locus 

is recessive.  Had the novel alleles at both loci exhibited the same dominance, hybrids 

would have had the same flower color as one of the parents. 

Finally, both of the genetic changes contributing to reinforcement in P. 

drummondii involve cis-regulatory mutations, rather than functional (coding-sequence) 

mutations in pathway enzymes.  The types of mutations described here are similar to 
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those described for other cases of flower color evolution in which reinforcement is not 

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 reinforcement may be 

comparable to that of adaptations not associated with reinforcement.  But, only by 

indentifying the genetic basis of reinforcement in other systems can we understand what 

aspects of the molecular genetic basis of these traits are generally important for 

reinforcement and which are unique to a particular system.   

1.4 Methods 

F2 crosses- Seeds 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 at 4°C.  Plants were 

transplanted at the 4-true leaf stage into a 50:50 mix of Fafard 4P (Conrad Fafard Inc, 

Agawam, MA) and PermaTill One Time (Carolina Stalite Company, Salisbury, NC).   

Light-blue plants were crossed with dark-red plants to form F1 seeds.  F1 seeds were 

grown as above and self-fertilized to create F2 populations.  Self-incompatibility was 

overcome using bud pollination.  

Flower color phenotyping- All F2 individuals were categorically phenotyped for 

flower color and chi-square test was used to determine if the ratio of categorical flower 

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 source 
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and a SL5 Deuterium +Halogen UV-vis light source (StellarNet Inc., Tampa Florida, 

USA).  Raw reflectance was transformed into two-dimensional CIE 1976 LUV color 

space (Gonnet 1993) (Figure 2).  This transformation creates two axes of variation, the X 

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.  I used canonical discriminant 

analysis to confirm that flower color grouped into four discrete categories (Table 4 & 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 HCl followed by 

isoamyl alcohol extractions(Des Marais and Rausher 2010).  Pigments were identified 

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 corresponding standards.  

I used a Multivariate Analysis of Variance (MANOVA) to determine if pigment amount 

differed by intensity, hue, family, and all interactions of main effects.  I used subsequent 

individual ANOVA models to determine significance of each of the above effects on 

amount of individual pigments (Table 7,8).  All analyses were performed using SAS 

software v9.1 (SAS Institute Inc, Cary, NC).   

Genetic association- Leaf tissue was collected from F2 and parental individuals 

and a modified CTAB extraction was used to isolate the DNA (as in Kelly and Willis 

(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 were amplified first 
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using degenerate primers designed from orthologous genes in closely related species and 

then species specific primers were used in subsequent amplifications (Table 9).  Parental 

sequences for each gene were used to identify SNPs segregating in the F2 populations.  A 

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 quantitative 

flower color variation was explained by F3’5’h and the R2-R3 Myb genotype.   For this 

analysis I used flower color reflectance transformed into CIE color space to determine 

quantitative measures of hue and intensity (see above).  The Y axis, corresponding 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 analyses - All expression analyses were performed on flower-

bud tissue collected approximately two days before opening.  RNA was extracted from 

individuals using the SpectrumTM Plant 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 (Mouritzen et 

al. 2004).  Probes sites and primers were designed using the online design center 

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

Scientific Verso 1-Step RT-qPCR kit was used to amplify as per manufacturers 
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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 in the Myb expression assay.  Two 

replicate reactions were performed for each sample and the average CT value was used in 

all analyses.  Ef1α was amplified in each sample to control for total amount of RNA in 

each extraction.  Raw expression data was analyzed as in Rieu and Powers (2009).  I used 

a mixed-model ANOVA to detect a significant difference in expression in candidate 

genes between color groups.  F2 family was used as a random effect in the model.   

I collected seeds from natural populations of P. drummondii in both allopatry and 

sympatry (Table 2), grew them in the Duke University greenhouse and extracted RNA 

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 the Myb assay.  Transcript levels of all genes in the ABP were quantified 

as above.  I used a MANOVA to determine if flower color intensity has effect on 

expression of non-causal ABP genes (Chs, Chi, F3h, Dfr, Ans).  Subsequent ANOVA’s 

were used to determine if each individual gene shows a significant effect of intensity on 

expression (Table 13).  All analyses were performed using SAS software v9.1 (SAS 

Institute Inc, Cary, NC). 

Allele-specific Expression - RNA from F1 individuals and heterozygous F2 

individuals were used to quantify allele specific expression at both the F3’5’h and the 

Myb gene.  A schematic of the assay design (Figure 5), shows the SNP identity, as well as 

amplification and sequencing primer sequences.  RNA was extracted as described above 
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from 28 individuals for the Myb assays (11 heterozygotes and 7 homozygous controls) 

and from 8 individuals for the F3’5’h assay (6 heterozygotes and 2 homozygous 

controls).  A reverse transcription reaction was performed using InvitrogenTM  

SuperScript ® II, (Life Technologies Co, Carlsbad, CA) as per manufacturer’s 

instructions.  DNA was extracted from leaf tissue as described above.  For each 

individual two replicate DNA and four replicate cDNA PCRs were run.  No-template 

controls and no-sequencing-primer controls were performed as well. Pyrosequencing 

reactions were run on all samples using PyroMARKTM Q96ID (Qiagen Inc. Valencia, 

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

independently replicated.   
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Figure 1: Flower color phenotypes in F2 individuals (a) Representative pictures 

of the four flower colors in F2 populations: dark-blue, light-blue, dark-red, light-red 

(from left to right). Total counts in F2 populations indicated under each flower. Ratios 

of counts are similar to 9:3:3:1 (X2(3,N=618) =0.92, p=0.8206). (b) Relative anthocyanidin 

pigment production results in variation in F2 flower color. Production of all three 

pigments is significantly different between hue classes. The light- and dark-red 

flowers produce no malvidin (F(1, 25)=134.03, p<0.0001), and significantly more peonidin 

(F(1, 25)=58.88, p<0.0001) and cyanidin (F(1, 25)=21.57, p=0.0002). The amount of pigment 

production is significantly different between flower intensity classes with high 

intensity flowers producing more of each flower color pigment (Fmalvidin(1, 25)=8.64, 

p=0.0092; Fpeonidin (1, 25)=32.11, p<0.0001; Fcyanidin(1, 25)=66.74, p<0.0001). Standard errors are 

shown. See Table 6,7,8 for full data and MANOVA results. (c) A simplified schematic 

of the anthocyanin biosynthetic pathway (ABP). 
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Figure 2: Floral reflectance measured on flower petals from 200 F2 individuals 
transformed into two dimensional in CIE 1976 LUV color space 
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Figure 3: Results of expression experiments of hue locus (F3'5'h). QPCR results 

showing relative expression of F3’5’h in blue and red individuals in two F2 

populations (a) and six field populations (b). Transcripts of F3’5’h in red floral tissue 

(shown in red) are significantly lower then levels detected in blue tissue (shown in 

blue) in both F2 populations (F(1, 26)=250.89, p<0.0001) and field collected individuals 

(F(1, 36)=30.21, p=0.0053). (c) Allele-specific expression of F3’5’h in from multiple 

heterozygous individuals from two crosses. Each bar represents the relative 

contribution of the red allele (in red) and the blue allele (in blue) to the total 

expression detected in heterozygous individuals from F2 families C and D. Relative 

allelic representation in cDNA from heterozygous individuals is significantly 

different from the relative allelic representation in genomic DNA (F(1, 32)=375.93, 

p<0.0001) indicating a cis-regulatory change controlling expression of the red allele.  
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Figure 4: Results of expression experiments on intensity locus (R2-R3 Myb). 

Relative expression of R2-R3 Myb in dark and light F2 individuals (a) and natural 

field populations (b). There is a significant up-regulation associated with dark 

individuals relative to light in both F2 individuals (F(1, 12)=8.11, p=0.0173) and field 

collected individuals (F(1, 50=14.91, p=0.0023). (c) Allele-specific expression indicates 

significantly different allelic representation in cDNA relative to gDNA in 

heterozygous individuals (Ii) from three F2 families (F(1, 12)=116.74, p<0.0001). The 

overrepresentation of the dark allele (dark grey) relative to the light allele (light grey) 

indicates a cis-regulatory change. (d) There is significant up-regulation of transcript 

levels of all core ABP enzymes in field collected dark individuals (dark grey) relative 

to light individuals (light grey). Fchs(1, 36)=5.19, p=0.0305; Fchi(1, 36)=5.07, p=0.032; Ff3h(1, 

36)=15.81, p=0.0004; Fdfr(1, 36)=13.45, p=0.001; Fans (1, 36)=36.7, p<0.0001. For full MANOVA 

results see Table 13. Standard errors are indicated on graphs
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Figure 5: Schematic of allele-specific expression experiment showing R2-R3 Myb  sequences on top and F3’5’h on bottom.
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Table 1: Populations from which parents of F2 crosses were collected.  Crosses 

C-G were made from different individuals collected from the same source 

populations. 

Cross 
Light-blue parent population Dark-red parent population 

Name GPS Name GPS 

A mont1 

W -97.6944 

Smithv 

W -97.16 

N 30.2413 N 30.03 

B dog95 

W -97.3423 

poc2104 

W -97.0871 

N 30.2926 N 30.0813 

C 466_E7 

 W -97.7291 

80S1 

W -97.6613 

N 29.5049 N 29.64035 

D 466_E7 

 W -97.7291 

80S1 

W -97.6613 

N 29.5049 N 29.64035 

E 466_E7 

 W -97.7291 

80S1 

W -97.6613 

N 29.5049 N 29.6403 

F 466_E7 

 W -97.7291 

80S1 

W -97.6613 

N 29.50495 N 29.6403 

G 466_E7 

 W -97.7291 

80S1 

W -97.6613 

N 29.50495 N 29.6403 

H 466_E7 

 W -97.7291 

80S1 

W -97.6613 

N 29.50495 N 29.6403 

I 466_E7 

 W -97.7291 

80S1 

W -97.6613 

N 29.50495 N 29.6403 
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Table 2: GPS location and flower color for field populations 

  

  

  

Population 

Name 
Color GPS 

SPMW Dark-Red 

W- 97.3599 

N 30.0845 

80S1 Dark-Red 

W -97.6613 

N 29.6403 

poc2104 Dark-Red 

W -97.0871 

N 30.0813 

304S1 Dark-Red 

W -97.4176 

N 29.6866 

dog95 Light-Blue 

W -97.3423 

N 30.2926 

466_e7 Light-Blue 

W -97.7291 

N 29.5049 

mont1 Light-Blue 

W -97.6944 

N 30.2413 

696N1 Light-Blue 

W -97.2901 

N 30.3235 
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Table 3: Categorical flower color counts for F2 populations. Counts are not 

significantly different from a 9:3:3:1 ratio expected of two loci with complete 

dominance X2 (3, n=618)=0.92, p=0.8206 

Cross 

Parent 
Populations 

S2 Offspring Color Count 

Blue Red Dark-Blue Dark-Red Light-Blue Light-Red 

A Mont1 Smithv 42 17 12 3 

B Dog95 POC 174 60 55 23 

C-I 466_E7 80S1 125 41 48 18 

  Total  341 118 115 44 
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Table 4: Canonical discriminant analysis of transformed floral reflectance 

show significant clustering by color (Wilks’ Lambda (6,390) = .013963, P<0.0001).  

 Eigen Value Percent Cum Percent Canonical 

Correlation 

Canonical 1 2.37709 67.9615 67.9615 0.8389 

Canonical 2 1.120611 32.0385 100 0.726937 
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Table 5: Classification counts estimated by discriminant analysis show 84% 

accuracy in cluster. 

 Predicted Identity 

 
 
 
 

Actual 
Identity 

 DB DR LB LR 

DB 72 (81%) 5 7 4 

DR 0 32 (78%) 0 9 

LB 4 0 40 (88%) 1 

LR 0 2 0 24 (92%) 
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Table 6: Relative quantification of anthocyanidins for 12 individuals from F2 

cross A and 14 individuals from F2 cross B. 

Intensity Hue Cross 
Mean relative amount of 
anthocyanidin pigments 

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 0.151 

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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Table 7: MANOVA results showing significant differences in anthocyanidin 

production among flower colors. * P<0.05, ** P < 0.01, *** P<0.0001 

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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Table 8: Individual ANOVA results for each anothcyanidin pigment as 

quantified using HPLC analysis 

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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Table 9: Primers used to sequence and genotype ABP genes.  The prefix  P.d. 

indicate species specific primers for P. drummondii. 

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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Table 10: Genotype and association with flower color hue for F2 individuals at 

candidate gene markers.  Different F2 crosses are indicated.  A different SNP was 

used for some of the crosses.  Red parental genotype is shown on top for each gene in 

each cross. 

Gene Cross GENOTYPE RED BLUE x2 

f3'5'h 

A 
CC 11 0 

100** 

CT 0 8 

TT 0 6 

C 
TT 12 0 

TC 0 5 

CC 0 11 

D 
CC 3 0 

CT 0 7 

TT 0 5 

E 
TT 11 0 

TC 0 3 

CC 0 2 

F AA 5 0 

AT 0 7 

TT 0 4 

Dfr A 
GG 4 1 

5.13 
GA 5 3 

AA 0 3 

Ans A 
CC 2 1 

1.637 
CG 3 3 

GG 1 0 
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Table 11: Genotype and association with flower color intensity of F2 

individuals at candidate gene markers.  Different SNPs were used in different 

crosses. Light parental genotype is shown on top for each gene in each cross.  

Gene CROSS GENOTYPE DARK LIGHT x2 

CHS B 

AA 0 2 

5.545 AG 3 3 

GG 2 0 

CHI B 

AA 2 1 

0 AG 2 1 

GG 0 0 

DFR A 

AA 2 1 
3.383 

AG 5 0 

GG 3 3 

ANS A 

CC 3 1 
0.367 

CG 4 2 

GG 1 1 

R2R3-

MYB 

G 

CC 0 6 

100.0*** 

CA 7 0 

AA 7 0 

F 

AA 0 7 

AG 10 0 

GG 5 0 

E 

AA 0 9 

AG 10 0 

GG 2 0 

B 

AA 0 10 

AG 2 0 

GG 8 0 

H 

TT 0 3 

AT 2 0 

AA 3 0 

I 

CC 0 4 

CA 3 0 

AA 3 0 
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Table 12: Primer sequences and Universal ProbeLibrary probe number for 

genes in the ABP and control gene EF1A used for QPCR 

GENE 
UPL 

PROBE # PRIMER (5' to 3') 
      

F3'5'h 157 
ATTTACGGCCCGATCATGTA 

AGGGTTTTGAGGAAGGTTTT 

R2-R3-Myb 77 
CCAACAGTGGATAACATAACCTGCA 

GACTCCCGCTATGTTATTGTCGGCTGGTG 

CHS 9 
CCTTCAACTTGGTTTTATGCTCA 

GTATCGATCAGAGCACGTATGC 

CHI 133 
CAGTCACCCCTCGGATTAAC 

CTCCCTCCTCAGGTATGGAAC 

DFR 157 
GATTGATTTCATTAGCATCA 

GGAGTAATGAAAGGACCAACCA 

F3H 73 
TTGTGGTTAACTTCTACCCGAAA 

GGATCGGTATGTCGCTTGAG 

ANS 106 
TCCAAATGAAAATCAACTATTACCC 

GCTTCAACACCTAGGGCAAG 

EF1A 9 
GATAGAAAAGGAGCCCAAGTT 

GGCTTGGTCGGAACCATCTT 
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Table 13: ANOVA results for each gene in the ABP showing a significant 

effect of intensity on expression.  MANOVA results show a significant effect of 

intensity on expression (Wilks lambda = 0.299, F(5, n=36) = 11.24, p<.0001). *P<0.05, 

**P<0.01, ***P<0.0001 

Source 
Chs Chi F3h Dfr Ans 

df F df F df F df F df F 

Intensity 1 5.19 * 1 5.07* 1 15.81** 1 13.45** 1 36.7*** 

Pop 

(Intensity) 4 1.16 4 0.34 4 0.16 4 0.8 4 1.14 
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Chapter Two: Molecular signatures of selection on flower color 
variation across the range of P. 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 where their ranges 

do not overlap.  Two types of character displacement are recognized.  Character 

displacement driven by resource competition in sympatry is termed ecological character 

displacement (Brown and Wilson 1956; Losos 2000), whereas character displacement 

that reduces mating between species is termed reproductive character displacement 

(Grant 1972; Howard 1993; Pfennig and Pfennig 2009).  Reinforcement, the process by 

which natural selection favors increased prezygotic isolation between incipient species in 

sympatry, often results in the pattern of reproductive character displacement (Butlin 

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).  For 

example, it is now recognized that character displacement is an alternative to competitive 

exclusion when two ecologically similar species exist in the same area (Losos 2000; 

Dayan and Simberloff 2005).  And reproductive character displacement can be involved 

in either completing the process of speciation (reinforcement) or in adaptation that reduce 

gamete wastage after speciation has been completed (Butlin 1987; Liou and Price 1994; 

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 displacement 

arises primarily via natural selection (Howard 1993; Pfennig and Pfennig 2009).  

However, a pattern of character displacement can also arise through strictly neutral 

processes.  Numerous authors have described criteria to determine if a pattern of 

divergence represents RCD or ECD and all of these include a criteria stating divergence 

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 neutral forces, 

such as restricted gene flow and drift, can also cause patterns of divergence similar to 

character displacement.  When two species have different phenotypes in sympatry but the 

same phenotype in allopatry, the divergence within one species occurs along the same 

boundary that limits the range of a second species.  I argue that it is plausible that the 

environmental factor(s) limiting the range of the second species could also create a 

boundary that limits gene flow within the first species, allowing for differentiation within 

that species to occur through a combination of genetic drift and restricted gene flow.  

Rarely has this alternative hypothesis been explicitly addressed in studies of character 

displacement (Lehtonen et al. 2009).  
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The classic method for assessing whether selection is responsible for phenotypic 

divergence within a species is to quantify selection on the divergent trait(s) in different  

environments (Kawecki and Ebert 2004; Hoeksema and Forde 2008; Hereford 2009). 

However, because there may be substantial temporal and spatial variation in selective 

environments across a species’ range, it can be misleading to extrapolate results from 

short-term, spatially-restricted experiments to an understanding of the forces shaping 

species-wide patterns of variation.  Furthermore, for most systems in which character 

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 in artificial settings and 

the results only imply a cost to lifetime fitness (Noor 1995; Saetre et al. 1997; Pfennig 

2000; Cooley et al. 2001; Pfennig and Simovich 2002; Hobel and Gerhardt 2003). 

An alternative approach to indirectly testing for selection, which has recently 

become popular with the widespread availability genetic markers, is to compare the 

magnitude of trait divergence with that exhibited by neutral markers (McKay and Latta 

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 may conclude 

that processes other than drift and restricted gene flow, such as selection, contribute to 

phenotypic divergence (Gockel et al. 2001; Crispo et al. 2006; Keller et al. 2009; 

Antoniazza et al. 2010).  Additionally, if the genes responsible for phenotypic variation 

are known, analysis of patterns of genetic variation in these genes may reveal signatures 
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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 approach of directly 

measuring selection.  

Here I use this type of molecular approach to investigate the hypothesis that 

neutral genetic drift, coupled with restricted gene flow, has given rise to a pattern of 

reproductive character displacement in the native Texas wildflower Phlox drummondii.  

Throughout most of its range P. drummondii has the light-blue flower color typical of the 

Phlox clade; but on the eastern edge of the range, in a region that is sympatric with the 

closely related, light-blue flowered P. cuspidata, P. drummondii  has dark-red flowers 

(Levin 1985; Turner et al. 2003).  P. drummondii thus exhibits the classic pattern of 

character displacement in that the two species have the same flower color in allopatry but 

different flower colors in sympatry.  It has been suggested that this pattern is caused by 

reinforcement (Levin 1985).  Hybrids between the two species are largely, though not 

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-flowered P. drummondii experience less interspecific 

hybridization than light-blue-flowered individuals (Levin 1985).  However, there have 

been no prior attempts to determine whether this difference translates into selection 

favoring the red morph in sympatry.  Consequently, it remains to be determined whether 
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selection, as opposed to restricted gene flow and drift, are responsible for flower-color 

divergence in P. drummondii.  In this report, I attempted to distinguish between these 

hypotheses by comparing patterns of variation in multiple co-dominant microsatellite loci 

to the pattern of differentiation found in flower color between eastern (sympatric) and 

western (allopatric) populations of P. drummondii.  

In addition, because I have previously identified the genes involved in the flower-

color change in sympatric populations of P. drummondii (Hopkins and Rausher In press), 

I investigate if these genes demonstrate a signature of a selective sweep.  In particular, I 

asked whether these genes exhibited less variation in sympatric populations than in 

allopatric populations.  Because the sympatric flower color is derived—the dark-red color 

of sympatric populations is the only known occurrence of red in the genus Phlox—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. 2003; Nielsen 

2005).   

Finally, even if a signature of a selective sweep has decayed, it may be possible to 

detect continuing selection by assessing the degree of divergence in genes involved in 

flower-color change.  Both theory and empirical studies demonstrate that population 

subdivision and local selection is expected to result in the accumulation of neutral 

divergence near loci subject to divergent selection (Charlesworth et al. 1997; Storz and 

Kelly 2008).   While gene flow and recombination tend to inhibit the accumulation of 

divergence in most of the genome, differences may accumulate near the selected loci due 
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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 selected loci, but 

would not be expected between populations in which the same allele was favored.  I 

therefore attempted to determine whether in genomic regions surrounding the flower 

color loci there is greater divergence between dark-red and light-blue populations than 

between populations with the same flower color.  As with attempts to detect a selective 

sweep, absence of this type of divergence cannot be taken as evidence for absence of 

selection, since there may not have been sufficient time to accumulate the expected 

divergence. 

2.2 Methods 

Study Organism 

Phlox drummondii is an annual herb found throughout East and Central Texas.  It 

grows commonly along roadsides and in pastures and agricultural fields.  Germination 

occurs typically in November and plants overwinter as rosettes.  Flowering typically 

begins in March and continues until plants senesce in June or July.  Phlox cuspidata is 

also an annual herb found in the same types of habitat as P. drummondii, although it’s 

range is limited to, and is coincident with, eastern populations of P. drummondii (Levin 

1985; Turner et al. 2003).  This species produces light-blue flowers that are similar in 

appearance, though smaller, than those of P. drummondii.  The two species overlap 

substantially in flowering time, although P. cuspidata begins and ends flowering 

somewhat earlier than P. drummondii (Levin 1967, 1975).  Both species are pollinated by 
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the same species of butterflies (Levin 1985), predominantly pipevine swallowtail (Battus 

philenor) (personal observation).   

Flower-color divergence between allopatric and sympatric populations of P. 

drummondii is due to cis-regulatory changes in two genes of the anthocyanin biosynthetic 

pathway (Hopkins and Rausher In press).  One cis-regulatory change, which influences 

floral hue (red vs. blue) markedly reduces expression of the gene coding for the 

branching enzyme Flavanone-3’5’-hydroxylase (F3’5’h).  This down regulation prevents 

the production of blue pigments and results in the production of only red pigments.  The 

other change, which influences pigment intensity, increases the expression of an R2-R-3 

Myb transcription factor, which increases production of anthocyanin structural genes and 

thereby causes an increase in pigment production, leading to darker flowers.  Although I 

have cloned and identified the coding sequences of both of these genes, I have not yet 

identified the cis-regulatory changes that are responsible for the expression changes.  

Consequently, my analysis of possible selective sweeps is restricted to examining 

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 I was able to find.  Five 
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populations were called “mixed” because they contained at least 35% of both alleles at 

the flower color loci.  I chose sites that were at least 5 kilometers apart from each other 

(with the exception of population 1 and 2)  and attempted to represent as much of the 

documented range of P. drummondii  as possible, with concentrated sampling in the 

center of the range on either side of the flower-color divergence boundary.  For each 

population I surveyed flower color proportions, collected leaf tissue for DNA extraction, 

and recorded GPS location.   

Flower color surveys were performed by tallying flower color counts along 3-5 

transects through the length of each population.  Every individual that fell on a line 

transect was phenotyped for color.  Within each population I counted 100-400 individuals 

depending on the size of the population.  For populations surveyed in 2007 I recorded 

both floral hue (red versus blue) and intensity (light versus dark) phenotypes.  I assumed 

genotypes were in Hardy-Weinberg equilibrium and estimated the recessive allele 

frequency, q, as the square root of the frequency of the corresponding phenotypic 

frequency and then estimated p, the frequency of the dominant allele, as 1 - q (Table 14).   

After evaluating the counts and discovering that the light allele and the blue allele 

frequencies are almost perfectly correlated (r(n=14)
 =0.98, p<0.0001), I restricted my 

phenotyping in subsequent years to just recording flower hue (red verses blue) and 

estimating allele frequency at the hue locus.  

I collected leaf tissue for genotyping from 15-16 individuals haphazardly chosen 

from each of the 39 locations, which yielded a total of 605 samples from throughout the 
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range of P. drummondii.  Effort was made to distribute the sampling throughout the 

population and no neighboring plants were collected.  From mixed populations, half the 

individuals I 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 within P. drummondii in order to determine if neutral genetic differentiation 

corresponded to patterns of flower color differentiation.  I extracted DNA from leaf tissue 

using a modified Cetyltrimethyl Ammonium Bromide (CTAB) extraction (Hopkins and 

Rausher In press).  Each individual was genotyped at 9 microsatellite loci (Table 15).  All 

loci were developed using primers from Fehlberg et al. (2007) and Wu (2006).  

Microsatellites were amplified using the Qiagen multiplex kit (Qiagen Inc., Valencia, 

CA), analyzed using capillary electrophoresis and fragment analysis on an ABI 3730x1 

DNA Analyzer, and were scored by eye using the program GENEMARKER 

(SoftGenetics, 2005, State College, PA).  I determined whether the loci were in Hardy-

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 (Excoffier et al. 

2005).  

Genetic variation in these presumably neutral makers was analyzed in a number 

of ways.  First, I used a hierarchical model, Analysis of Molecular Variance (AMOVA), 

to explicitly test if there was significant genetic variation differentiating populations 
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according to flower color.  I partitioned the total variation into three components: (1) 

between color; (2) among populations within color; and (3) within population (Arlequin 

v3.1).  For this analysis I excluded the five mixed populations and only used populations 

that were predominantly light-blue or dark-red.  Including the mixed populations as a 

third color category or as part of either of the fixed color categories produced similar 

results. 

In many systems with large ranges and potentially restricted gene flow or short 

migration distances, there is a pattern of isolation by distance.  If this pattern exists in P. 

drummondii it may distort an additional pattern of differentiation of flower color.  

Furthermore, lack of isolation by distance would indicate there is extensive gene flow 

across the range of the species.  I tested for isolation by distance using a Mantel test with 

9,999 permutations in GenAlEx (Peakall and Smouse 2006).  I used a pair-wise 

geographic distance matrix created from the GPS coordinates using the web program 

Geographic Distance Matrix Generator  (Ersts 2010) and a pair-wise FST genetic distance 

matrix created by Arlequin v. 3.1.  

Finally, I used the Bayesian clustering program STRUCTURE (Pritchard et al. 

2000) to probabilistically assign all 605 individuals to a varying number of clusters (k).   

This model creates the most likely clustering pattern, without a priori divisions according 

to sampling location or flower color, based on establishing Hardy-Weinberg equilibrium 

within clusters.   I used an admixture model with independent allele frequencies and no 

population identity prior.  I ran 10 replicates for each of k=1-16 with a burn-in of 10,000 
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Morkov Chain Monte Carlo (MCMC) steps followed by 50,000 iterations.  I used 

Structure Harvester v0.56.4 (Evanno et al. 2005) to determine which k best fit the data by 

calculating ∆k based on L(k).  There was no clear optimal k, although ∆k peaked slightly 

at k= 6 clusters.  Based on my a priori hypothesis of population subdivision according to 

flower colors I further analyzed the data for  k=2 as well as k=6. The replicates of k=2 

and k=6 were consolidated for graphical representation using CLUMP (Jakobsson and 

Rosenberg 2007) and DISTRUCT (Rosenberg 2004).  I examined the cluster assignments 

for a pattern indicating grouping by flower color.  For k=2 I performed a mixed-model 

analysis of variance (ANOVA) to determine if the likelihood of being in cluster 1 

differed between the two flower colors.  I excluded the mixed populations from this 

analysis and included population nested in flower color class as a random effect.  The 

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, NC). 

 

Genetic variation at flower-color loci 

In examining genetic variation at the flower-color loci I focused on 5 populations 

along a 38km transect spanning the flower color transition (Figure 6, insert).  Along this 

transect I sampled two populations with light-blue flower color, one mixed population, 

and two populations with dark-red flower color.  I extracted DNA from leaf tissue of 10 

individuals from each population using the CTAB procedure described above.  For each 
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individual I amplified 532 base pairs of the third exon in the R2-R3 Myb transcription 

factor (intensity locus) , and 666 base pairs of the first exon of F3’5’h (hue locus).  For 

each individual I amplified each gene fragment, direct sequenced both fragments in both 

directions, cloned each fragment, and sequenced 4 colonies.  I amplified the products 

using Qiagen Taq DNA Polymerase (Qiagen Inc., Valencia, CA) as per manufacture 

instructions.  I ligated PCR products into pGEM® -T Easy Vector (Promega Co, 

Madison, WI) and transformed into chemically competent cells . Chromatograms from 

each individual were visually validated and then manually assembled into multiple 

sequence alignments.  Heterozygous sites were confirmed by a double peak in the direct 

sequence chromatograms and both alleles appearing in sequences derived from direct 

picks of individual clones.  Additional clones were sequenced if there were missing 

alleles as indicated by double peaks in the direct sequences.  Haplotypes were determined 

based on cloned sequences.  Additional clones were picked and sequenced to clarify 

questionable base calls.  For each gene, both alleles from every individual were aligned 

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 selective sweep, I 

used a variety of diversity statistics to evaluate genetic diversity at both loci within each 

population.  All statistics were performed in DnaSP (Librado and Rozas 2009).  For each 
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of the 5 populations I calculated the number of segregating sites (S), the number of 

haplotypes (h), and the average pair-wise difference between sequences (K).  I also 

evaluated the average total nucleotide diversity (π) with a Jukes Cantor correction (Jukes 

and Cantor 1969) and the nucleotide diversity for synonomous (πS) and nonsynonomous 

sites (πA).   Finally, I calculated Tajima’s D and Fu and Li’s F* statistic to evaluate if the 

sequence evolution was significantly different from the expectation under neutral 

processes.  Tajima’s D can detect positive selection through deviations in the estimates of 

θ by the number of segregating sites and average number of nucleotide differences 

(Tajima 1989).  Confidence limits were calculated assuming the statistic follows a beta 

distribution (Tajima 1989).  The F* test detects positive selection through examining 

variation in number of external-branch verses and internal-branch mutations (Fu and Li 

1993).  In addition to calculating each of these summary statistics within each of the 

populations, I 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.   

I 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 dark-red 

populations.  I used a permutation test to evaluate if these estimates of diversity were 

different from expected by sampling 20 sequences randomly from a single panmictic 

population including all 5 sampling locations.  Specifically, I randomly chose 20 

sequences from the pool of all 100 possible sequences (ignoring sampling location 
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identity), and calculated both π with a Jukes Cantor correction and number of unique 

haplotypes.  I performed this random sampling 10,000 times and created a distribution of 

diversity values expected if my sequence sampling was taken from one panmictic 

population including all 100 sequenced alleles.  I calculated two-tailed 95% confidence 

intervals to determine significant deviations from random and plotted the five population 

estimates of diversity on the distribution of diversity estimates.  The within-population 

estimates that fell outside the range of the 95% confidence interval were considered 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, I first calculated two statistics that 

estimate divergence between two populations: Dxy and Da.  The first of these is the 

average pairwise number of nucleotide differences per site between populations, while 

the latter corrects the former by subtracting the average genetic diversity within 

populations, i.e. Da = Dxy ─ π .  I also calculated summary statistics that evaluate the 

amount of genetic variation between populations relative to the amount within 

populations.  Specifically, I calculated FST based on average sequence diversity and GST 

based on average haplotype diversity.  Higher FST  and GST  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 colors are more 

geographically distant from each other than populations with the same flower color. To 

determine whether this difference confounds my results, I tested for a relationship 

between genetic differentiation (as measured by FST and GST) and geographic distance (in 

kilometers) using a Mantel test. FST and GST were calculated in DnaSP and the Mantel 

test was performed in GenAlEx.   

2.3 Results 

Neutral genetic variation 

Neutral genetic variation in P. drummondii, as estimated from 605 individuals 

across 39 sampling locations, shows high levels of admixture among populations and 

little differentiation corresponding to flower-color variation.  Because eight of the 9 

microsatellite loci were in Hardy-Weinberg equilibrium in most locations, I assumed low 

levels of allelic drop-out (Phl68 was the outlier; see Table 15 for loci details).  I excluded 

locus Phl68 from subsequent analyses.  I found moderate to low levels of FST between 

populations with average FST =0.1.   Explicitly testing for differentiation based on flower 

color using an Analysis of Molecular Variation (AMOVA) reveals no variation explained 

by flower-color group.  Only 10% of the genetic variation is explained by among-

population within-color group differences, and the remaining variation (90%) is 

explained by within-population variation (Table16).   

Isolation by distance in P. drummondii is weak.  Although a MANTEL test 

indicates a significant correlation between genetic distance and geographic distance, this 



 

 62

correlation is very weak (Rxy=0.2, P=0.019), which further indicates high rates of gene 

flow across the range of this species (Figure 7).  

The Bayesian analysis performed in STRUCTURE, which groups individuals into 

clusters without a priori population or color categorization, also shows low levels of 

population differentiation and no differentiation between flower colors (Figure 8).  I first 

optimized the number of clusters (k) by using Evano’s (2005) method of calculating ∆k.  I 

found a slight peak in ∆k at k=6 and so evaluated both k=6 and k=2.  The STRUCTURE 

results of k=2 show that most individuals from most locations are not assigned to a single 

cluster, although there are a few exceptions.  One cluster includes three northern light-

blue locations (77N1, 36N1, 21W1), and one southern dark-red location (71FS1).   The 

other cluster includes individuals from two northern light-blue locations (696N1, 969e1), 

and a dark-red location (713E1).  The remaining 25 locations contained individuals 

assigned to both of the clusters.  Visually evaluating the graphical output, it appears that 

the clustering results do not group individuals based on flower-color or geographic 

location (Figure 8).   

I formally tested for genetic similarity by flower color using a mixed-model 

ANOVA with probability of being in cluster 1 as the dependent variable and flower color 

as the independent variable.  This analysis showed a significant difference between 

flower colors in the likelihood of an individual’s assignment to cluster 1 (F(1,32)=6.71, 

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 .  



 

 63

Although these two probabilities are significantly different from each other, their 

proximity to 0.5 indicates substantial uncertainty in being able to assign an individual or 

sampling location to a particular cluster.  Only half of the individuals from both light-

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 from k=6 show very little pattern of clustering by individual, flower-

color, or geographic location.  I 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 

I 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 smallest insert).  

Genetic diversity at both flower-color loci within all five populations along the transect is 

moderately high (Table 17).  In the first exon of the hue locus, F3’5’h, each population 

contains 24-31 segregating sites and have nucleotide diversity (π) values 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 ancestral blue allele.  The two 

dark-red populations do have less genetic diversity than the two light-blue populations.  

The pattern is exhibited by all measures of diversity including number of segregating 

sites, number of haplotypes, and π.  I used a permutation test to determine if estimates of 
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π and number of haplotypes in the red populations were significantly lower than would 

be expected by chance from sampling across all populations.  The test indicated that for 

both measures of diversity, dark-red populations had significantly lower diversity than 

expected by chance (Figure 9a & 10a).  This pattern of lowered diversity is consistent 

with the signature expected from a past selective sweep at this locus.   

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

or founder effect.  If these two red populations were recently colonized I would expect 

genetic diversity at all loci to be lower, similar to that found at F3’5’h.  In order to 

evaluate this possibility, I investigated the levels of within-population genetic diversity at 

the 8 microsatellite loci described above.  I calculated the Shannon’s Information Index 

(I) (Figure 11b) and the Fixation index (FIS) (Figure 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 diversity at the 

microsatellite loci than the other populations.  I found all five focal populations fell 

within one standard deviation of the mean for both I (M= 1.17, SD= 0.13) and FIS 

(M=0.12, SD=0.10).  Furthermore, I found no evidence of reduced diversity in the two 

dark-red populations (MI=1.23, SDI=0.10, MFIS=0.15, SDFIS=0.003), compared to the 

light-blue populations (MI=1.20, SDI=0.12, MFIS=0.11, SDFIS=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 (F3’5’h) undergoing a selective sweep.  
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Despite the lower overall genetic diversity at F3’5’h in red populations, tests of 

neutrality do not show significant signatures of positive selection in these populations.  

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 locus, the R2-R3 Myb 

transcription factor, shows no signature of a selective sweep (Table 17, Figure 9b, 10b).  

This region contains 10-19 segregating sites per population with average nucleotide 

diversity within population (π) ranging from 0.00502-0.01127.  Although there is 

variation among populations in the amount of diversity at the Myb locus, I do not find 

that the dark-red populations are less diverse then the light-blue populations.  In fact, one 

dark-red population (2571E1) is the most diverse and the other is the least diverse 

(535W1).  The permutation test for values of π 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 with F3’5’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 two flower-

color loci do not indicate greater differentiation between populations with different color 

alleles (Table 18).   For F3’5’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, neither FST nor GST were significantly higher for 

comparisons between populations with different flower colors then for between 

populations like flower colors, (FST: 0.189 (S.D.=0.092) and 0.18300 (S.D.=0.023); GST:  

0.033 (S.D.=0.014) and 0.025 (S.D.=0.014) respectively).  There was no significant 

relationship between either FST or GST and geographic distance (Mantel test: Rxy=0.218, 

p=0.265, and Rxy=0.466, p=0.072, respectively) 

The Myb 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 (0.002) vs. 0.009 

(0.0001; Da: 0.0017 (0.0001) vs.0.0015 (0.0002) for populations with different vs. similar 

flower colors, respectively).   Furthermore FST and GST exhibit lower divergence for 

populations with different flower colors vs. similar flower colors (FST: 0.176 (0.05) vs. 

0.189 (0.013) and GST 0.069 (0.057) vs. 0.085 (0.061)) although not significantly so.  

Again, there was no significant relationship between geographic distance and FST or GST 

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

2.4 Discussion 

From west to east, P. drummondii populations 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 typically separated 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 congener P. cuspidata (Levin 

1985; Turner et al. 2003).   This pattern of phenotypic differentiation in P. drummondii 

appears to reflect character displacement: sympatric populations of P. drummondii differ 

in flower color from P. cuspidata whereas allopatric populations do not.  As with most 

patterns of character displacement, divergence between sympatric and allopatric 

populations has been interpreted as being caused by selection. Specifically, it has been 

argued that this divergence is caused by reinforcing selection in order to reduced 

maladaptive hybridization between the two species (Levin 1985).  However, direct 

evidence of selection in causing the divergence is lacking. 

Here I tested the alternative hypothesis that restricted gene flow and genetic drift 

caused this pattern of flower color divergence.  I find that neutral genetic variation shows 

no pattern of differentiation corresponding to flower color divergence.  Instead, my data 

show a pattern consistent with selection maintaining locally adapted phenotypes in the 

face of gene flow between populations.  Also consistent with this interpretation is the 

finding that one of the loci contributing to the evolution of dark-red flowers in sympatry 

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 range of P. drummondii occurs over a very 

small geographic scale with populations fixed for different colors growing as close as 

8km apart.  Analyses of variation at presumed neutral genetic markers within P. 

drummondii show low levels of differentiation between populations and no pattern of 

genetic differentiation between regions with different flower-colors.  Furthermore, across 

the 300km north-south span of my sampling I see a marginally significant, but very low 

correlation between genetic distance and geographic distance.  This result indicates low 

isolation by distance and implies moderate gene flow between even geographically 

distant populations.  These patterns lead us to conclude that the pattern of neutral genetic 

differentiation is markedly different from the pattern of flower-color variation and thus 

support the hypothesis that selection was responsible for the transition to dark-red flowers 

in eastern populations of P. drummondii.   

 The steepness of the flower color transition in P. drummondii is 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; Storz and 

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 or predator 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 being maintained in the 

face of gene flow between allopatric and sympatric populations.  

  

Implications for reinforcement and speciation 

Although the agents causing divergent selection on flower color in P. drummondii  

have yet to be definitively explicated, some experimental evidence suggests that selection 

favoring dark-red flowers in eastern populations reflects reinforcement to reduce 

interspecific hybridization with P. cuspidata (see 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 divergent selection 

within a species for different mating signals or preferences in different parts of the range 

(i.e. allopatry verses sympatry).  This divergence in mating traits can result in further 

isolation with sympatric heterospecifics, but also decreased gene flow between the 

sympatric and allopatric populations of conspecifics (Ortiz-Barrientos et al. 2009; 

Pfennig and Pfennig 2009).  As has been documented in a number of systems, diverged 

mating traits can cause prezygotic reproductive isolation directly (through mate choice 
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and assortative mating) and potentially postzygotic isolation (though hybrid disadvantage 

in mate or resource acquisition) between populations of the same species (Hoskin et al. 

2005; Svensson et al. 2006; Higgie and Blows 2007; Pfennig and Ryan 2007; Lemmon 

2009).  

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  between P. drummondii populations with different flower 

colors.  I thus find no evidence that reinforcement of isolation between P. drummondii 

and P. cuspidata has contributed to the development of isolation between eastern and 

western populations of P. drummondii.   

  

Selective sweeps 

Selective sweeps generate a pattern of reduced variability at sites closely 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 and restore 

variability to pre-sweep levels (Przeworski 2002).   Nevertheless, I detected a signature 

of a selective sweep at one of the two loci I examined.  Specifically, at hue locus, the 

derived “red” allele of F3’5’h from eastern populations shows significantly less diversity 

than the ancestral blue allele from western populations.  One alternative explanation for 

this pattern is that the eastern populations went through a recent bottleneck.  If this 
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explanation were true, I would expect other loci to exhibit a similar reduction in 

variability.  Since I detected no evidence for lower diversity at other loci 

(microsatellites), I can rule out this alternative explanation.  

By contrast, I found no evidence of decreased variation in the derived allele at the 

intensity locus (R2-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 the genetic 

distance between the functional changes and the coding region is similar for the two 

genes, or smaller in Myb, then the absence of a signature of a sweep in the Myb gene 

would suggest that its sweep occurred before that of F3’5’h.  Alternatively, if this 

distance is greater in the Myb 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 and 

Pennings 2005; Pritchard et al. 2010).  In this scenario, the causal mutation(s) existed in 

P. drummondii prior to the two species coming into secondary contact but was 

maintained at low frequencies due to slightly deleterious fitness consequences.  By the 

time the ranges of the two Phlox ranges became sympatric -- causing dark-red flower 

color to be advantageous -- the adaptive mutation may have recombined onto many 

different genetic backgrounds thereby forming multiple haplotypes associated with the 
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causal adaptive mutations.  Fixation would then drag with it most of the variation around 

initially present around Myb, resulting in little reduction of variation.  

 

Lack of divergence at causal loci 

Spatially varying selection can produce a peak of nucleotide diversity at a selected 

locus due to high linkage disequilibrium among neutral polymorphisms accumulated near 

selected mutations (Charlesworth et al. 1997; Nielsen 2005; Storz and Kelly 2008).  The 

magnitude of this effect will be proportional to how long divergent selection has operated 

and to how strong selection is, but inversely proportional to the rate of recombination 

between the selected site and the scored sites.  An expected signature of this effect is 

greater divergence between alleles than between copies of the same allele from different 

populations.  I found no evidence for this effect at either F3’5’h or Myb.  At this point I 

have no evidence indicating if this is due to insufficient polymorphisms, or substantial 

recombination at both loci.   
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Figure 6: Map of Texas showing locations of 39 sampled populations.  Blue squares 
indicated populations with light-blue flower color, red squares indicated populations with 
dark-red flower color, and purple squares indicate mix flower-color populations.  The first 
insert shows all populations numbered as indicated in Table 14. The second insert shows the 
5 populations (in circles) used to assess variation at the flower color loci and the distance 
between neighboring populations in kilometers. 
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Figure 7: Population genetic differentiations shows weak isolation by distance 
(Rxy=0.2, P=0.019).  Pairwise genetic distance (as measured by FST) is regressed onto 
pairwise geographic distance.
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Figure 8: Structure results for k=2 and k=6 show no pattern of differentiation by flower color or by north-south geographic 
location.  The small black lines separate populations, as named at the bottom 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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Figure 9: Permutation test for average nucleotide diversity (ππππ) within each 
population for F3’5’h (a) and R2-R3 Myb (b).  In green is the distribution of ππππ values for 
twenty alleles randomly chosen from the all 100 sequenced alleles.  The colored arrows 
indicate the actual ππππ values for each of the sampled populations.  Red arrows indicate the 
populations with dark-red flowers, blue arrows indicate the populations with light-blue 
flowers and the purple arrow indicates the population with mixed flower color.  The area 
within the black bars represents 95% of the permuted values. 
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Figure 10: Permutation test for haplotype diversity (h) within each population for 
F3’5’h (a) and R2-R3 Myb (b).  In green is the distribution of h values for twenty alleles 
randomly chosen from the all 100 sequenced alleles.  The colored arrows indicate the actual 
h values for each of the sampled populations.  Red arrows indicate the populations with 
dark-red flowers, blue arrows indicate the populations with light-blue flowers and the 
purple arrow indicates the population with mixed flower color.  The area to the right of 
black bar represents 95% of the permuted values. 
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Figure 11: Estimates of within population genetic diversity based on microsatellite 
genotypes for each of the 39 populations, FIS (a) and Shannon’s Information index (b).  
Black line indicates mean across all populations and gray band indicates area within one 
standard deviation of  the mean.  All focal populations (shown in colored squares) are 
within one standard deviation of the mean. 
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Table 14: List of 39 populations sampled with the year and the GPS coordinates indicated.  The categorical flower color is 

indicated with the following abbreviations: light-blue (LB), all alleles present (MIX), dark-red (DR). The counts for the two hue 

colors and the two intensity colors are indicated as well as the estimated allele frequencies.   

 

 

 

 

 

 

 

 

 

 

Pop  Name Year GPS Color Color Counts q(red) p(blue) q(light) p(dark) 
North West Blue Red Light Dark 

1 77N1 2010 30.55 -97.00 LB 100 0   0 1   

2 36N1 2007 30.41 -96.60 LB 219 6 217 8 0.16 0.84 0.98 0.02 

3 Rranch 2010 30.36 -98.12 LB 100 0   0 1   

4 21W1 2010 30.34 -96.90 LB 100 0     0 1     

5 696N1 2007 30.32 -97.29 LB 200 0 200 0 0 1 1 0 

6 DOG95 2007 30.29 -97.34 LB 150 0 142 8 0 1 0.97 0.03 

7 969E1 2009 30.17 -97.41 LB 385 10   0.16 0.84   

8 80N3 2009 29.76 -97.76 LB 100 0     0 1     

9 466E7 2007 29.50 -97.72 LB 192 8 167 33 0.20 0.80 0.91 0.09 

10 181E1 2010 29.26 -98.31 LB 100 0     0 1     

11 108S3 2007 29.26 -97.63 LB 188 0 166 12 0 1 0.97 0.03 

12 119S1 2007 29.01 -97.53 LB 200 0 200 0 0 1 1 0 

13 181E2 2010 29.01 -98.04 LB 100 0   0 1   

14 72W2 2007 28.90 -97.68 LB 247 17 187 13 0.25 0.75 0.97 0.03 

15 792N1 2007 28.84 -97.84 LB 99 0 92 7 0 1 0.96 0.04 

16 239E1 2010 28.73 -97.63 LB 100 0     0 1     

17 239E2 2010 28.61 -97.32 LB 100 0   0 1   

18 239E3 2010 28.51 -97.11 LB 100 0     0 1     

19 202W1 2010 28.35 -97.34 LB 100 0   0 1   

20 281N1 2010 28.28 -98.11 LB 100 0     0 1     

21 969E2 2009 30.13 -97.37 MIX 428 95   0.43 0.57   

22 535W2 2009 29.92 -97.29 MIX 357 100     0.47 0.53     

23 466E11 2009 29.48 -97.67 MIX 162 41   0.45 0.55   

24 108S5 2009 29.14 -97.60 MIX 384 64     0.38 0.62     
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Continued from previous page.   

25 80N1 2007 29.01 -97.81 Mix 140 37 104 61 0.46 0.54 0.79 0.21 

26 Poc2104 2007 30.08 -97.08 DR 0 200 0 200 1 0 0 1 

27 2571E1 2007 30.02 -97.29 DR 18 182 0 200 0.95 0.05 0 1 

28 153E1 2007 30.00 -96.98 DR 0 200 0 200 1 0 0 1 

29 535W1 2009 29.97 -97.19 DR 5 384   0.99 0.01   

30 20S1 2009 29.90 -97.56 DR 0 100     1 0     

31 713E1 2009 29.83 -97.41 DR 0 100   1 0   

32 442W1 2009 29.77 -97.42 DR 0 100     1 0     

33 304S1 2009 29.68 -97.41 DR 0 100   1 0   

34 80S1 2007 29.64 -97.66 DR 0 200 0 200 1 0 0 1 

35 71FS2 2010 29.52 -96.44 DR 0 100   1 0   

36 466E12 2007 29.48 -97.65 DR 0 200 0 200 1 0 0 1 

37 466E10 2009 29.46 -97.60 DR 0 100   1 0   

38 90AFS1 2010 29.45 -96.87 DR 0 100     1 0     

39 71FS1 2010 29.36 -96.37 DR 0 100   1 0   
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Table 15: Microsatellite loci information.  Shown are the average number of alleles (Na), the observed heterozygosity (Ho), and 
the expected heterozygosity (He) at each locus across all 39 populations.  (++++) Loci discovered by amplifying, cloning and sequencing 
marker Ipo121 (Wu 2006).  (#) Loci discovered by amplifying, cloning and sequencing marker Phl33 (Fehlberg et al. 2007).  (*) Loci 
discovered by Fehlberg et. al. (2007). 

 
Name Primers (5' to 3') Size (bp) 

Na  

(sd) 

Ho  

(SD) 

He  

(SD) 

RH_PD2+ 
CTACTGTAAGAGATGTGGCAACAACC 

237-241 
3.5 

(0.127) 

0.518 

(0.03) 

0.462 

(0.02) GTTGAAAAATCCTCCCCCATTGTGG 

RH_PD3+ 
CTACTGTAAGAGATGTGGCAACAACC 

269-281 
4.0 

(0.132) 

0.615 

(0.03) 

0.49 

(0.02) GTTGAAAAATCCTCCCCCATTGTGG 

RH_PD4+ 
CTACTGTAAGAGATGTGGCAACAACC 

171-183 
5.5 

(0.194) 

0.471 

(0.03) 

0.719 

(0.01) GTTGAAAAATCCTCCCCCATTGTGG 

RH_PD7# 
GTTCAGCCGGGAAGGGAATATAGCG 

107-117 
4.0 

(0.203) 

0.472 

(0.03) 

0.579 

(0.02) CCCTTCACTCTTAACCCGATCCG 

RH_PD8# GTTCAGCCGGGAAGGGAATATAGCG 
118-136 

4.5 

(0.127) 

0.402 

(0.03) 

0.562 

(0.03)  CCCTTCACTCTTAACCCGATCCG 

Phl68* ACGCAACAACCAAACTCCAT 
241-259 

8.6 

(0.319) 
1 (0.0) 

0.805 

(0.01)   GATGCAGCCACACGAGTTTA 

Phl84* 
TCAGACTAGGGGAGGCAGTG 

171-201 
7.5 

(0.243) 

0.73 

(0.02) 

0.781 

(0.01) TTCTTTACCGCTGGCTGAAT 

Phl113* 
TGTCCACATGGGCTTGACTA 

472-500 
5.6 

(0.286) 

0.614 

(0.03) 

0.653 

(0.02) ACGTACACGCCCAACTAAGG 

Phl137* 
TCGGGCACCAGATTTTATTC 

204-220 
3.8 

(0.142) 

0.325 

(0.03) 

0.545 

(0.02) TTCGACCCCCAGATAGTCAG 
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Table 16: Analysis of Molecular Variation (AMOVA) results indicate no 

variation explained by between color differences. 

Source DF Sum of 
Squares 

Variance 
component 

% Variation  

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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Table 17: Genetic diversity at flower color loci a) F3’5’h  and b) R2-R3 Myb, for each of the 5 populations in the transect.   No 
value of Tajima’s D was significantly different from neutral as predicted 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=number of haplotypes, K=average number of haplotypes, ππππ=average 
nucleotide diversity, ππππ(S) =average nucleotide diversity for synonymous sites, ππππ(A)=average nucleotide diversity for non-synonymous 
sites). 

a.  

 

 

 

 

 

 

 

 

 

 

Population n S h K Π(sd) Π (S) Π (A) Tajima's D Fu & Li F* 

Red(29) 20 24 11 7.426 
0.01126 

(0.001126) 
0.03254 0.00466 0.37725 0.5246 

Red(27) 20 26 13 5.05 
0.00764 

(0.00141) 
0.01973 0.00386 -1.40391 -1.5693 

Mix (21) 20 35 13 10.437 
0.0158 

(0.00141) 
0.04453 0.00703 -0.10173 -0.36923 

Blue(7) 20 31 19 9.073 
0.01376 

(0.00111) 
0.04039 0.00554 -0.08729 0.21646 

Blue(6) 20 31 16 9.989 
0.01519 

(0.00149) 
0.03713 0.00835 0.42307 0.36103 

All Red 40 37 23 7.038 
0.01057 

(0.00092) 
0.03068 0.00445 -0.8843 -0.71622 

All Blue 40 42 35 10.513 
0.01598 

(0.00069) 
0.04221 0.00788 -0.2218 -0.1642 

Total 
10

0 
59 71 10.091 

0.01515 

(0.00056) 
0.04139 0.00726 -0.53504 -0.66359 



 

 

84 

b. 

 

 

 

 

 

 

 

 

 

 

 

 

Population n S h K Π (sd) Π(S) Π(A) Tajima's D Fu & Li F* 

Red(29) 20 10 5 
2.7578

9 

0.00525 

(0.00117) 
0.01576 0.0025 -0.07543 -0.43038 

Red(27) 20 19 17 
5.9105

3 

0.01127 

(0.00089) 
0.02433 0.00785 0.30192 0.73747 

Mix (21) 20 20 13 4.895 
0.00933 

(0.00131) 
0.01933 0.00672 -0.50057 -0.62325 

Blue(7) 20 18 14 
4.5368

4 

0.00864 

(0.00097) 
0.01961 0.00575 -0.39805 0.1861 

Blue(6) 20 10 8 
2.6421

1 

0.00502 

(0.00069) 
0.01332 0.00281 -0.21908 -0.87054 

Both Red 40 22 22 4.822 
0.00919 

(0.00086) 
0.02304 0.00555 -0.22642 0.23702 

Both Blue 40 20 22 4.062 
0.00773 

(0.00062) 
0.01687 0.00531 -0.045048 0.04493 

Total 
10

0 
33 52 4.7016 

0.00889 

(0.00051) 
0.02067 0.00587 -0.80584 -0.9553 
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Table 18: Pair-wise genetic distance between each population in the transect at 
F3’5’h  (a.) and R2-R3 Myb (b).  Above the diagonal are the average pair-wise nucleotide 
differences between populations (Dxy) and below the diagonal are the net pair-wise 
nucleotide differences between populations (Da).  Bold accents distances between dark-red 
flowered and light-blue flowered populations. 

a.  

  Red(29) Red (27) mix (21) Blue (7) Blue (6) 

Red(29)   0.01182 0.01802 0.0138 0.01768 

Red (27) 0.00234   0.01652 0.01206 0.01655 

mix (21) 0.00438 0.0047   0.01718 0.01924 

Blue (7) 0.00141 0.00145 0.00126   0.01171 

Blue (6) 0.00428 0.00507 0.00364 0.00287   

 

b. 

  Red(29) Red (27) mix (21) Blue (7) Blue (6) 

Red(29)   0.00999 0.00797 0.00854 0.00662 

Red (27) 0.0018   0.01078 0.01102 0.00985 

mix (21) 0.00073 0.00056   0.00906 0.00901 

Blue (7) 0.00165 0.00115 0.00015   0.00853 

Blue (6) 0.00151 0.00176 0.00188 0.00174   
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Table 19: Pairwise genetic divergence between populations in the transects at 
F3’5’h  (a.) and R2-R3 Myb (b).  Above the diagonal are GST estimates calculated from 
haplotype diversity and below the diagonal are FST estimates calculated from nucleotide 
diversity. Bold accents divergence between dark-red flowered and light-blue flowered 
populations 

a. 

  Red(29) Red (27) mix (21) Blue (7) Blue (6) 

Red(29)   0.03465 0.03542 0.02288 0.04683 

Red (27) 0.19981   0.03121 0.01877 0.04252 

mix (21) 0.25093 0.30968   0.02564 0.03825 

Blue (7) 0.10204 0.1206 0.07926   0.01469 

Blue (6) 0.24628 0.28784 0.19184 0.16718   

 

b. 

  Red(29) Red (27) mix (21) Blue (7) Blue (6) 

Red(29)   0.12927 0.14114 0.13433 0.09907 

Red (27) 0.1799   0.0149 0.01198 0.03197 

mix (21) 0.09221 0.05217   0.019 0.048 

Blue (7) 0.18894 0.10903 0.03224   0.04252 

Blue (6) 0.22857 0.17921 0.20915 0.19868   
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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 selection to 

decrease maladaptive hybridization between diverging taxa, has been hypothesized to be 

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 (sympatry) than in an area 

of geographic isolation (allopatry) (Brown and Wilson 1956; Pfennig and Pfennig 2009).  

As with all instances of character displacement, RCD involves taxa having similar 

phenotypes in allopatry but different phenotypes in sympatry, but for RCD the diverged 

trait increases reproductive isolation (RI) (usually through mate choice or assortative 

mating) in the area of sympatry.   In order to prove trait divergence that resembles RCD 

is actually caused by reinforcement, one must rule out the alternative hypothesis that 

other ecological factors, unrelated to maladaptive hybridization, contribute to selection 

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 reinforcement.  First, 
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trait divergence may simply reflect local adaptation, with incidental effects on 

reproductive isolation with sympatric species.  Under this explanation, allopatric 

populations of one species experience one type of environment, while populations of the 

same species that are sympatric with a second species experience a different 

environment.  For example, the same environmental factor that limits the range of the 

second species, could also selected for local adaptation in sympatric populations of the 

first species.  Local adaptation that incidentally cause RI with a sympatric taxa would 

thus resemble RCD even though selection is not a result of maladaptive hybridization 

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 resource competition 

between taxa, termed ecological character displacement (ECD) (Brown and Wilson 1956; 

Dayan and Simberloff 2005; Pfennig and Pfennig 2009).  In some cases divergence 

resulting from ECD can also cause increased reproductive isolation between sympatric 

species and resemble RCD (Schluter and McPhail 1992; de Leon et al. 2010).  Simply 

demonstrating a trait decreases maladaptive hybridization does not prove that reinforcing 

selection was the principle factor leading to an apparent pattern of RCD.  It is important 

to experimentally test the alternative hypotheses of local adaption and ecological 

character displacement before concluding reinforcement alone causes divergence.   

A classic example of character displacement in flowering plants is flower-color 

divergence in Phlox drummondii.  Previous work by Levin (1985) suggests this 
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divergence could be caused by reinforcing selection.  Throughout most of its range, P. 

drummondii has 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 related P. cuspidata, which has light-blue flowers similar to those of  

P. drummondii in the allopatric part of its range.  Given that no other Phlox species has 

red flowers, the sympatric flower color, dark-red, within P. drummondii is most likely the 

derived phenotype.   

This transition to dark-red flowers in sympatry with P. cuspidata has 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 divergence for a 

number of reasons: (1) while hybrids between the two species are viable, they are largely, 

though not completely, sterile (Levin 1967, 1975; Ruane and Donohue 2008); and (2)  

Levin (1985) demonstrated experimentally that hybridization with P. cuspidata is lower 

for P. drummondii with 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 swallowtail, Battus philenor, being the 

predominant pollinator (personal observation).  These pollinators show foraging 

constancy based on flower color and thus transition more frequently between P. 

cuspidata and P. drummondii with 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 increased 

prezygotic isolation in the region of sympatry is not an incidental effect of flower-color 

divergence driven by local adaptation or competition for pollinators.  These two 

alternative hypotheses for the evolution of a pattern that resembles RCD are certainly 

plausible.  Substantial evidence suggests that genetic variants affecting flower color can 

also have pleiotropic effects on tolerance to environmental factors such as drought, high 

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 in P. drummondii could reflect local adaptation to regional variation.  

Moreover, sympatric and allopatric portions of P. drummondii’s 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 divergent selection on 

flower color.  That flower-color divergence of P. drummondii in sympatry could be 

driven by competition for pollinators is also plausible because, as described above, the 

two species compete for the same pollinators.  Floral divergence that relieves pollinator 

competition with sympatric species has been documented in a number of other species 

(Goodwillie 2001; Bell et al. 2005; Kay 2006).   

Here, I describe the results of an experiment designed to determine whether either 

of these two alternative hypotheses can explain the pattern of character displacement in 

flower-color in P. drummondii.  Specifically, by performing a common garden 

experiment in the sympatric range of P. drummondii and P. cuspidata, I estimate 
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components of fitness for genotypes of P. drummondii with different flower colors.  By 

including treatments with and without P. cuspidata, I test whether the presence of P. 

cuspidata reduces seed set.  Because in this report I do not differentiate between hybrid 

and non-hybrid seeds, this experiment asks whether the presence of P. cuspidata 

differentially affects P. drummondii flower-color genotypes through resource or 

pollinator competition 

3.2 Methods 

Study system -  P. drummondii is an annual wildflower that grows along roadsides 

and in open pastures and fields throughout eastern and central Texas.  Plants germinate in 

the late fall, overwinter as small rosettes, grow vegetatively through January, and begin to 

flower in late February or early March.  Plants continue to flower and set fruit until the 

onset of summer heat when they dry-up and die.  A flower has only three carpels and thus 

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 locus (H), determines 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 allele (H) is expressed at high levels, thus 

enabling the production of blue floral pigments.  The derived allele (h) is markedly 
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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, reflected in the 

amount of anthocyanin pigments produced.  This locus, termed the intensity locus, (I),  

codes for an R2-R3 Myb transcription factor.  The dominant derived allele (I) is up-

regulated compared to the ancestral allele (i) and results in greater pigment production.  

Thus, the ancestral flower color in allopatry is light-blue (HHii ), the derived flower color 

in sympatry is dark-red (hhII), and the two potential intermediate flower colors are dark-

blue (HHII ) and light-red (hhii).   

Crossing design – I performed a series of crosses to produce seeds of known 

genotype for the field experiment (Figure 12).  This crossing design randomized the 

genetic background of unlinked loci and ensured that experimental seeds of the four 

double homozygote genotypes were equally outbred.   In the spring of 2006 I collected P. 

drummondii seeds 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 at 4°C.  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 populations.   
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I 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 locus (F3’5’h) and the intensity locus (R2-R3 Myb) in 

order to identify individuals homozygous at single nucleotide polymorphisms 

differentiating the two parents at each locus.  F2 populations created from the same 

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-red (IIhh).  These 

crosses between paired F2 populations created the seeds used in the field experiment.  

This crossing design created five sets of outbred full-sib seed families with known 

homozygous genotype at the flower-color loci and with randomized genetic background 

with respect to source population.  For all analyses the crosses were grouped according to 

the two source populations (466E7X80s1 and Dog95XPoc2104).  I performed this 

grouping because I found no significant difference in fruit set between cross-family 

nested within source population and no improvement in the fit of the models when cross-

family factor was included.       

Experimental design - 3072 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 produce the first true 

leaf in the University of Texas at Austin greenhouses (Austin, TX).  In early December 

2008, seedlings were planted into four spatially separated blocks at the University of 

Texas Stengl research station (Smithville, TX).  Within each block seedlings were 

planted in 8 rows with 96 individuals per row.  Seedlings were given supplementary 

water every three days for two weeks to enhance transplant survival, after which plants 

were left to survive under natural conditions.   

P. drummondii and P. cuspidata grow in sympatry at the Stengl research station.  

In order to test for an affect of the presence of the second species we instituted a P. 

cuspidata treatment in two of the four blocks.  In two blocks supplemental P. cuspidata 

were planted between the rows of P. drummondii.  In the other two blocks, any naturally 

occurring P. cuspidata plants were removed from the area.  The few naturally occurring 

P. drummondii plants 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 described below.  I 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 stage of the plants.  I 

surveyed for day of first flower once a week throughout the course of the experiment.  

All dates were transformed into days since start of the experiment starting at December 

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 per fruit.  When almost 

completely ripe, between four and ten fruits were collected on 8 plants of each flower 

color genotype from each block for a total of 128 plants, 547 fruits, and 1290 seeds.    I 

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 locus, genotype at the 

intensity locus, source population, block and presence/absence of P. cuspidata on number 

of seeds per fruits.  

As an indirect estimate of paternal fitness I observed pollinators to determine 

proportion of visits to each flower color by pollinators.  Pollinator observations were 

performed during the full day-light hours between 10am and 4pm.  Battus philenor, the 

pipevine swallowtail, constituted over 90% of the visits, so only visits by this species of 

butterfly were analyzed.  For each butterfly observed to enter the experimental plot I 

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 was inserted 

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.  Observations 

were performed on five days with a total of 42 butterflies observed. 

Statistical Analyses - The field data were analyzed using Analysis of Variance 

(ANOVA) models in Proc GLM, SAS software v9.1 (SAS Institute Inc, Cary, NC).   

First, I calculated the frequency of survival to flower by genotype at the hue locus, 

genotype at the intensity locus, source population, block nested within P. cuspidata 

treatment, and P. cuspidata treatment.  The 32 survival proportions were arcsin 

transformed before analysis.  I used split-plot, mixed model ANOVA to ask if these 

frequencies differed by genotype at the flower color loci, source population, or P. 

cuspidata treatment and all 2- 3- and 4-way interactions.  I also included a block nested 

within P. cuspidata treatment in the model.  Block and source population were random 

effects in the model.  All effects were tested over the appropriate means squares (Sokal 

and Rohlf 1995).  

I used a similar split-plot, mixed model ANOVA to determine if genotype at the 

hue or intensity locus affected fruit set.  I included all main effects, 2-,3- and 4-way 

interactions of intensity locus, hue locus, source population, and block nested within P. 

cuspidata  treatment in the model.  I also included the 2- and 3-way interactions between 

P. cuspidata treatment and genotype at the hue and intensity locus.  I tested each effect 

over the appropriate means squares error term (Sokal and Rohlf 1995).  

Next, I used a more comprehensive model to ask what factors affect fruit set in P. 

drummondii.  The model included the fixed effects mentioned above (hue genotype, 
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intensity genotype, P. cuspidata treatment) as well as number of leaves, day to flower, 

and day to death.  Block nested within P. cuspidata treatment 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-way interactions 

between block and the three fixed effects: number of leaves, day to flower, and day to 

death.  Other interaction terms were dropped from the analysis because including them 

did not improve the fit of the model.  I tested each effect over the appropriate means 

squares error term (Sokal and Rohlf 1995). 

Finally, I used a multivariate analysis of variance (MANOVA) to determine how 

genotype at the hue and intensity locus affect the measures of growth, and survival.  The 

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 well as P. cuspidata 

treatment were fixed effects.  Source population and block nested within P. cuspidata 

treatment were random effects.  I had insufficient degrees of freedom to perform the 

multivariate test for effect of P. cuspidata.  I performed individual ANOVAs on the 

dependent variables and reported only the effects that were significant in the MANOVA 

results as well as the effect of P. cuspidata.   

In order to estimate pollinator preference I used a replicated G-test of goodness-

of-fit.  First I performed an individual G-test of goodness-of-fit for observations 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 to 

the actual number of flowers of each genotype visited.  I added up the G-values across 

the five days to calculate a total G-value.  Next, I pooled my raw data across all five days 

and calculated a pooled G-value.  By subtracting the pooled G-value from the total G-

value I was able to calculate a heterogeneity G-test of independence and determine if the 

visitation patterns across each day of observations were statistically the same.  

In addition to testing if pollinators visited more flowers of a certain color I also 

tested if pollinators visited more flowers on a plant for a particular color.  I used 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, I 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 locus 

or the P. cuspidata treatment 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. cuspidata treatment (Table 21).  Across the experiment, 308 dark-blue plants 
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(IIHH), 310 dark-red plants (IIhh), 296 light-blue plants (iiHH), and  299 light-red plants 

(iihh) survived to flower. 

Fruit set analyses- Across all plants an average of 2.78 (0.4) seeds were produced 

per fruit.  There was no significant difference in seeds per fruit for genotype at the hue 

locus, intensity locus or an interaction (Table 22).  Because the number of seeds produced 

per fruit does not seem to differ among genotypes, I consider lifetime number of fruits 

produced (fruit set) a reasonable estimate of female fitness in this experiment.  

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 flower color 

genotype and experimental design factors, and P. cuspidata treatment, indicate no 

significant main effect of hue genotype or intensity genotype on fruit set (Table 23a).  

There was a significant interaction between source population and intensity genotype 

which is caused by the light individuals from the 466E7X80S1 population having higher 

fruit set then the light individuals and dark individuals from Dog95XPoc2104 population 

having higher fruit set then light individuals.  There is also a significant interaction 

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 significant 

4-way interaction: intensity by hue by population by block interaction, which implies the 
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difference in fruit set for the intensity genotypes is inconsistent not only across 

populations, and hue genotype, but also across spatial blocks in the experiment.   

I found no effect of the presence of P. cuspidata on fruit set.  Neither the main 

effect of P. cuspidata presence nor the interactions with genotype at the flower color loci 

are significant.  Thus, I found no evidence pollinator competition between species 

decreases fruit set in light-blue flowered P. drummondii.   

I 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.  First, since genotype 

at the flower color loci alone did not explain fruit set variation I was interested in 

determining if other traits did; and second, interactions with growth and development 

traits could help explain the inconsistent genotype effects at the flower color loci 

significant in the simpler model.  As with the simple model, I found no significant effect 

of flower color genotype on fruit set.  The main effects of genotype were not significant 

nor were the interactions with the other growth and development factors.  The only 

interaction, which included genotype at the intensity locus, that remained significant in 

the complete model was intensity by hue by population.  Fruit set is significantly affected 

by early vegetative size, flowering date, and death date as indicated (Table 24).  

Specifically, plants with more leaves by the end of February have more fruits, and plants 

that flower earlier produce more fruits, and plants that survive longer (later death day) 

have more fruits.  
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My next analysis aimed to determine if genotypes at the flower color loci affected 

growth and survival despite their lack of effect on fruit set.  It is possible that flower color 

genotypes may have a pleiotropic effect on growth or survival but under these particular 

growth conditions there is no effect on fruit set.  Under other conditions, pleiotropic 

effects on growth processes might ultimately affect fitness.  The MANOVA results 

indicated significant overall effects of genotype at both the hue and intensity locus (Table 

25a).  I therefore performed individual ANOVAs on the dependent variables (Table 25b).  

Genotype at the hue locus affects day of first flower with blue (HH) individuals flowering 

later then red (hh) individuals.  Date of first flower is also significantly affected by 

genotype at the intensity locus, with the dark allele (II) flowering earlier then the light 

allele (ii) (Table 26a).  These effects are largely driven by the early flowering of dark-red 

individuals (IIhh), which is evidenced by the significant interaction between genotype at 

the two loci (Table 25b). This interaction between genotypes is inconsistent across source 

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 the earliest 

flowering day.  In the Dog95XPoc2104 population there was a slightly later flowering 

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 individuals with the dark alleles 

(II), but the difference in least square means is less then one leaf (Table 26a).  As with the 
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flowering day trait, the effect of the intensity locus is inconsistent across source 

populations.  I 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 flowering time, that 

the effect on death day is inconstant.  In summary it appears that genotype at both the hue 

and the intensity locus have minor and inconsistent affects on size, transition to 

flowering, and day to death.  

In this experiment I did not directly measure paternity but instead I used 

pollinator visitations as a proxy of estimating paternal success: a strong pollinator 

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 significant heterogeneity 

among days in which genotypes were preferentially visited (Heterogeneity G, Table 27), 

indicating significant inconstancies in visitation patterns across the days.  Thus, on the 

first day, the dark-red and the dark-blue flowers are over-visited and the light-blue 

flowers are under-visited.  By contrast, on the last day the light-blue flowers are over-

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-color preference by 

Battus philenor pollinators, although it is possible that over the entire season plants with 

some flower colors were visited more than plants with other colors.  I 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 variable (M=2.727, 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 in P. drummondii is caused by either local adaptation or ecological 

character displacement. If either of these processes were operating, I would expect to see 

consistent differences in fitness among floral-color genotypes.  In particular, if the 

evolution of dark-red flowers in sympatry were due to adaptation to local environmental 

conditions, not counting the presence of P. cuspidata, I would have expected to have 

detected higher fitnesses for genotypes carrying the I and h alleles than for the light-blue-

flowered (HHii ) genotype.  Similarly, if this evolutionary change were driven by 

competition for resources or pollinators with P. cuspidata, I would have expected to have 

seen either a main effect of P. cuspidata presence on fitness or an interaction effect 

between P. cuspidata and either genotype at either the hue or the intensity locus on 

fitness.   

Previous experiments have found convincing evidence that flower color variation 

in P. drummondii results in decreased maladaptive hybridization with the sympatric 

species P. cuspidata (Levin 1985).  These data suggests that reinforcement could have 

caused the flower-color variation, but they do not rule out the possibility that other 

selective forces are also acting on flower color variation in P. drummondii.   The current 

experiment ignores the possible effects of hybridization with P. cuspidata on P. 
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drummondii on fitness and thus does not specifically test the hypothesis that 

reinforcement is causing flower color divergence.  Instead this experiment tests whether 

other forces of selection contribute to flower color divergence in P. drummondii.  

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 color variation in 

P. drummondii.  The four double-homozygote genotypes in our experiments did not 

differ detectably in survival or fruit set.  Despite some variation in size, days to flower, 

and day to death between flower color genotypes, none of this variation results in 

significant differences in fitness across genotypes.   

The absence of any consistent differences in visitation rates or number of flowers 

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 across the days.  

Levin (1972) measured pollinator preference of flower color across the variation found in 

cultivated P. drummondii.  Although none of these cultivated flower colors have been 

shown to be the same as the natural color variants, his results indicate a slight pollinator 

preference for the light-blue-like flower color.  These results could indicate that, if further 

pollinator observations were performed, I might actually find preference for the ancestral 
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flower color and not the derived flower color.  The pollinator visitation results along with 

the fruit set and survival results indicate that flower color divergence in the eastern 

populations of P. drummondii was not caused by local adaptation.  

There is evidence in other systems that ECD, caused by competition for resources, 

can result in incidental effects on reproductive isolation and thus resemble RCD (Schluter 

and McPhail 1992; de Leon et al. 2010).  I found no detectable effect of the presence of 

P. cuspidata on fruit set or survival, suggesting that there was little competition for 

pollinators or other resources that could drive ecological character displacement.  The 

absence of any of these effects suggests that the observed pattern of character 

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 colors in a common 

garden (Levin and Schmidt 1985).  In that study, seeds were collected from light-blue and 

dark-red populations and planted in common gardens at sites in the areas of allopatry and 

sympatry.  Although fitness for the dark-red populations did not differ on average from 

fitness of the light-blue populations, flower-color was not necessarily the only difference 

between these two groups of populations.  In particular, local adaptation at other loci may 

have produced differences in fitness that mask any effects of the flower-color loci.  I 

attempted to minimize this type of effect by randomizing the genetic background 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 flower color 
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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 flower-color loci 

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 direct affect 

of genotype at the hue or intensity locus on fitness, but some of the models did find 

significant interaction terms.  These significant interactions could indicate at least two 

non-mutually exclusive scenarios.  First, there could be epistasis between alleles at a 

flower color loci and alleles at another locus.  This scenario could explain an interaction 

with a flower color locus and source population.  If such an epistatic interaction were 

responsible for the spread of the derived flower color alleles, I would expect the 

beneficial interaction to occur in 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 derived alleles and thus 

did not cause the spread of theses alleles. A second scenario to explain these interactions 

is that there could be a locus linked to a flower color locus segregating alleles resulting in 

variation in fruit set, flowering day, or other traits.  If a beneficially allele became linked 

to a flower color allele in one population this could explain an interaction between flower 

color genotype and source population.  Similar to above, I would predict that this linked 

beneficial allele did not cause the 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 in the ANOVA 
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models, it is less likely they explain the spread of the derived flower color alleles in the 

region of sympatry.   
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Figure 12: Schematic of crossing design.  Figure shows four parents paired to create F1 heterozygous individuals, and then self-
fertilized to make two F2 populations that segregate all four flower colors.  F2 individuals homozygous at both flower color loci were 
identified.  These homozygous individuals were paired and crossed between F2 populations (cross indicated in colored lines). 
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Figure 13: Average fruit set per plant by flower color loci genotype.  There is no 
significant difference between any of the four genotypic combinations.  Least square means 
and standard errors are indicated on each column.  Color of bar corresponds to flower 
color
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Table 20: Locations of P. drummondii natural populations. Each of the four source 
locations, their flower color and the pairings used for crosses are indicated. 

            

Population 
light-blue parent    dark-red parent  

Name GPS   Name GPS 

1 Dog95 
W -97.3423   

Poc2104 
W -97.0871 

N 30.2926   N 30.0813 

2 466E7 
 W -97.7291   

80S1 
W -97.6613 

N 29.5049   N 29.64035 
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Table 21: ANOVA on frequency of survival to flower showing no effect of genotype 
at the hue or intensity locus. 

Source of Variation df         F       P 

Hue 1 0.14 0.7166 

Intensity 1 0.14 0.7215 

Population 1 7.88 0.023 

Block 2 54.89 <.0001 

P. cuspidata 1 0.85 0.454 

Hue X Intensity 1 0.95 0.3589 

Hue X Population 1 0.31 0.5958 

Intensity X Population 1 1.05 0.3346 

Hue X P. cuspidata 1 0.09 0.775 

Intensity X P. cuspidata 1 0.73 0.4175 

Hue X Block 2 0.44 0.6602 

Intensity X Block 2 1.24 0.3398 

Population X P. cuspidata 1 2.26 0.171 

Hue X Intensity X Population 1 0.01 0.9364 

Hue X Intensity X P. cuspidata 1 0.03 0.8616 

Hue X Population X P. cuspidata 1 0.02 0.8964 

Intensity X Population X P. cuspidata 1 1.22 0.2879 

Hue X Intensity X Block 2 0.37 0.7023 

Hue X Intensity X Population X P. cuspidata  1 0.01 0.9388 
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Table 22: ANOVA on seeds per fruit showing no effect of genotype at the hue 

or intensity locus.  

Source of variation df    F     P 

Hue 1 2.13 0.1484 

Intensity 1 0.43 0.5151 

Population 1 0.08 0.7825 

Block 3 1.5 0.222 

Hue X Intensity 1 3.9 0.052 

Hue X Population 1 1.22 0.2726 

Intensity X Population  1 0.12 0.7257 

Hue X Block 3 1.05 0.3756 

Intensity X Block 3 1.71 0.1711 

Population X Block 3 0.45 0.72 

Hue X Intensity X Population 1 2.62 0.1095 

Hue X Intensity X Block 3 0.92 0.4344 

Hue X Population X Block 3 0.34 0.7984 

Intensity X Population X Block 3 1.12 0.3472 

Hue X Intensity X Population X Block 3 0.8 0.4997 
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Table 23: (a) ANOVA on fruit set showing no effect of genotype at the hue 

locus or genotype at the intensity locus.  (b) Least Square means of fruit set within 

each population for each flower color genotype. 

a. 

Source of variation df 
          

F 
        P 

Hue 1 1.69 0.1936 

Intensity 1 0.58 0.4461 

Population 1 2.93 0.0873 

Block 2 291.96 <.0001 

P. cuspidata  1 0.93 0.4365 

Hue X Intensity 1 0.61 0.4343 

Hue X  Population 1 2.1 0.147 

Intensity X Population 1 18.12 <.0001 

Hue X Block 3 0.63 0.5961 

Intensity X Block 3 0.03 0.9914 

Population X Block 3 0.86 0.4602 

Hue X P. cuspidata 1 0.03 0.86 

Intensity X P. cuspidata 1 0.02 0.876 

Hue X Intensity X Population 1 13.93 0.0002 

Hue X Intensity X Block 3 1.76 0.1537 

Hue X Population X Block 3 0.92 0.4285 

Intensity X Population X Block 3 9.2 <.0001 

Hue X Intensity X P. cuspidata 1 2.3 0.129 

Hue X Intensity X Population  X Block 3 5.33 0.0012 

b. 

 Population Hue Intensity 
LS 

Mean 

Standard 

Error 

466E7X80S1 

HH 
ii 42.80 3.46 

II 24.53 3.67 

hh 
ii 42.34 3.68 

II 37.60 3.94 

Dog95XPoc2104 

HH 
ii 23.89 2.69 

II 42.25 2.96 

hh 
ii 33.89 2.52 

II 31.56 2.68 
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Table 24: ANOVA on fruit showing significant effects of number of leaves, day to 
flower and day to death but no effect of genotype at either the intensity or the hue locus 

Source of variation df       F         P 

Hue 1 0.6 0.4401 

Intensity 1 0.01 0.9098 

Population 1 31.69 <.0001 

Block 2 6.48 0.0016 

P. cuspidata 1 0.3 0.6344 

Flower day 1 20.75 <.0001 

Number of leaves 1 70.74 <.0001 

Death day 1 38.43 <.0001 

Hue X Intensity 1 0.05 0.8278 

Hue X Population 1 2.3 0.1294 

Intensity X Population 1 0.07 0.7886 

Hue X Block 2 1 0.3685 

Intensity X Block 2 1.44 0.2378 

Population X Block 3 5.22 0.0014 

Hue X P. cuspidata 1 2.17 0.1409 

Intensity X P. cuspidata 1 1.4 0.2376 

Hue X Flower day 1 0.03 0.8523 

Intensity X Flower day 1 0.7 0.404 

Hue X Number of leaves 1 0.43 0.5118 

Intensity X Number of leaves 1 2.87 0.0906 

Hue X Death day 1 0.7 0.4022 

Intensity X Death day 1 0 0.949 

Block X Flower day 3 1.39 0.2444 

Block X Number of leaves 3 10.43 <.0001 

Block X Death day 3 3.4 0.0174 

Hue X Intensity X Population 1 3.99 0.0459 

Hue X Intensity X Block 2 0.08 0.9242 

Hue X Population X Block 3 0.4 0.7509 

Intensity X Population X Block 3 1.34 0.2606 

Hue X Intensity X P. cuspidata 1 0.21 0.6506 

Hue X Intensity X Flower day 1 0.1 0.7496 

Hue X Intensity X number of leaves 1 0.11 0.7425 

Hue X Intensity X Death day 1 0 0.9525 

Hue X Intensity X Population X Block 3 2.56 0.0535 
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Table 25: (a.) MANOVA results for  effects of flower color loci on number of 

leaves, day to flower, and day to death.  (b.) Individual ANOVA results for each trait 

showing a significant effect in the MANOVA. 

a. 

Source of variation 
Wilks' 

Lambda 
df 

error 

df 
F P 

Hue 0.96 3 1172 15.9 <.0001 

Intensity 0.98 3 1172 9.02 <.0001 

Population 0.80 3 1172 104.24 <.0001 

Block 0.48 6 2344 170.22 <.0001 

Hue X Intensity 0.99 3 1172 3.29 0.0201 

Hue X Population 0.99 3 1172 3.45 <.0161 

Intensity X Population  0.97 3 1172 12.52 <.0001 

Hue X Block 0.99 9 2852.5 1.13 0.338 

Intensity X Block 0.98 9 2852.5 1.37 0.1949 

Population X Block 0.95 9 2852.5 6.09 <.0001 

Hue X Intensity X Population 0.99 3 1172 3.46 0.0159 

Hue X Intensity X Block 0.98 9 2852.5 2.57 0.006 

Hue X Population X Block 0.99 9 2852.5 1 0.43 

Intensity X Population X Block 0.96 9 2852 5.24 <.0001 

Hue X Intensity X Population X Block 0.99 9 2852.5 1.64 0.099 

P. Cuspidata 0.89 2 1172 46.29   
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b. 

Source of variation 
  

Number 

of leaves 
Flower day Death Day 

Hue 
F 1.52 35.41 1.89 

P 0.218 <.0001 0.169 

Intensity 
F 4.81 11.06 1.91 

P 0.0285 0.0009 0.167 

Population 
F 91.46 287.97 22.43 

P <.0001 <.0001 <.0001 

Block 
F 291.34 50.27 185.41 

P <.0001 <.0001 <.0001 

Hue X Intensity 
F 0.31 6.64 2.18 

P 0.577 0.0101 0.1404 

Hue X Population 
F 0.94 9.82 1.21 

P 0.33 0.0018 0.25 

Intensity X Population  
F 29.28 0.63 1.63 

P <.0001 0.4268 0.201 

Population X Block 
F 5.03 3.77 9.55 

P 0.0018 0.0104 <.0001 

Hue X Intensity X Population 
F 0.22 9.4 0.05 

P 0.641 0.0022 0.82 

Hue X Intensity X Block 
F 0.92 0.24 6.89 

P 0.43 0.868 0.0001 

Intensity X Population X Block 
F 11.06 2.31 1.06 

P <.0001 0.0746 0.365 

P. cuspidata 
F 0.41 1.25 0 

P 0.59 0.38 0.98 
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Table 26: (a.)Least square means for traits in ANOVA by flower color hue and 

intensity.  (b.) LS means for day to first flower by population and genotype at flower 

color loci.  

a. 

Trait Hue Intensity LS Mean 
Standard 

Error 

Number of 

leaves 

HH 
ii 11.63 0.28 

II 11.15 0.30 

hh 
ii 11.44 0.28 

II 10.63 0.31 

Day to 

flower 

HH 
ii 129.88 0.80 

II 129.25 0.86 

hh 
ii 127.06 0.79 

II 122.13 0.88 

Day to 

death 

HH 
ii 175.34 0.58 

II 175.40 0.62 

hh 
ii 174.40 0.57 

II 173.66 0.64 

 

b. 

Population Hue Intensity LS Mean 
Standard 

Error 

466E7X80S1 

HH 
ii 123.15 1.21 

II 124.42 1.27 

hh 
ii 120.28 1.31 

II 112.12 1.43 

Dog95XPoc210

4 

HH 
ii 136.61 1.04 

II 134.08 1.155227 

hh 
ii 133.84 0.881881 

II 132.14 1.029283 
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Table 27: Replicated G-test of goodness of fit for pollinator visitation.  Ratio of 
observed to expected number of visits is shown for each genotype on each day.  Results from 
all G-tests (individual, total, pooled and heterogeneity) are indicated. 

  Observed / Expected         
 HH hh  

G-Value df         P 
 ii II ii II  
Day 1 0.40 1.18 1.08 1.42  83.73 3 <.0001 
Day 2 0.89 0.96 1.01 1.18   13.78 3 0.00032 
Day 3 1.12 1.03 0.92 0.93  2.49 3 0.47 
Day 4 1.25 0.79 0.88 1.23   48.71 3 <.0001 
Day 5 1.24 0.96 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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Table 28: ANOVA results for number of flowers visited per plant, showing no 

effect of flower color genotype 

Source of variation Df       F         P 

Hue 1 1.96 0.16 
Intensity 1 0.08 0.77 

Hue X Intensity 1 0.39 0.53 
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Chapter Four: Evidence for selection of ancestral flower color 
in Phlox drummondii  

4.1 Introduction 

Reproductive character displacement (RCD) occurs when two taxa have greater 

reproductive isolation where their ranges overlap (sympatry) then where their ranges 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 conspecific mates, 

there can be strong selection to prevent maladaptive heterospecific matings. This process 

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 situation the cause of 

adaptation in sympatry is selection to decrease maladaptive hybridization (Butlin 1987; 

Howard 1993).  As such, the traits demonstrating this pattern are usually associated with 

mate choice and assortative mating, with the ancestral morphology remaining in allopatry 

and the divergence occurring in sympatry (Waage 1979; Higgie et al. 2000; Marshall and 

Cooley 2000; Albert and Schluter 2004; Lemmon and Lemmon 2010).  Describing the 

selective forces causing divergence in sympatry answers only half the question of 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 of allopatry? 

There are two alternative hypotheses as to how the ancestral phenotype remains in 

allopatry.  The first is a neutral hypothesis.  If there is limited gene flow between 

allopatric and sympatric areas of an organism’s range, then adaptations in sympatry will 

migrate slowly into the allopatric range (Haldane 1930; Wright 1931).  Limited gene flow 
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could cause the ancestral phenotype to remain in allopatry. The second hypothesis, is that 

there is selection for the ancestral phenotype in allopatry.  This hypothesis would result in 

the pattern of character displacement being maintained even with gene flow from other 

areas of the range (Haldane 1930; Wright 1931; Hoekstra et al. 2004).   

The first hypothesis, that neutral forces restrict gene flow and slow the spread of 

the sympatric phenotype, is unstable and implies that, given enough time, the pattern of 

RCD will disappear.  For this hypothesis to be true there must be low levels of gene flow 

between allopatric and sympatric regions of the range (Wright 1931; Felsenstein 1976; 

Slatkin 1985).  This hypothesis can be indirectly tested using neutral genetic markers to 

estimate migration between regions of a species’ range.  Using neutral genetic structure 

to investigate gene flow between sympatric and allopatric populations has only been 

attempted in two systems demonstrating a pattern of RCD (Lehtonen et al. 2009; Rice 

and Pfennig 2010).  

Disproving the first hypothesis of neutral forces maintaining the pattern of RCD 

implies the second hypothesis is true; but, demonstrating why selection maintains the 

ancestral phenotype in allopatry is difficult and has only been attempted in two systems 

(Pfennig and Pfennig 2005; Higgie and Blows 2007).  In cases of RCD, the divergent 

traits are predominantly involved in mate choice and assortative mating.  It has been 

hypothesized that there can be a conflict between optimizing intraspecific mates and 

minimizing interspecific mates (Ryan and Rand 1993; Pfennig 1998; Phelps et al. 2006).  

If two species optimize conspecific matings in similar ways, then, when they are in 

sympatry, these mating cues may result in heterospecific matings.  Consequently, 
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adaptations to decrease heterospecific matings could interfere with optimal conspecific 

mating strategies.  Thus, for a species demonstrating a pattern of RCD, the trait in 

allopatry may be optimal for acquiring the best conspecific mates, whereas the trait in 

sympatry may be best for distinguishing conspecific from heterospecific mates (Pfennig 

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 theoretically and 

empirically investigated in animal systems in which strong sexual selection influences 

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 fitness as well.  If a 

trait under natural selection to increase fitness in allopatry also results in increased hybrid 

matings in sympatry, then divergence in that trait could be favored by selection in 

sympatry, but not in allopatry.   

In this study I address the above two hypotheses by investigating what maintains 

the ancestral flower color phenotype throughout much of the range of the Texas 

wildflower Phlox drummondii.  P. drummondii shows the classic pattern of RCD in 

flower color divergence (Levin 1985).  Like most species in the Phlox clade, P. 

drummondii has light-blue flowers throughout much if its range.  In the area of sympatry 

with a closely related, light-blue species P. cuspidata, P. drummondii has a derived dark-

red flower color, which represents the only natural evolution of red flower color in the 

Phlox clade (Levin 1985; Turner et al. 2003).  Strong evidence indicates the dark-red 

flower color is selected for in sympatry because it decreases maladaptive hybridization 

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 (principally 

the pipevine swallowtail butterfly, Battus philenor), but individual pollinators tend to 

forage with constancy based on flower color (personal observation).  Levin (1985) 

showed that P. cuspidata hybridizes more with light-blue flowered P. drummondii then 

dark-red P. drummondii.   

Although these studies strongly suggest that the derived dark-red flower color is 

under selection in sympatry, there is no evidence for what maintains the ancestral light-

blue flower color throughout the rest of the range of P. drummondii.  I use two strategies 

to address this question.  First, I test the neutral hypothesis that restricted gene flow 

prevents the selected alleles from spreading out of sympatry by using neutral genetic 

variation to estimate migration between paired allopatric and sympatric populations.   

After ruling out the neutral hypothesis, I performed a common garden field experiment 

with all potential flower colors of P. drummondii to test for a fitness advantage of the 

ancestral flower color alleles in sympatry.  I discover pollinator preference for the 

ancestral flower color in the allopatric region of the P. drummondii range, implying 

higher paternal fitness for this flower color.   

4.2 Methods 

Study System  

P. drummondii is an annual wildflower native to central and eastern Texas, which 

grows along roadsides and in open fields and pastures.  Individuals germinate in late fall, 
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overwinter as small rosettes, grow vegetatively through January, and begin to flower in 

late February or early March.  Plants continue to flower and set fruit until the onset of 

summer heat when they dry-up and die.  Flower-color variation within P. drummondii is 

caused by cis-regulatory mutations in two genes involved in the production of floral 

anthocyanin pigments (Hopkins and Rausher In press).  The hue locus (H), determines 

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 (H), and down regulated in the derived allele 

(h).  The second locus, termed the intensity locus (I), determines the amount of 

anthocyanin pigments produced.  At this locus, there is lower expression in the ancestral 

allele (i), resulting in less pigment than in the dominant, derived allele (I), which is up-

regulated.  The ancestral, allopatric phenotype is light-blue (iiHH ), and the derived 

flower color is dark-red (IIhh), and the potential intermediate flower colors are dark-blue 

(IIHH ) and light-red (iihh).   

 

Estimating migration using neutral genetic variation:  

Population sampling - To determined if there is gene flow between the allopatric 

and sympatric ranges of P. drummondii I estimated migration rate between 7 allopatric-

sympatric population pairs (Table 29).  The division between allopatry and sympatry fall 

generally along a north-south transect with allopatric populations predominantly west and 

sympatric populations predominantly east.  I 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 flower 

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 I 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.  Size variation 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 Chapter 2-Methods.   

Analysis –First I calculated pairwise FST between populations and estimated 

migration using the formula NEm≈ ¼ (1/FST – 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.  I estimated FST using all 8 

microsatellite loci in Arlequin V3.1(Excoffier et al. 2005).   

I also used an approach based on coalescence theory to estimate both migration 

rate (M=m/µ), where m is the immigration rate and µ is the mutation rate per site, and 

population size parameter θ (θ=4NEµ), where NE is the effective population size, in the 

program MIGRATE 3.1.6 (Beerli and Felsenstein 2001).  Jointly estimating effective 

population size and immigration rate for each pair of populations can result in a more 

accurate estimate of migration rate than the FST method if migration is asymmetrical 

(Broquet and Petit 2009).  I used the maximum likelihood with the infinite-alleles model 

assuming Brownian motion in microsatellite data.  For each population pair I ran four 
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runs.  For the first run, θ and M starting values were estimated using FST and for the next 

three runs, θ and M 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 of M by the MLE of θ, I estimated the number of immigrants per 

generation for each population as NEm.   

 

Estimating selection using common garden field experiment 

Experimental design-  I 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).  I 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).   I 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 I also made a 

cross between an individual from Dog95 and Poc2104.   From these pairings I created F1 

offspring which I then self-fertilized to create F2 populations.  I used markers within the 

two flower color loci to identify four groups of offspring homozygous at both the hue 

locus (F3’5’h) and the intensity locus (R2-R3-Myb).  F2 individuals with the same 
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homozygous genotype at both flower color loci were crossed between F2 families.  I 

created crosses for all four flower color genotypes between F2 individuals from the 

466E7XPoc2104 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 genotype (IIhh) in the experiment.  

This crossing design created full-sibling families that included individuals homozygous at 

each of the possible four flower color genotypes: light-blue (iiHH ), dark-blue (IIHH ), 

light-red (iihh), and dark-red (IIhh).  Experimental individuals were outbred at the last 

generation to reduced inbreeding-depression and randomized genetic backgrounds with 

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 were then 

transplanted into a common garden plot at the University of Texas Brackenridge field 

station (Austin, TX) at the end of January 2010.  This field station is in the allopatric 

range of P. drummondii where 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 were considered 

the focal plants and all analyses and conclusions are based only on the growth, survival, 

and fitness of these plants.   

In order to better mimic the conditions under which a derived flower color allele 

would invade an allopatric population, I distorted the flower color frequency such that 

most of the plants in the plot had the ancestral light-blue flower color native to that area 
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of the range.  In order to do this I planted an additional 300 light-blue individuals 

randomly interspersed with the focal plants.  

Data collection - I 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, I counted the number of leaves on every focal plant as a proxy for size 

(nl).  On the day of bolting I 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 course 

of the experiment I 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 green mesh and 

ripened seeds were counted to estimate number of seeds produced per fruit for each 

flower color in each crossing population.  In total I collected 7236 fruits and counted 

17,187 seeds.  Paternal fitness was estimated using pollinator visitation preference.  

Pollinator observations were performed during the full day-light hours between 10am and 

4pm.  The predominant pollinator was the pipevine swallowtail, Battus philenor, so only 

visits by these butterflies were analyzed.  For each Battus philenor observed I recorded 

the flower-color of the plant visited, and the number of flowers visited per plant.  Prior to 

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 analyses- I performed a series of analysis of variance (ANOVA) 

models using Proc GLM, SAS software v9.1 (SAS Institute Inc, Cary, NC) to evaluate 

variation in the field experiment data.  In order to confirm that fruit set was a reliable 

estimate of female fitness I used an ANOVA to determine if number of seeds per fruit 

differed by genotype at the hue or intensity locus or by population or by all two-way 

interactions of the three main effects.  I then used a mixed-model ANOVA to determine 

if genotype at either of the flower color loci affected female fitness (total fruit set).  I 

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.  I also tested for 

all possible 2-, and 3-way interactions, but no population by hue by intensity term could 

be included in the model due to missing dark-red genotypes from one source population.  

I followed this analysis with a more comprehensive model asking what traits 

affect fruit set.  I included all predictor effects in the pervious model as well as the 

number of leaves (nl), number of leaves at bolting (nlbd), day to first flower (Flower), 

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 fruit set.  All dates were 

transformed into number of days since start of experiment, which was set to 1 February 

2010.   

Finally, I used a multivariate analysis of variance (MANOVA) to determine how 

genotype at the flower color loci affected the measures of growth and survival.  Flower 

color loci may have pleiotropic effects on growth and survival traits that did not translate 
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into increases in fruit set in this particular experiment.  I only included number of leaves, 

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.  I used a MANOVA 

to test for an overall effect of genotype at the hue and intensity locus.  The model also 

included row as a fixed effect, population as a random effect, and all possible 

interactions.  I then followed the MANOVA with individual ANOVAs for each of the 

dependent variables and reported the effects significant in the MANOVA.  Although 

genotype at the intensity locus and population were not significant at the 0.05 level in the 

MANOVA I reported the individual ANOVA results for these two factors because the 

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 I tested for pollinator preference. 

More observed visits to a particular flower color than expected by chance indicates that 

pollinators prefer that color, thus increasing probability of paternal success for that flower 

color.  Pollinator observations were analyzed in two ways.  First, I used G-test of 

goodness-of-fit to determine if the observed number of visits to each flower color was the 

same as expected by chance.  Because I had so few observations on two of the days, I 

pooled all the samples across all three days.  For each butterfly observation I calculated 

the expected proportion of visits to each color based on the number of open flowers for 

each color in the plot.  I then averaged the expected proportions across all 47 pollinator 

observations and used the average proportions to determine the expected number of visits 
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to each color.  This weighted the expected visitation according to how many visits were 

observed on a given day with a given number of open flowers.   

My second analysis of the pollinator data was to determine if pollinators visited 

more flowers per plant for a particular flower color.  Using and ANOVA on flowers per 

plant I looked for an effect of genotype at the hue or the intensity locus or an interaction 

between the two loci.   

4.3 Results 

Estimating migration using neutral genetic variation: 

Neutral genetic variation reveals ample gene flow between sympatric and 

allopatric populations.  The paired populations have an average FST value 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 (NEm) greater then 1 migrant per generation and as high as 6 

migrants per generation (Table 31).  Average migration between paired populations as 

estimated by FST is 3.6 (SD=1.68) individuals per generation.   

Jointly estimating effective population size and immigration rate for each pair of 

populations using coalescence theory also predicts high levels of migration between 

populations (Table 32).   On average NEm for migrants from sympatry to allopatry is 5.79 

(SD=4.22) and from allopatry to sympatry is 4.35 (SD=2.74).  All but one estimate of 

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

 

Estimating selection using common garden field experiment 
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Fruit set and maternal fitness - Due to low germination I 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 flower color 

genotypes or source populations (Table 33), thus I conclude that fruit set is a reasonable 

estimate of female fitness in this experiment.  The first analysis of total fruit set was a 

simple model looking for the effect of the flower color loci taking into account 

experimental design factors.  This analysis revealed no significant main effects of the hue 

or intensity genotype on fruit set, but the interaction between the two loci was significant 

(Table 34a).  Using independent contrasts I found that light-red (iihh) individuals had 

significantly fewer fruits then both the dark-red (IIhh) and the dark-blue (IIHH ) 

individuals (Figure 16).  No other genotypes had significantly different fruit set (Table 

34b).    

I further investigated the causes of variation in fruit set by including the growth 

and development traits in the ANOVA model (including: number of leaves, number of 

leaves at bolting, flower and death day) (Table 35).  As above, I found no significant 

main effect of genotype at either flower color locus, and in this model, the interaction 

between genotypes showed no significant effect.  Instead, I found a significant affect of 

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 to flower and 
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day to death. (Figure 17a,c)  Both of these indicate that the longer a plant flowers (either 

by flowering earlier or by dying later), the higher the fruit set.  I also found a significant 

hue by intensity by flower day interaction.  This implies that the relationship between 

flower day and fruit set is different for at least one of the flower color genotypes.  By 

regressing fruit set on flower day for each of the flower color genotypes I found a 

significant negative relationship between flowering day and fruit set in the dark-blue 

(IIHH ), the dark-red (IIhh), and the light-blue (iiHH ), 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 in the first 

ANOVA but not in the second.  Using a MANOVA to test for an effect of genotype on 

growth and development traits, I found an overall significant effect of hue, and a 

marginally significant interaction between intensity genotype and source population 

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 individuals.  I found a 

significant effect of genotype at the hue locus on the number of leaves produced with the 

red (hh) allele having more leaves than the blue (HH) allele (Table 37a).  Given that more 

alleles result in higher fitness, as indicated above, this does not explain why light-red 

individuals have fewer fruits.  I found a similar effect on death day with red alleles 

having a significantly later death day (Table 37a).  Later death day tends to result in 

higher fitness.  Finally, I found a significant interaction of genotype at the intensity 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 individuals.  This 

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 cross.  There was 

also a significant effect of intensity on death day but since genotype at the intensity locus 

was not significant in the MANOVA test this may be a spurious result.  In general, the 

first ANOVA model on fruit set indicated a significant interaction between hue and 

intensity locus.  When more growth and development traits were added to the model, this 

effect disappeared.  Genotypes at neither the hue nor the intensity locus predict the 

growth and development traits in a way the could account for the initial significant 

interaction affecting fruit set 

Pollinator observations and paternal fitness – I found significant pollinator 

preference for the light-blue flower color (Figure 18).  The G-test of goodness-of-fit 

shows deviation of expected from observed number of visits across the flower colors 

(Gn=861,df=3=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 by 

nearly 40% of what was expected.  The light-red and dark-blue were each under visited 

by 30% of what was expected by chance.  These results indicate that the light-blue 

genotype (iiHH ) had greater opportunity to contribute pollen to other plants in the plot, 

which would presumably result in higher paternal fitness for this flower color.  More 

pollinator observations to increase the sample size, and paternity analysis of experimental 

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.  I found no significant 

effect of hue or intensity genotype on number of flowers per plant visited (Table 38).   

4.4 Discussion 

The pattern of character displacement has been studied extensively for decades 

(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 and 

Blows 2007).  Selection for the ancestral phenotype in the region of allopatry is necessary 

for the pattern of character displacement to be stable over time.  Although restricted gene 

flow can delay the spread of the derived alleles, only selection can maintain the pattern of 

divergence indefinitely.  In this study I find evidence of migration between the sympatric 

and allopatric areas of the P. drummondii range.  This finding suggest that there is 

selection on the ancestral flower color in allopatry.  I tested this prediction with a 

common garden field experiment and find evidence of pollinator preference for the 

ancestral flower color.  This pollinator preference could result in higher paternal fitness 

for individuals with the ancestral phenoytpe and therefore explain how the light-blue 

flower color remains in the region of allopatry despite alleles immigrating from the 

region of sympatry.  

Indirect methods of estimating migration between allopatry and sympatry indicate 

sufficient opportunity for the flower color alleles to move between the two regions of the 

P. drummondii range.  Although there are a number of potential caveats and problems 



 

 136

with using these indirect methods to estimate migration, the two I used both deduced high 

rates of gene flow between populations.  Calculating migration rate based on estimates of 

FST is potentially inaccurate because this method assumes equal population sizes and 

equal immigration and emigration between populations (Broquet and Petit 2009).  I 

cannot confirm either of these assumptions.  The program MIGRATE (Beerli and 

Felsenstein 2001) uses the coalescence theory to estimate immigration, emigration and 

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 rate (Nm) greater then 1 individual per generation, 

genetic drift will not result in population differentiation at neutral loci (Wright 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 genetic drift and 

migration interact (Felsenstein 1976; Slatkin 1985).  Despite the possibility that P. 

drummondii demography may violate the assumptions of Wright’s island model, 

migration rates as high as 5 and FST estimates as low as 0.08 suggest lack of gene flow 

and drift are not maintaining the ancestral flower color in allopatry.  These results are 

consistent with the population genetic structure results in Chapter Two.  In general 

neutral genetic variation indicates high levels of gene flow across the range of P. 

drummondii.  Furthermore, genetic variation at the loci causing flower color variation 

(F3’5’h and R2-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 has occurred after 
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the flower color adaptations in sympatry.  Thus, these results support the hypothesis that 

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 consistent with the study of 

pollinator flower color preference by Levin (1972).  Although this study was performed 

with cultivated varieties of P. drummondii with an unnatural range of colors, the results 

indicate a preference for light-blue flower color resulting in higher fruit set.  For 

hermaphroditic plants, pollinator visitation could increase fitness in two ways – either by 

increasing female fitness through higher fruit set or increasing male fitness through 

higher pollen export (Bell 1985).  I found no significant difference in female fitness, as 

measured by fruit set, between the derived dark-red (IIhh) and ancestral light-blue (iiHH ) 

flower color variants. Although there is some indication that the light-red genotypes have 

lower fruit set, this genotype had the same pollinator visitation rate as the dark-blue 

flowers indicating that this fruit set pattern cannot be explained by pollinator movement 

alone.  This result is different from what was found in Levin’s study.  Inconstancies in the 

effect of pollinator preference on female fitness could be due to variation in pollinator 

limitation across years and populations or due to differences between cultivated and 

natural varieties of P. 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 pollinator 

preference is likely to affect only the male fitness component.  Even if one pollinator visit 

is sufficient to fertilize the three ovules per flower in P. drummondii, increased pollinator 
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visitation can increase the opportunity for pollen removal and thus increase paternal 

fitness (Bell 1985; Vaughton and Ramsey 1998).  Pollinators can enact preference for a 

flower color in three ways: first by visiting more flowers per plant but the same number 

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 plant 

of a particular color.  I found no difference in the number of flowers per plant visited for 

the different flower colors indicating that pollinators show preference for flower color by 

visiting more plants of a particular color.  This means that increase pollinator visitation is 

resulting in greater pollen export from an individual and not just greater pollen movement 

within an individual (i.e. geitonogamy).  Although I have not direct evidence that this 

results in higher paternal fitness, increased pollen removal has been correlated with 

increase male fitness in other systems (Galen 1992; Melendez-Ackerman and Campbell 

1998; Rademaker and De Jong 1998; Maad 2000).  

I found weak evidence of a negative interaction of the red allele and the light 

allele on fruit set.  Individuals with light-red genotype (iihh) had significantly lower fruit 

set in the simplest ANOVA model, which just included genotype at flower color loci and 

experimental design parameters.  Once other predictor traits were included in the model 

(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 variation in fruit 

set was better explained by another parameter in the model.  Interestingly, the red allele 

was associated with two traits causing higher fruit set - faster growth (as indicated by 
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more leaves before flowering) and later death.  Clearly these associations did 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 years and different 

allopatric growing conditions. 

Two previous studies on systems, showing a pattern of RCD, have addressed the 

question of what maintains the ancestral phenotype in allopatry (Pfennig and Pfennig 

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 systems, 

the study found sexual selection favoring the ancestral phenotype in allopatry, 

presumably because this phenotype signals higher mate quality.  In one of these studies 

the potential fitness cost was quantified showing sympatric, “low quality” phenotypes 

result in fewer offspring with lower survival (Pfennig and Pfennig 2005).  These studies 

then concluded that selection for higher quality mates influences allopatric phenotypes 

whereas selection to avoid heterospecific mating drives divergence in sympatry.  

The Phlox system is different from these two animal systems.  Unlike the animal 

systems, this flowering plant species has not been shown to experience sexual selection.  

Instead, for the first time, I have demonstrated that natural selection can oppose 

reinforcing selection in the region of allopatry to create a pattern of RCD.  Both this 

study and a previous study by Levin (1972), demonstrate that natural selection favors 

light-blue flower color due to pollinator preference. Although some definitions of sexual 

selection allow for the inclusion of selection on flower traits (Delph and Ashman 2006), 

the light-blue flower color in Phlox does not fit the classic characteristics of a trait under 
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sexual selection.  P. drummondii are hermaphroditic and there does not appear to be 

conflict between the sexes influencing the evolution of secondary sexual characteristics.  

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 fitness components as well.  In the current study, genotypes at the flower color 

loci are not associated with higher fruit set or female fitness and thus do not indicate mate 

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 do not use flower 

color in male-male competitive interactions.  Thus, it appears that the characteristics of 

sexual selection influencing the dynamics of mate choice in the above discussed animal 

systems are not influencing selection on flower color in the Phlox system.  It seems, 

instead, that conventional natural selection for increased fitness is conflicting with 

reinforcement to create the pattern of character displacement in flower color.  

The pattern of RCD, particularly when caused by reinforcement, is mostly widely 

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 and the evolution 

of reproductive isolation (Servedio 2001; Pfennig and Pfennig 2009), but the pattern of 

character displacement can also inform micro-evolutionary processes.  Only through 

understanding selection in both allopatry and sympatry, can we use RCD to better 

understand how a single species responds to conflicting selection pressures across its 

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 natural selection 

to increase fitness and reinforcing selection to decrease maladaptive hybridization.  
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Figure 14: Population sampling across the range of P. drummondii.  Blue shading 
indicates estimated range distribution of the light-blue flower color genotype and the red 
shading indicates where P. drummondii has dark-red flower color.  The blue and red 
squares represent the 7 allopatric and sympatric populations used to estimated migration. 
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Figure 15: Crossing design for common garden field experiment.  Individuals from 
four starting populations were crossed to make F1’s that were heterozygous at both flower 
color loci.  These were self-fertilized to make F2 populations segregating all possible flower 
colors.  Homozygous individuals of each genotypic combination were crossed between F2 
families to create equally out-bred seeds with known homozygous genotypes at the flower 
color loci. 
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Figure 16: Fruit set for each genotype at the hue and the intensity locus with least 
square means and standard error noted in each bar. 
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Figure 17: Relationships between growth traits and fruit set. (a.) Regression 
between day to flower and fruit set for each flower color genotype.  There is a significant 
negative relationship between fruit set and flower day for dark-blue (R2= 0.0748, F(1,82) 
=6.55,  p=0.012), light-blue (R2= 0.258, F(1,71) =24.31 ,  p<.0001) and dark-red (R2= 0.128, 
F(1,81) =11.81,  p=0.0009), but no relationship for the light-red individuals (R2= 0.0379, F(1,71) 
=2.75,  p=0.1015). (b.) Regression showing a positive relationship between number of leaves 
and number of fruits across all genotypes (R2= 0.219, F(1,308) =86.52, p<.0001). (c.) 
Regression showing a positive relationship between day to death and fruit set for all 
genotypes (R2= 0.672, F(1,311) =22.33 ,  p<.0001). 
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Figure 18: The ratio of observed visits over expected pollinator visits for each 
genotype at the hue and the intensity locus.  The black outlines indicate a ratio of 1, when 
observed equals expected number of visits.  The light-blue (iiHH ) genotype had many more 
visits than expected, where as the other three genotypes, dark-red (IIhh ), dark-blue (IIHH ), 
and light-red (iihh ) show fewer visits than expected by chance. 
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Table 29: Population sampling locations for sympatric-allopatric population pairs 

Pair 
Light-blue population Dark-red population 

Name     GPS Name    GPS 

1 696N1 
N   30.3235 

153E1 
N   30.0042 

W -97.2901 W -96.9855 

2 DOG95 
N   30.2926 

POC2104 
N   30.0813 

W -97.3423 W -97.0871 

3 969E1 
N   30.1773 

535W1 
N   29.9759 

W -97.4175 W -97.1926 

4 RRanch 
N   30.3624 

20S1 
N   29.9029 

W -98.1253 W -97.5677 

5 80N3 
N   29.7643 

80S1 
N   29.6403 

W -97.7604 W -97.6613 

6 466E7 
N   29.5049 

466E10 
N   29.4676 

W -97.7291 W -97.6015 

7 108S3 
N   29.6525 

466E12 
N   29.4811 

W -97.6381 W -97.6557 
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Table 30: Source populations for field experiment seeds. 

Population Name GPS Color 

A 466_E7 
 W -97.7291 Light-

blue N 29.5049 

B poc2104 
W -97.0871 Dark-

red N 30.0813 

C dog95 
W -97.3423 Light-

blue N 30.2926 

D 80S1 
W -97.6613 Dark-

red N 29.64035 
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Table 31: Migration rate (N Em) and FST estimates for each sympatric-allopatric 
population pair. 

Pair FST NEm 

1 0.103 2.18 

2 0.04 6.00 

3 0.063 3.72 

4 0.188 1.08 

5 0.051 4.65 

6 0.051 4.65 

7 0.08 2.88 
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Table 32: Estimates of population size () and immigration (M) and calculated immigration rate (NEm) between pairs of allopatric-
sympatric populations. 

Allopatric Population Sympatric Population 

Pair 

 M 

NEm 
 M 

NEm 
MLE (5% C.I.) MLE (5% C.I.) MLE (5% C.I.) MLE (5% C.I.) 

1 2.34 (2.06-2.69) 0.19 (0.10-0.29) 0.44 5.21 (4.76-6.54) 0.84 (0.68-1.03) 4.38 

2 3.04 (2.49-3.72) 4.44 (3.92-5.04) 13.50 2.48 (2.24-2.76) 0.84 (0.69-1.00) 2.08 

3 4.53 (3.99-5.17) 1.65 (1.5-2.02) 7.48 3.25 (2.91-3.64) 1.24 (1.02-1.50) 4.03 

4 5.69 (5.35-6.04) 0.72 (0.67-0.77) 4.10 3.16 (2.95-3.39) 1.20 (1.12-1.29) 3.79 

5 4.11 (3.83-4.40) 0.64 (0.58-0.70) 2.63 2.91 (2.76-3.01) 0.74 (0.67-0.81) 2.15 

6 1.96 (1.71-2.22) 2.51 (2.16-2.91) 4.92 8.10 (7.16-9.19) 1.26 (1.09- 1.43) 10.21 

7 9.54 (8.91-10.24) 0.78 (0.73-0.81) 7.44 1.94 (1.85-2.05) 1.94 (1.83-2.07) 3.78 
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Table 33: ANOVA on seeds per fruit showing no effect of genotype at the hue 

or intensity locus, or of the source population. 

Source of variation df f p 

Hue 1 1.7 0.1943 

Intensity 1 0 0.9653 

Population 1 1.87 0.1746 

Hue X Intensity 1 2.02 0.1575 

Hue X Population 1 0.06 0.8099 

Intensity X Population  1 1.91 0.1692 
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Table 34: ANOVA on fruit set showing no main effect of genotype at the hue 

or the intensity locus, but a significant interaction between the two loci. (b.) 

Independent contrasts of fruit set between the flour flower color genotypes.  P-value 

shown for each contrast and significant differences shown in bold.  

a. 

Source of Variation df       F P 

Hue 1 0.1 0.7478 

Intensity 1 0.91 0.3414 

Population 1 0.12 0.7279 

Row 1 9.44 0.0023 

Hue X Intensity 1 4.41 0.0366 

Hue X Population 1 0 0.9666 

Intensity X Population 1 0.24 0.6277 

Hue X Row 1 0.03 0.854 

Intensity X Row 1 0.01 0.9157 

Population X Row 1 0.02 0.9018 

Hue X Intensity X Row 1 1.42 0.235 

Hue X Population X Row 1 0 0.9637 

Intensity X Population X Row 1 0.53 0.4689 

 

 

b.  

  
Light-

blue 

Dark-

red 

Light-

red 

Dark-

blue 
0.572 0.1529 0.0164 

Light-

blue 
  0.1689 0.1832 

Dark-

red 
    0.0065 
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Table 35: ANOVA of fruit set including growth and development traits as 
predictors of fitness. Flower color genotype shows no significant effect, while day to flower, 
day to death and number of leaves show strong effects on fruit set. 

Source of Variation df      F     P 

Hue 1 0.12 0.7268 

Intensity 1 0.12 0.732 

Flower 1 11.08 0.001 

Death 1 6.31 0.0126 

nl 1 25.33 <.0001 

nlbd 1 0.75 0.3884 

Population 1 0.06 0.7997 

Row 1 18.07 <.0001 

Hue X Intensity 1 2.48 0.1162 

Hue X Flower 1 0.69 0.4077 

Hue X Death 1 0.3 0.5837 

Hue X nl 1 0.38 0.536 

Hue X nlbd 1 0.02 0.8885 

Hue X  Population 1 0.01 0.9257 

Hue X Row 1 0.14 0.7049 

Intensity X Flower 1 0.21 0.6447 

Intensity X Death 1 0.07 0.785 

Intensity X nl 1 0.01 0.9397 

Intensity X nlbd 1 0.01 0.9152 

Intensity X Population  1 0.02 0.8746 

Intensity X Row 1 0.08 0.776 

Hue X Intensity X Flower 1 4.58 0.0333 

Hue X Intensity X Death 1 0.03 0.8615 

Hue X Intensity X nl 1 0.57 0.4497 

Hue X Intensity X nlbd 1 0.28 0.5973 

Hue X Intensity X Row 1 0.99 0.321 
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Table 36: (a.) MANOVA results for effect of flower color loci on growth and 

development traits. (b). Individual ANOVA results for number of leaves, flower day and 
death day, showing effects that were significant in the MANOVA results. 

a. 

Source of Variation 
Wilks' 

Lambda 
df 

error 

df 
     F        P 

Hue 0.951 3 292 4.95 0.002 

Intensity 0.980 3 292 1.99 0.116 

Population 0.988 3 292 1.18 0.318 

Row 0.848 3 292 17.4 <.0001 

Hue X Intensity 0.993 3 292 0.68 0.566 

Hue X Population 0.989 3 292 1.03 0.380 

Intensity X Population 0.974 3 292 3.63 0.051 

Hue X Row 0.990 3 292 0.92 0.431 

Intensity X Row 0.990 3 292 0.94 0.420 

Population X Row 0.996 3 292 0.31 0.817 

Hue X Intensity X Row 0.997 3 292 0.26 0.855 

Hue X Population X Row 0.995 3 292 0.48 0.699 

Intensity X Population X Row 0.990 3 292 0.96 0.410 

 

 

b. 

Source of variation 
  

Number of 

leaves 
Flower day Death Day 

Hue 
F 3.92 0.69 8.09 

P 0.0484 0.408 0.0048 

Intensity 
F 1.53 0.63 4.65 

P 0.2175 0.427 0.0319 

Population 
F 0.72 0.13 2.98 

P 0.398 0.715 0.0856 

Row 
F 6.64 4.02 43.13 

P 0.0105 0.046 <.0001 

Intensity X Population  
F 0.08 0.05 7.76 

P 0.776 0.877 0.0057 
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Table 37: Least square means and standard errors from significant effects of 

genotype on growth and survival treats. (a.) The effect of hue on number of leaves and 
death day shows individuals with red alleles (hh) individuals have more leaves and a later 
death day (live longer) then individuals with blue alleles (HH ). (b) Means and standard 
errors for death day within each experimental source population for each intensity 
genotype.  The dark (II ) alleles have a later death date in population 2 but these individuals 
are only dark-blue genotypes (IIHH ).    

a. 

Hue 

Genotype 

Number of leaves   Death Day 

LS Mean S.E   LS Mean S.E. 

Blue (HH) 13.86 0.55  156.90 0.93 

Red (hh) 16.09 0.78   163.42 1.32 

 

b. 

Experimental 

Population 

Intensity 

Genotype 
LS Mean S. E. 

1 
Dark (II) 156.99 0.85 

Light (ii) 158.86 1.00 

2 
Dark (II) 166.16 2.59 

Light (ii) 158.64 1.64 
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Table 38: ANOVA describing the variation in number of flowers visited per plant 
for each flower color genotype.  There is no effect of hue genotype or intensity genotype on 
number of visits per plant. 

Source of variation df      F         P 

Hue 1 2 0.158 
Intensity 1 0.3 0.582 

Hue X Intensity 1 0.41 0.522 
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Appendix A: Least Square Means for Chapter Three fruit set 
ANOVA 

Effect 
Level 1 Level 2 Level 3 Level 4 

LS 

Mean S.E. 

Hue 
Blue       33.366 1.610 

Red       36.347 1.632 

Intensity 
Dark       33.983 1.675 

Light       35.730 1.565 

Population 
1       36.817 1.846 

2       32.896 1.358 

Block 

A       11.704 2.035 

B       25.441 2.035 

C    94.942 2.930 

D       7.339 2.037 

P. cuspidata 
with       53.323 1.784 

Without     16.390 1.440 

Hue X 

Intensity 

Blue Dark     33.389 2.357 

  Light     33.343 2.193 

Red Dark   34.577 2.380 

  Light     38.116 2.233 

Hue X 

Population 

Blue 1     3.663 2.523 

  2     3.068 1.999 

Red 1   9.970 2.696 

  2     2.724 1.840 

Intensity X 

Population 

Dark 1     31.064 2.692 

  2     36.902 1.994 

Light 1   42.569 2.528 

  2     28.890 1.845 

Hue X P. 

cuspidata 

Blue with     2.035 2.510 

  without   4.696 2.016 

Red with   4.610 2.535 

  without   8.083 2.056 

Intensity X 

P. cuspidata 

Dark with     52.271 2.622 

  without   15.695 2.085 

Light with   54.375 2.420 

  without   17.085 1.985 

Hue X Block 

Blue A     12.279 2.804 

  B     22.662 2.855 

 C   91.791 4.163 

  D     6.730 2.847 

Red A   11.129 2.949 

  B     28.219 2.900 
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 C   98.092 4.125 

  D     7.948 2.914 

Intensity X 

Block 

Dark A     10.743 2.996 

  B     24.341 2.955 

 C   93.799 4.303 

  D     7.049 2.943 

Light A   12.665 2.754 

  B     26.540 2.799 

 C   96.084 3.979 

  D     7.629 2.816 

Population X 

Block 

1 A     12.931 3.301 

  B     29.039 3.294 

 C   98.530 4.703 

  D     6.766 3.268 

2 A   10.477 2.380 

  B     21.842 2.391 

 C   91.353 3.498 

  D     7.912 2.432 

Hue X 

Intensity X 

Population 

Blue Dark 1   24.529 3.672 

    2   42.248 2.956 

 Light 1  42.798 3.462 

    2   23.888 2.692 

Red Dark 1  37.599 3.937 

    2   31.556 2.678 

 Light 1  42.340 3.684 

    2   33.892 2.524 

Hue X 

Intensity X 

P. cuspidata 

Blue Dark with   53.619 3.689 

    without   13.158 2.934 

 Light with  50.451 3.404 

    without   16.235 2.766 

Red Dark with  50.922 3.726 

    without   18.232 2.964 

 Light with  58.298 3.439 

    without   17.934 2.849 

Hue X 

Intensity X 

Block 

Blue Dark A  11.456 4.121 

    B   18.732 4.159 

  C  95.782 6.119 

    D   7.584 4.140 

 Light A  13.101 3.805 

    B   26.593 3.914 

  C  87.801 5.646 

    D   5.877 3.908 

Red Dark A  10.029 4.350 
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    B   29.951 4.199 

  C  91.815 6.050 

    D   6.514 4.184 

 Light A  12.229 3.982 

    B   26.487 4.002 

  C  104.36 5.609 

    D   9.382 4.056 

Hue X 

Population X 

Block 

Blue 1 A  13.340 4.432 

    B   24.272 4.499 

  C  90.391 6.466 

    D   6.650 4.493 

 2 A  11.217 3.437 

    B   21.053 3.518 

  C  93.192 5.245 

    D   6.811 3.498 

Red 1 A  12.521 4.894 

    B   33.807 4.812 

  C  106.66 6.830 

    D   6.882 4.747 

 2 A  9.737 3.292 

    B   22.631 3.238 

  C  89.514 4.628 

    D   9.014 3.380 

Intensity X 

Population X 

Block 

Dark 1 A  10.576 4.838 

    B   26.774 4.754 

  C  80.158 6.883 

    D   6.749 4.747 

 2 A  10.909 3.536 

    B   21.909 3.511 

  C  107.44 5.165 

    D   7.349 3.481 

Light 1 A  15.285 4.493 

    B   31.305 4.560 

  C  116.90 6.409 

    D   6.783 4.493 

 2 A  10.045 3.186 

    B   21.774 3.246 

  C  75.266 4.718 

    D   8.476 3.397 

Hue X 

Intensity X 

Population  

X Block  

Blue Dark 1 A 11.042 6.458 

      B 15.340 6.512 

   C 64.095 9.367 
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      D 7.641 6.623 

  2 A 11.871 5.121 

      B 22.124 5.175 

   C 127.47 7.877 

      D 7.526 4.970 

 Light 1 A 15.639 6.072 

      B 33.204 6.209 

   C 116.68 8.917 

      D 5.659 6.072 

  2 A 10.562 4.585 

      B 19.982 4.766 

   C 58.914 6.929 

      D 6.095 4.922 

Red Dark 1 A 10.111 7.206 

      B 38.207 6.929 

   C 96.221 10.08 

      D 5.856 6.801 

  2 A 9.947 4.876 

      B 21.695 4.745 

   C 87.410 6.681 

      D 7.171 4.876 

 Light 1 A 14.930 6.623 

      B 29.406 6.681 

   C 117.11 9.209 

      D 7.907 6.623 

  2 A 9.527 4.424 

      B 23.567 4.407 

   C 91.618 6.406 

      D 10.856 4.683 



 

161 

Appendix B: Least square means for Chapter Four fruit set 
ANOVA 

 

Effect 
Level 1 Level 2 

LS 

Mean S.E. 

Hue 
Blue   195.53 10.85 

Red   201.94 15.27 

Intensity 
Dark  222.94 15.42 

Light   174.53 11.14 

Population 
1   203.48 14.67 

2   193.99 7.57 

Hue X Intensity 

Blue Dark 201.67 11.77 

  Light 189.40 18.23 

Red Dark 244.21 27.88 

  Light 159.66 12.82 

Hue X Population 

Blue 1 200.29 19.02 

  2 206.68 30.18 

Red 1 190.78 10.45 

  2 197.20 10.95 

Intensity X 

Population 

Dark 1 232.42 30.08 

  2 174.54 19.07 

Light 1 213.46 9.80 

  2 174.51 11.53 
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