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Abstract

When species hybridize, they often exchange alleles through introgression. When rates of
genetic migration are high, alleles that resist introgression are presumed to be maintained
by selection. While most prior research has focused on characterizing direct selection at
these sites, alleles could alternatively be maintained via forms of indirect selection. In
particular, correlational selection could act to jointly favor resistance to introgression.
Alternatively, if variation at one locus modifies the pattern of selection on other traits, then
it is also possible that that locus may resist introgression. Here I examine whether resistance
to introgression at a locus affecting floral limb color is due primarily due to direct selection
or to epistatic selection in [pomoea cordatotriloba. To do so, I conducted field experiments
on recombinant inbred lines that varied in limb color, flower size and nectar sugar
concentration. To test for the effect of direct selection on flower color, I estimated the effect
of color genotype on four fitness components — germination, survival, fecundity, and siring
success. To test for the effect of epistatic selection, I ask if either floral size or nectar sugar
concentration is correlated with fecundity in lines that are pink (consistent with 1.
cordatotriloba) but not white (consistent with 1. lacunosa). To test for the effects of
pollinator behavior on fitness, I observed patterns of pollinator behavior in the same plants
in which I estimated fitness. I find no evidence for direct selection on flower color in any
of the four fitness components. Instead, I found that flower color modulates selection on
other floral traits; both flower size and sugar concentration significantly correlate with
fecundity in pink but not white limbed lines. I use evolutionary models to show that at low
rates of migration (<3% per generation), modulation of selection on flower size and sugar

concentration traits can cause resistance to introgression at the flower color locus via

iv



epistatic selection. Together, these results suggest flower color is maintained via epistatic,
not direct selection. Pollinator behavior recapitulated selection results for direct selection,
but not epistatic selection. Color did not significantly impact any aspect of pollinator
behavior, suggesting that the modulation of selection is mediated by non-pollinator agents.
Jointly, these results suggest that binary traits may resist introgression through indirect,

epistatic selection, but that the pattern of epistasis is likely not caused by pollinators.
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1. Introduction

Evolutionary biologists have long been fascinated by why species do not coalesce
when they hybridize. In The Variation of Animals and Plants under Domestication, Darwin
ponders:

“Why should some species cross with facility, and yet produce very sterile hybrids,
and other species cross with extreme difficulty, and yet produce fairly fertile hybrids?”
(1868)

Over the next one hundred and fifty years, other biologists too pondered how
species evolve in the face of hybridization. Hybridization was classically believed to be a
rare aberration, as species were defined by some aspect of their genetic purity (MAYR 1963;
MAYR 1999), perhaps most famously decried by Fisher as “the grossest blunder in sexual
preference” (1930)

However, genomic evidence of the past thirty years has revealed that hybridization
is in fact quite common — over a tenth of all animal species and a quarter of all plant species
readily hybridize (MALLET 2005). This hybridization does not uniformly produce the same
patterns across species. Many hybridizing taxa differ in the rate that alleles from one
species are incorporated into the genome of the other in a process known as introgression
(HARRISON AND LARSON 2014). In the modern age, the spirit of Darwin’s questions still
remains — when species hybridize, how do some species resist introgression entirely, while
other species remain distinct despite rampant introgression? In this dissertation, I will
attempt to answer this second question: why do certain traits remain highly diverged

despite rampant introgression?



Understanding how often introgression is adaptive, neutral, or selected against is a
topic of central concern in the field (ABBOTT ef al. 2013). Because introgression can add
genetic variants at a higher rate than mutation, introgressed variants can become fixed if
these introgressed variants are advantageous (SUAREZ-GONZALEZ et al. 2018; TAYLOR AND
LARSON 2019). However, when rates of introgression are high, there are likely many
regions that are introgressed that are presumably neutral (HARRISON AND LARSON 2014).
When introgression is asymmetric, introgression of alleles from one species across the
entire genome of a second species can eventually lead to conversion of the second species
into the first in a process known as genetic swamping (RHYMER AND SIMBERLOFF 1996;
TODESCO et al. 2016). As climate change may threaten native endemics via genetic
swamping (MUHLFELD et al. 2014; OWENS AND SAMUK 2020), it is imperative to
understand not only what processes facilitate rampant introgression but how loci resist
introgression in the face of extensive hybridization and gene flow.

Because genomes appear as “mosaics” (PAYSEUR 2010), some regions readily
introgress while others show little to no introgression (e.g., RIESEBERG et al. 1999; WU
2001b; FISHMAN et al. 2008; BRENNAN ef al. 2016; PAYSEUR AND RIESEBERG 2016; RIFKIN
et al. 2021). It is often inferred that selection disfavors the introgressing alleles at these
regions. Recent advances in computational and genomic sequencing have allowed for
deeper sequencing and a stronger understanding of the genomic signatures of introgression
(SEEHAUSEN et al. 2014). Additionally, theoretical and computational strides are being
developed to genomically determine potential loci that may resist introgression (SCHUMER
AND BRANDVAIN 2016) and even attempt to detect selection with better controls for patterns

of introgression (VATSIOU ef al. 2016; SVEDBERG et al. 2021).



Despite the promise of these techniques, such genomic studies have notable
limitations. First, genomic signatures of selection that indicate haplotypes that readily or
rarely introgress are often still difficult to determine. Methods that use the McDonald-
Kreitman test to interpret potential signatures of positive selection for alleles that resist
introgression (e.g., VITTI ef al. 2013; RIFKIN et al. 2019a) are often biased by slightly
deleterious mutations (MESSER AND PETROV 2013), and Fst can be confounded by selection
for local adaptation and incomplete lineage sorting (CRUICKSHANK AND HAHN 2014;
HARRISON AND LARSON 2016). Even models designed specifically to test for selection with
gene flow still struggle because they conflate parameters of selection with those of
migration (SMITH AND HAHN 2024). Second, even when genomic tests accurately reveal
that loci are under selection, they cannot reveal the mode of selection. Whether selection
is directional, balancing, frequency-dependent, reinforcing, correlational, or epistatic
cannot be determined by a genome scan alone and must be paired with empirical data that
reveal the nature of selection. Third, these tests fundamentally cannot elucidate the causal
agents of this selection. Because selection is a product of environmental conditions, it is
often imperative to understand the causes of selection to understand long term evolutionary
dynamics. Fourth, these tests rarely consider how multiple traits that resist introgression
are maintained simultaneously. While hypotheses have been surmised from theoretical
work — either that incompatibility loci are maintained via epistasis with background loci
(SCHUMER AND BRANDVAIN 2016) or that genetic correlations may help to maintain
multiple alleles (LINDTKE AND BUERKLE 2015; BUTLIN AND SMADJA 2018; SVENSSON et

al. 2021), these hypotheses have yet to be substantiated with empirical evidence.



For these reasons, bioinformatic inferences of selection on loci resistant to
introgression should be complimented with explicit quantification of fitness effects in
natural populations. Unfortunately, empirical documentation of selection when species
interbreed is rare (SUAREZ-GONZALEZ et al. 2018; TAYLOR AND LARSON 2019). When they
have been performed, such studies often focus on testing for only direct selection on the
focal trait (e.g. BRADSHAW ef al. 1998; FULTON AND HODGES 1999; HOPKINS AND
RAUSHER 2012; KENNEY AND SWEIGART 2016; FARNITANO et al. 2025). While direct
selection on a trait likely occurs in some systems, this avenue of research is often focused
on traits that not only resist, but additionally prevent, subsequent introgression (BRADSHAW
AND SCHEMSKE 2003; HOPKINS AND RAUSHER 2012; MARTIN et al. 2013; KNIEF et al.
2019). For loci that resist but do not prevent introgression, the effect of direct selection is
largely unknown.

An alternative to direct selection in causing resistance to introgression is indirect
selection. Generally, researchers have considered this to result from selection on
genetically correlated traits (LANDE AND ARNOLD 1983; HAWTHORNE AND VIA 2001;
WHEAT et al. 2011; COMEAULT et al. 2015; FRIEDMAN ef al. 2015). While there has been
a plethora of research on genetic correlations on trait evolution (ROFF 1996; BRADSHAW et
al. 1998; JUENGER et al. 2005; CONNER 2006; CONNER et al. 2011), this possibility has not,
to my knowledge, been concretely investigated for selection on alleles resisting
introgression.

Alternatively, correlational selection may indirectly provide resistance to
introgression if the ancestral allele at the resistant locus is jointly favored with high-fitness

variants of another trait. While similar to indirect selection via genetic correlations,



correlational selection differs in that traits may be jointly selected because they are
preferred by a causative agent regardless of genetic correlations. Correlational selection is
surprisingly understudied in the context of introgression (SVENSSON et al. 2021). In fact, I
know of only one species pair— [pomopsis aggregata and tenuituba — wherein correlational
selection was explicitly tested as a means of divergent selection on hybridizing species
consistent with selection to resist introgression (MELENDEZ-ACKERMAN AND CAMPBELL
1998; CAMPBELL 2009).

Intuitively, one way in which correlational selection could provide resistance to
introgression at a locus is if the phenotype at that locus modulates selection on another trait
— a type of fitness epistasis. In particular, I demonstrate in this dissertation that if for one
phenotype (phenotypel) at the locus resisting introgression, selection on a quantitative trait
favors increases in the value of that trait, but for the other phenotype (phenotype 2)
selection on the quantitative trait is weaker or is absent, joint selection on the two traits
will favor phenotype 1, and thus generate resistance to introgression. I term this mechanism
“epistatic selection”. Although this mechanism is theoretically possible, I am unaware of
any prior investigations of whether it occurs in nature, despite the extensive literature on
correlated selection (LANDE AND ARNOLD 1983; PRICE AND LANGEN 1992; SINERVO AND
SVENSSON 2002; SVENSSON et al. 2021).

Flower color is a clear example of a trait that could theoretically generate epistatic
selection. Flower color is often used by pollinators to choose which flowers to visit,
alongside other floral traits such as flower size and shape (PEREZ-BARRALES et al. 2007,
FENSTER et al. 2015; WU et al. 2020). While it is possible that pollinators primarily select

for flower color via direct selection (WASER 1998; RAUSHER 2008; MUCHHALA et al. 2014;



ROSE AND SYTSMA 2021), evidence is surprisingly limited on whether pollinator behavior
directly selects for flower color as selection against introgression. For the three studies
where flower color has been tested for selection in hybridizing species, all three have
provided evidence for direct selection on flower color (MELENDEZ-ACKERMAN AND
CAMPBELL 1998; SCHEMSKE AND BRADSHAW 1999; HOPKINS AND RAUSHER 2012).
Importantly though, in these examples, resistance to introgression also conferred a
substantial reduction in hybridization. They do not address the causes of resistance to
introgression at loci that are not such “barrier” loci.

Pollinator behavior is often thought to be the primary process generating selection
on flower color (WASER 1998; RAUSHER 2008; MUCHHALA et al. 2014; ROSE AND SYTSMA
2021). Pollinator behavior could generate epistatic selection that generates resistance to
invasion at a color locus if color alters the pattern of selection on other floral traits. If
flowers are more effectively pollinated when they have larger flowers with sweeter nectar,
but only when they are of one flower color and not the other, then pollinator behavior
would effectively drive epistatic selection on the flower color allele. Despite this
possibility, the role of pollinator behavior in generating the type of epistatic selection that
would provide resistance to introgression at a color locus has, to my knowledge, not been
investigated.

In this dissertation, I investigate how selection provides resistance to introgression
at a flower color locus in a situation in which two species introgress asymmetrically. In
chapter 2, I ask if direct or indirect, epistatic selection disfavors introgression. In chapter
3, I ask if the observed patterns of selection are explained by pollinator behavior. Through

both chapters, I attempt to determine what the relative contribution of direct and indirect
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selection in generating resistance to introgression at the flower color locus, and if patterns
of pollinator behavior align with observed patterns of selection.

Morning glories (Ipomoea spp.) provide an appropriate study system to address
these issues. 1. lacunosa and I cordatotriloba are sister species in the family
Convolvulaceae (MUNOZ-RODRIGUEZ ef al. 2018) that have recently come into secondary
contact. I. lacunosa has evolved to be highly selfing — there has been selection on reduced
flower size, nectar sugar concentration, and anther stigma distance and a loss of pink flower
color (DUNCAN AND RAUSHER 2013; RIFKIN et al. 2019b). In contrast, I. cordatotriloba has
showy, pink flowers consistent with a mixed mating strategy of both outcrossing and
selfing. Where these species co-occur, they often grow intertwined with one another and
frequently interbreed. When they interbreed, gene flow is largely unidirectional from /.
lacunosa to I. cordatotriloba; while I. lacunosa has less than 2% admixture from 71
cordatotriloba, I. cordatotriloba has, on average, more than 50% admixture from I
lacunosa (58-64% identity; (RIFKIN et al. 2019a). Presumably, this is because hybrids
formed between both individuals preferentially backcross with /. cordatotriloba rather than
L lacunosa; this pattern is commonly seen across species pairs wherein one species has a
higher rate of selfing (PICKUP et al. 2019).

Nonetheless, many loci have resisted introgression despite this large-scale mixing
(RIFKIN et al. 2019a). One such locus controls flower color. While /. lacunosa are nearly
uniformly white-limbed (STEPHENSON IV et al. 2006) , sympatric 1. cordatotriloba have
pink limb color, with the white color allele occurring only at low frequency in sympatric

populations (DUNCAN AND RAUSHER 2020). This pattern suggests that some form of



selection prevents introgression of the . lacunosa “white” allele at this locus in sympatric
1. cordatotriloba populations.

One hypothesis as to how pink flower color may be selectively advantageous is that
pink color attracts more visits from pollinators. In sympatry, I. cordatotriloba flowers
remain pink and produce more nectar than /. lacunosa despite substantial introgression
from 1. lacunosa (RIFKIN et al. 2019b). As flower color often signals greater nectar rewards
to pollinators in flowering plants (SCHIESTL AND JOHNSON 2013; TRUNSCHKE ef al. 2021),
pink flower color in Ipomoea cordatotriloba may be selected if pollinators associate pink
color with greater nectar rewards and thus visit pink-limbed plants at a higher rate. If this
increase in visitation from pollinators translates to increased fitness, then pink flower color
may be selected for via pollinator visitation.

In this dissertation, I assess how the “pink™ allele is selected for in hybridizing
populations of I. cordatotriloba. In Chapter 2, 1 experimentally determine whether
selection acts on the color locus. I then determine if any observed selection is direct, acts
through genetic correlations with other traits, or acts through epistatic fitness interactions
with other traits. I use two important traits in attracting pollinator visitors, flower size and
nectar sugar concentration, to ask if color may modulate selection on these lines. I then ask
if pink limbed lines have a greater fitness than white limbed lines across four aspects of
fitness — germination, survival, fecundity, and siring success. Additionally, I ask if flower
size and sugar concentration are selectively favored in pink, but not white limbed lines.
Finally, I use these results to parameterize models to quantify indirect selection on color
loci generated by epistatic selection. In Chapter 3, I expand upon the work of chapter 2 by

asking if pollinator behavior mirrors patterns of selection. I first test whether any observed



direct selection aligns with pollinators’ preference for flower color. Second, I test whether
epistatic selection on flower color is reflected by patterns of pollinator behavior. In
conjunction | ask if either direct or epistatic selection on fecundity is being driven primarily

by pollinator behavior.



2. Flower Color Allele Resists Introgression Due to Indirect
Selection on Other Floral Traits in Ipomoea Cordatotriloba

Introduction

Since DARWIN (1859), evolutionary biologists have puzzled over a simple question:
how do species remain distinct when they readily hybridize? Despite historical notions of
hybridization as the result of “the grossest blunder in sexual preference” (FISHER 1930),
interspecific mating is quite common in the natural world: over a quarter of all plant species
readily hybridize (MALLET 2005). One possible consequence of hybridization is
introgression, which, if extensive, can lead to several different outcomes. Introgression
may allow for more genetic variation upon which selection may act; if these introgressed
variants are advantageous, then they may be fixed as adaptive (SUAREZ-GONZALEZ et al.
2018; TAYLOR AND LARSON 2019). But while some regions are selectively advantageous
when introgressed, many others are presumably neutral. In systems where introgression is
asymmetric, alleles at many sites can eventually lead to conversion of one species into the
other in a process known as genetic swamping (RHYMER AND SIMBERLOFF 1996; TODESCO
et al. 2016), an increasing threat with global climate change threatening local endemics
(MUHLFELD et al. 2014; OWENS AND SAMUK 2020).

Alternatively, certain hybridizing alleles may fail to introgress. Recent advances in
genomic sequences (see SEEHAUSEN ef al. 2014) have shown that hybrid matings rarely
fuse species by completely introgressing whole genomes; rather, genomes appear as
“mosaics” (PAYSEUR 2010) with some regions that readily introgress and others that show
little to no introgression (WU 2001a; PAYSEUR AND RIESEBERG 2016). Alleles at loci with

little to no sign of introgression (i.e., low admixture) are thus presumed to be maintained
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by selection in the face of gene flow. To substantiate these claims, researchers often
sequence hybrid populations, find candidate loci that resist introgression, and posit that
their maintenance along the genome is caused by selection (e.g. PAYSEUR 2010). However,
these genomic tests are not enough to accurately infer how or even whether selection
operates on these loci. These tests cannot elucidate causal mechanisms (SUAREZ-
GONZALEZ et al. 2018; TAYLOR AND LARSON 2019), nor do they consider how multiple
traits that resist introgression are maintained simultaneously. As many traits often jointly
resist introgression (RIESEBERG et al. 1999; FISHMAN et al. 2014; SCHUMER et al. 2014;
RIFKIN et al. 2021; HANKIN 2024), it is likely that trait correlations play a role in either
facilitating or resisting introgression. Surprisingly, however, trait correlations are rarely
considered when determining genomic patterns of resisting introgression.

Three explanations could therefore explain then how a focal trait may be selected
for despite introgression. First, the introgressing variant of the trait could be directly
selected against, either because the trait itself is maladaptive, or the underlying gene is
pleiotropic with a trait that is maladaptive. While experimental studies that identify and
quantify selection against introgression are uncommon, nearly all such studies attempt to
detect only direct selection on the focal trait (e.g. BRADSHAW et al. 1998; FULTON AND
HODGES 1999; HOPKINS AND RAUSHER 2012; KENNEY AND SWEIGART 2016; FARNITANO
et al. 2025). Second, the focal trait can be maintained via indirect selection due to selection
on genetically correlated traits. If two traits are tightly genetically correlated, then selection
on one trait will indirectly select other traits (LANDE AND ARNOLD 1983; HAWTHORNE AND
ViA 2001; WHEAT et al. 2011; COMEAULT et al. 2015; FRIEDMAN et al. 2015). Despite

the extensive literature of genetic correlations on trait evolution (ROFF 1996; BRADSHAW
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et al. 1998; JUENGER et al. 2005; CONNER 2006; CONNER et al. 2011), I am unaware of any
study that has investigated whether genetic correlations may induce indirect selection at
loci that resist introgression. However, theoretical work suggests that even moderate
genetic correlations between traits may allow for these traits to resist extensive
introgression through indirect selection(LINDTKE AND BUERKLE 2015).

A third explanation for resistance to introgression at a locus is correlational
selection involving the trait of interest and other traits. This differs from indirect selection
through genetic correlations in that combinations of traits may be jointly selected because
they are preferred by a causative agent regardless of genetic correlations. Given that
typically numerous loci resist introgression when species hybridize (RIESEBERG ef al. 1999;
FISHMAN et al. 2014; SCHUMER et al. 2014; RIFKIN et al. 2021; HANKIN 2024), it is
surprising that correlational selection has only been investigated as a possible means of
resisting introgression in one species pair — Ipomopsis aggregata and tenuituba - by
independently manipulating floral traits (MELENDEZ-ACKERMAN AND CAMPBELL 1998;
CAMPBELL 2009).

Because correlational selection arises because of the environmental context
(AGRAWAL et al. 2010), selection for a suite of traits may indirectly select for the focal trait
if this trait modifies this environmental context of selection. When the trait that modifies
the environmental context of selection on other traits, the correlational selection effectively
acts as epistatic selection. This epistatic selection, in modulating the magnitude and
direction of selection on quantitative traits, can cause trait associations to form between the
binary trait that generates epistatic selection and those quantitative traits. These

associations (essentially correlations) can then potentially generate indirect selection on
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the binary trait through direct selection on the quantitative trait, indirect selection that could
act to prevent introgression at the binary trait locus. While the literature on correlated
selection is extensive (LANDE AND ARNOLD 1983; PRICE AND LANGEN 1992; SINERVO AND
SVENSSON 2002; SVENSSON et al. 2021) and epistatic selection has been considered in the
in context of incompatibilities with genomic backgrounds (SCHUMER et al. 2014; PooL
2015; SCHUMER AND BRANDVAIN 2016), I am not aware of any prior research investigating
the role of binary traits in modulating selection on quantitative traits to generate this type
of correlational selection. Nevertheless, these considerations suggest that resistance to
introgression may therefore be due not only to direct selection at a given locus, but also
because of indirect epistatic selection generated by that locus modulating selection on a
quantitative trait. I am unaware of any previous attempts to address this possible
explanation for resistance to introgression.

Ipomoea lacunosa and I. cordatotriloba are well suited to address how traits are
maintained despite introgression. /. lacunosa and I. cordatotriloba are sister species in the
family Convolvulaceae (MUNOZ-RODRIGUEZ et al. 2018) that have recently come into
secondary contact across the coastal plains of the southeastern United States. Where they
come into contact, gene flow is largely unidirectional from /. lacunosa to 1. cordatotriloba,
leading to asymmetric introgression. Where these two species co-occur, 1. lacunosa
experiences little admixture with /. cordatotriloba (< 2%), while I. cordatotriloba is highly
admixed (58-64% lacunosa identity; (RIFKIN ef al. 2019a), with some loci exhibiting
complete introgression. Despite this large-scale introgression, a subset of loci has resisted

introgression (RIFKIN ef al. 2019a).
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One locus that has resisted introgression determines flower limb color. While
nearly all . lacunosa flowers have white limbs (STEPHENSON 1V ef al. 2006), sympatric /.
cordatotriloba flowers generally maintain the pink limb color found in allopatry; white
limbed 1. cordatotriloba occurs only at low frequency in sympatric populations (DUNCAN
2013). Because flower color is controlled by one Mendelian locus (personal observation
via plant crosses) and has a candidate locus that coincides with a genomic region that
exhibits low introgression (RIFKIN et al. 2019a; RIFKIN et al. 2019b; DUNCAN AND
RAUSHER 2020), these patterns suggest that in sympatric 1. cordatotriloba populations,
some form of selection prevents introgression of the lacunosa “white” allele at this locus.

The objective of this chapter is therefore to determine experimentally whether
selection acts on the color locus, and, if so, whether that selection is direct, acts through
genetic correlations with other traits, or acts through epistatic fitness interactions with other
traits. For the latter, I focus on two important floral traits that, along with flower color,
commonly affect pollinator visitation in plants (CONNER AND RUSH 1996; FOWLER et al.
2016; FORNOFF et al. 2017; MALLINGER AND PRASIFKA 2017; NOTTEBROCK et al. 2017,
DELGADO et al. 2023) and therefore could experience such fitness interactions with flower
color: flower size and nectar sugar concentration. Because of the nature of the experimental
design, any indirect selection through trait correlations would likely appear as direct
selection. If color is either directly selected or selected indirectly via genetically correlated
traits, then pink limbs will be advantageous regardless of a plant’s flower size or sugar
concentration. Alternatively, if color modifies the pattern of selection on flower size and
sugar concentration, then pink limbs could be advantageous if large flowers and sweet

nectar are favored when /. cordatotriloba flowers are pink but not white (see Model below
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for further explanation). My approach distinguishes between non-epistatic and epistatic
modes of selection. Here I assess the relative contribution of these two processes to

generating resistance to introgression of the “white” allele.

Methods

RIL creation and selection

Recombinant inbred lines were previously generated from a cross between a pink-
limbed sympatric I. cordatotriloba (CAA) and a white 1. lacunosa (LPR; see RIFKIN et al.
2019b for cross details). Hybrid offspring were selfed for five generations to produce
approximately 300 fifth (F5) and sixth (F6) generation recombinant inbred lines (RILSs),
which were used in prior studies (see LIAO et al. 2022). Because lines underwent six
generations of recombination, genetic and therefore trait correlations that originally existed
in sympatric 1. cordatotriloba were disrupted, allowing quantification of the independent
effects of color, flower size, and sugar concentration. For each line, floral size and nectar
traits were quantified (see LIAO et al. 2022), including floral limb color (pink vs. white),
which was scored each generation. Lines that only had pink or white limbed lines per
generation were considered to be homozygous for the respective color allele. 59 lines were
thus determined to be homozygous for presence of the “pink™ allele and 59 were
homozygous for the “white” allele. As flower size traits and sugar concentration traits were
highly correlated within module (see LIAO ef al. 2022), I chose one representative trait —
corolla length and sugar concentration — for each category that appeared to be broadly
representative of each module.

Field experiment design
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In June 2021, 25 I. lacunosa, 25-white-limbed RILs, and 25- pink-limbed RILs
were planted in 16 replicate plots (4x4 grid) at a common garden at the Border Belt
Tobacco Station in Whitesville, NC. Plots were arranged in a randomized block design,
with each plot containing 1 plant per RIL (50 RIL plants) and 25 1. lacunosa with RILs
randomized throughout the plot. Each replicate plot used the same 25 RILs for each color
type, with the exception of two white-limbed lines that did not have enough seeds to plot
sixteen replicates; for these two lines, a separate white-limbed line was used for half of the
replicate plots. 1. lacunosa was planted to both assess environmental quality (see below) as
well as allow for a potential fitness cost of costly pollen deposition onto 1. cordatotriloba
stigmas. Each plant was planted 1 meter apart, and the structure of each plot was fixed such
that no plant directly bordered another plant of the same type. Seeds for each line were
scarified, planted in trays, and transplanted into raised beds at the production of the first
true leaf. Five plants died within the first two weeks, presumably due to transplant shock,
and were replaced; survival was scored at least once a week until a plant produced its first
flower. Three weeks post-transplant (July 2), two metrics of early growth were recorded:
(1) the total number of shoots, and (2) the length of the tallest shoot, measured from the
base of the plant to the tip for the longest living vine. Because the two traits are correlated
(p<2.2*107'%, R?=0.4134), only the results for shoot length are discussed.

Germination Assay

To assess germination probability, a component of fitness, 8000 full-sib seeds were
planted at the Border Belt Tobacco Research Station in 17 PVC pipes filled with sifted soil
to prevent any contamination from the local seed bank in early June 2022. 400 seeds each

were planted for ten white-limbed and ten pink-limbed lines Because it was infeasible to
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assess seed germination individually at this sample size, ten seeds from each line were
planted in 40 replicates (each pipe container). The assay layout was a checkerboard pattern
where pink-limbed containers never bordered white-limbed containers in cardinal
directions, but RIL ID was randomized within color type. Every 4-7 days, I counted the
cumulative numbers of germinants from the last observations period until the final census
on October 20™. Once cotyledons were unfurled for each germinant, the plant was removed
to prevent shading of nearby seeds. To calculate germination success, I then summed up
the number of germinants for each container over the course of the season and divided by
10 to get a replicates germination success and used replicates to estimate average
germination success per line.

Assessing Female Fitness

To estimate seed set, the female component of fitness, seeds were collected from
each plant. Because plants begin to senesce shortly after peak flower production, seeds take
around 3-4 weeks to develop, and seeds remain in their capsules for long periods after
maturation, seeds were collected without significant loss by cutting senesced field plants
and storing them in paper bags until being further processed. Subsequently, seeds were
manually separated from dead plant tissue and collected in coin envelopes for each plant.
Because of the time-intensive nature of seed separation, seeds were separated for only four
adjacent plots of the sixteen original plots.

All seeds from each plant were weighed in bulk. To convert seed weight to seed
number, fifty haphazardly chosen seeds were weighed to determine the average weight of
a seed per sample, and the total weight was then multiplied by the estimated number of

seeds per gram. To validate the accuracy of these estimates, 24 randomly sampled
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individuals across four plots were hand-counted and compared to estimated seed set
numbers; estimated seed number was highly correlated with counted seed number (Fig
S2.1, p<2*107'%, R?=0.9883). For nearly all samples (22 of 24 samples), actual seed number
was within 10.9% of estimates (Fig S2.1, see Appendix C), with the two outlier plants
having substantial seed predation from stinkbug instars burrowed inside seeds not
previously detected when seeds were sorted and weighed. Because both viable and inviable
seeds were collected together, one plot (Plot A) was selected to test whether the proportion
of inviable seeds differed among flower color treatments. For seeds from this plot, viable
and inviable seeds were manually separated and weighed to estimate this proportion. No
significant differences in the fraction of inviable seeds were detected across color types (p=
0.9582; Table S2.1, See Appendix C). To obtain estimates of line means, both seed weights
and seed number estimates were then averaged across plants within each line. Note
however that seed number and seed weight are highly correlated (p<2*107'6, R?=0.9455),
and all analyses involving seed weight are qualitatively similar to the ones using estimated
seed number.

Using 1. lacunosa as Phytometers:

Plants that can grow more in better conditions will likely set more seeds. To account
for the effect of the local environment, and therefore plant size, on seed set, I use the early
growth of 1. lacunosa as a phytometer - a proxy for assessing local environmental quality
(CLEMENTS AND GOLDSMITH 1924). With this proxy, I corrected seed set estimates of RIL
plants using two different models. In Model 1, I modeled an early growth surface based on
fourth-order predictors of x and y coordinates of the phytometers in the field for the four

plots where seeds were counted. Using the step function in base R, I added or removed
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linear, quadratic, cubic, and quartic predictors to find the fitness obtain the surface that best
fit early growth of 1. lacunosa . The best fitting predictive model (lowest AIC) was as
follows:

13.082 + 0.543x + 1.757y - 0.0148x* - 0.189y* + 0.000102x> + 0.00662y> -
0.0000722y*- 0.0180xy + 0.000262x%y - 3.166*10°x’y.

I then adjusted the seed set of each RIL plant based on the value of the fitted surface
at the location of that plant by dividing observed seed weight by the estimated surface
values of the predictive model, i.e. the estimated values of the phytometer surface for the
coordinates of each plant divided by the mean surface value across all plant locations.
Because a polynomial surface such as that fitted using Model 1 may not accurately model
surfaces with multiple distinct peaks, I additionally modeled the phytometer surface
(Model 2) using a spline-based approach via the MBA package in R (FINLEY ef al. 2024).
Planar splines were created by drawing planes between the /. lacunosa early growth
measurements within the four plots surveyed. Seed set of each RIL plant was adjusted as
described for Model 1. All models were visualized using the plot3D library in RStudio
(SOETAERT AND SOETAERT 2024).

Assessing Siring Success via Sanger Sequencing

Because F5 RILs were previously RAD sequenced (LIAO et al. 2022), I conducted
a genome-wide scan of all sites to identify sites where one marker allele was above 90%
frequency in pink-limbed lines, and an alternative allele was above >90% frequency in
white-limbed lines associated with a minor allele. Because there was only one sequenced
site that met this criterion (15210053 on Chromosome 6 (Sup Table S2.2), I used this site

for subsequent PCR analysis. I first extracted leaf tissue using cetyltrimethylammonium
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bromide (CTAB) following a slightly modified version of the protocol of MURRAY AND
THOMPSON (1980) wherein ethanol washes replace salts and other forms of alcohols to
precipitate DNA. To conduct PCR , I then added genomic DNA with one primer ~170 bp
downstream of the target site (sequence: TGTAGGGTTGAGGAGAGAGGT) and the
other ~50 bp upstream of the target site (sequence: AGAAGGAGATGGGTGAAGGQ)
and amplified the sequence with an Biometra TOne Thermocycler (Analytik Jena). I ran
the PCR for 33 cycles at 95C/52C/72C.

I verified that color associated with this marker allele for each line by sequencing
DNA from parents of the 53 lines used for this siring success analysis. Upon this analysis,
I realized that allele frequency differences were caused by an approximately 20 base pair
insertion/deletion, such that PCR products for pink haplotypes were 20 base pairs shorter
than white haplotypes. Heterozygotes were therefore scored based on both the allele
sequences with heterozygous sequence for 20 base pairs corresponding to where the
deletion is present in one haplotype but not the other in Snap Gene Viewer (Fig S2.2).

To select seeds for evaluating siring success, I randomly sampled 200 seeds from
each of three plots, weighting the probability of sampling a given plant by its seed
production. I germinated these 600 seeds in climate-controlled growth chambers and
extracted DNA from young leaves. Because some seeds failed to germinate or DNA
extraction was unsuccessful, DNA from 418 samples (194 from pink-limbed and 178 from
white-limbed mothers) were then sent to Eurofins Genomics for Sanger sequencing. Of
these samples, 25 samples - 17 that yielded sequences of poor quality, and 8 that were
likely mislabeled - were excluded in subsequent analysis. To ensure that the distribution of

the remaining 393 samples is reflective of the original 600 sampled seeds, I asked if the
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proportion of seeds from a) pink vs white limbed lines and b) contributions from each line
were statistically equivalent using a Chi-square test. In all cases, I find no statistical
differences, either via a chi-square test (Table S2.3), or a Fisher’s exact test to verify that
sampling is not significantly skewed considering the low numbers of plants selected per
line. These results suggest that the lack of complete sampling did not create bias. I then
used a likelihood model to estimate the proportions of pink limbed plants sired by either
white-limbed or pink-limbed fathers, and the proportions of white-limbed plants sired by
either pink-limbed or white-limbed fathers.

Likelihood Model of Siring Success

To test whether siring rates differ between pink and white limbed lines, I
constructed a likelihood model. The model estimates six parameters (see Appendix A for
derivation): the selfing rates for pink-limbed (sp) and white-limbed (sw) parents, the
probability that the haplotype from a pink limbed pollen grain has the A nucleotide (a), the
probability that haplotype from a white limbed pollen grain has the G nucleotide (B), the
probability that a pink-limbed plant is pollinated by pink pollen (P) and the probability that
a white-limbed plant is pollinated by white pollen (). Note that the probability that a
pink-limbed plant is pollinated by white pollen is 1-P and the probability that a white-
limbed plant is pollinated by pink pollen is 1-/. Hybridization between /. lacunosa and
RILs were considered to be unlikely given previously documented pollen-pistil
incompatibilities between I. lacunosa and I. cordatotriloba. As such, 1 exclude lac as
potential pollen donors in this analysis.

To estimate these parameters, I performed a log-likelihood optimization for 300

randomized starting conditions to ensure that convergence to a sub-maximal peak did not
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occur. I then recorded the values at these six parameters and a log-likelihood score. Once
I calculated values for the unconstrained model, I then tested if constrained models are
significantly worse predictors than the unconstrained model via log-likelihood ratio tests.
I constructed three models that included different sets of constraints. The first model
(Model 1) fixed a and B to their known values — the frequency of the A allele in sampled
pink-limbed lines (a=0.9565) and the frequency of the G allele in sampled white-limbed
lines (B=0.9821). The second model (Model 2) built upon Model 1’s constraint (a=0.9565;
B=0.9821) and added the constraint that selfing rates were equal regardless of flower color
(sp = syy). The third model (Model 3) built upon the prior two models by assuming that
the rate of white limbed pollen siring white limbed plants is the same as the rate of pink-
limbed pollen siring pink-limbed plants (W=P). I then used the model with the most
constraint not significantly different from the unconstrained model (Model 0) to test if the
number of plants sired by pink-limbed parents is the same as the number of plants sired by
white-limbed parents, as described in the following equation:
Np*sp + Np(1 — sp)P + Nw(1 — sw) (1-W) = Nw * sw+ Nw (1 —sw) W+ Np (1 —sp)(1-P)
Here, the left-hand side of the equation is the number of “successful” pink pollen,
and the right-hand side is the number of “successful” white pollen grains, with Np and Nw
as the number of pink and white limbed plants. For further derivation, see Appendix A.
Lastly, I calculated the per-capita rate of siring success for pink-limbed (A) and

white-limbed (B) parents, i.e.

A= [Np*sp + Np(1 —sp)P + Nw(1 — sw) (1-W#)]/Np Eq. (1a)
and
B= [NW * Sw t Nw (1 — SW) W + Np (1 — SP)(I-P) ]/NW Eq (1b)
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Note that A — B is the difference in fitness between pink and white phenotypes.
When it is positive, pink phenotypes have higher fitness; when it is negative, white
phenotypes have higher fitness. In Appendix B I also show that, when N, = Nw, as in my
experiment, and sp = sw, as [ show in the Results section, a test of P= W is equivalent to a
test of whether A = B, i.e. whether pink- and white-limbed plants have equal siring success.
Because pink color is dominant to white color in this system at the color locus (personal
observation), and the RIL crossing design ensured homozygosity at all lines for the color
allele, pink-limbed lines necessarily transmit the pink allele and white-limbed lines
transmit the white allele. Note also that this color allele does not perfectly correspond to
the marker allele, as discussed above.

Statistical Analysis for Relationships among Traits

Across three of the four measured fitness components (germination rate, survival,
seed set) differences between pink and white limbed lines were calculated using type 11
ANOVA with color as the independent categorical variable, each metric of fitness as the
dependent variable, and an aspect of location of each seedling or plant as random effect
covariates. As phytometer values did not effectively control for environmental values (see
Results), the physical location of plants is considered as a random effect. In the analysis
of germination, this location is the x and y coordinates of the different containers that seeds
were planted in, and for survival, early growth, and seed set, this random effect is block.
When line averages are used, the average x or y coordinate is used as a random effect. For
any analysis not conducted on line means, the effect of RIL was also treated as a random
effect. To quantify relationships between color, flower size, and sugar concentration, |

employed generalized linear mixed models with plot and line as random effects using the
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Ime4(v1.1.36, BATES ef al. 2015) and car (v. 3.1.3, FOX AND WEISBERG 2018) packages
in R. Models included flower size, sugar concentration, and color as fixed effects, and,
when relevant, included position in plot as a random effect. As Type II and Type III
ANOV As test the same parameters when there are no interacting effects (LANGSRUD 2003),
significance was calculated using type II ANOVA for direct effects of color, sugar
concentration, and flower size, and type III ANOVA for interactive effects via the car
package. Outputs of ANOVAs are given as chi-squared distributions. All analysis was
conducted on version 4.4.0 in R (R CORE TEAM 2024).

Modelling Maintenance of Flower Color

To examine the hypothesis that selection against the white allele was indirect and
generated by differential effects of genotypes at the flower-color locus on selection on
quantitative floral traits, I constructed two types of models. These models were guided by
results from the field experiment. In the first model, I assumed that, for pink plants, fitness
increased with values of a quantitative trait, while, for white plants, fitness was independent
of that trait, but that there was no direct selection on flower color. I therefore assumed that
Wy =a + Bp z, where W) is the fitness of a pink plant and z is the value of the quantitative
trait for that plant, whereas I assumed that W, the fitness of a white plant is Ww =c, i.e. is
constant and not affected by z.

Using standard results from evolutionary quantitative genetics (e.g., Lande and
Arnold 1983), the expected evolutionary response to selection on pink and white plants,
respectively, are

AZp =V, By and Azy =V, By,
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where f, and B, are the slopes of regressions of fitness on z for pink- and white-

limed plants, respectively, and V. is the additive genetic variance for the trait.

The average selection gradient is § = pp B, + Py Bw, Where pp and pw are the

proportions of pink- and white-limbed plants in the population. With these assumptions,
AZ =V, B Eq. (2).
I assume that the fitness of a pink-flowered plant that is heterozygous at the flower
color locus is equal to the fitness of a plant homozygous for the pink allele at that locus
because fitness is determined by the phenotype. The change in allele frequency at the color
locus is then given by the standard formula:

Wp*(pzz)"'pp (1-pp))
Wp*(P;ZJ +pp(1_pp))+Ww*(1_Pp)2

Ap = — DPp Eq. (3).

where W) and Wy, are the average fitnesses of pink and white plants.
Letting W be a constant, the average fitness of a pink plant is

Wo=Wy+(zZ—-2)*p ,
where zc is the trait value at which W, = W, .
The joint evolution of the two traits is governed by Equations (2) and (3).

As this model does not allow for a determination of how recurrent introgression
would affect the joint evolution of these traits, I built an explicitly genetic model as a
second model. This second model specifies color phenotype to be determined by genotype
at a single “color” locus, while the value of the quantitative trait is determined additively
by the effects of two alleles at each of k loci. One allele, the “+” allele, increases the trait

(13

by a fixed increment, 6z, while the “-” allele decreases the trait by the same fixed increment

(Figure 2.1). Again, I assume that selection on the phenotype is directional favoring
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increased values when the flower is pink but is absent when flowers are white. This is
equivalent to assuming that each “+” allele increases the fitness of a pink plant by an
increment o8z , while each “-” allele decreases fitness by a similar increment. There is no
effect of these alleles on the fitness of white plants. The model assumes random mating
with no linkage, so that genotypes are in Hardy-Weinberg equilibrium.

I. cordatotriloba l. lacunosa

m—-
ST T

+,- colorlocus +,- quantitative trait locus
Figure 2.1. Descriptive Model of Migration. Migration parameter m determines the rate that
haplotypes with the white allele (red “-”) and “-” quantitative trait alleles migrate into the

population with each generation. Initial I. cordatotriloba population starts with all pink alleles (red
“+”) and “+” alleles for quantitative traits.

For k quantitative trait loci, I began with an initial set of gamete frequencies for
the 2X possible gametes. Under random mating, these gametes were combined randomly to
produce 2%¢ possible genotypes, where reciprocal genotypes are considered separately.
Each genotype was then assigned a fitness according to the number of “+” alleles it carried.
Specifically, for all genotypes that did not have a pink haplotype allele (noted as (0,0) in
the model), fitness was set to W = W,,,. For all combinations that yielded at least one pink

allele (either (1,0), (0,1), or (1,1)) fitness was given by the equation W =W, +
((ny —n_)pedz where n+ and n- are the numbers of + and — alleles, respectively.

Recursion equations were then generated by making the frequency of the next generation



equal to the sum of the possible gamete distributions as weighted by the frequency of both

starting haplotypes and the fitness of each haplotype, e.g.

n
I __ 1 k
Xy —Z. XiymXii,pWi, 1
.

1—0
where n is the number of parental combinations that can produce a haplotype of x;, i; is
an index for the possible combinations of maternal (m) and paternal (p) haplotype that can

create haplotype X1, X; », 18 the current frequency of one parent’s haplotype (maternal),
X;,p 18 the frequency of the other haplotype (paternal), W is the fitness of that combination,
and k;_ s the number of alleles of different state between maternal and paternal haplotypes.
After calculating new frequencies for each haplotype, I then normalized allele frequency

changes by dividing by W. With this recursion, I then set initial allele frequencies and ran
the model for 500 generations. Allele frequencies were calculated by summing across all
pink haplotypes to obtain the frequency of the pink color allele, and across all + alleles
divided by the total possible + alleles to get the frequency of the major allele across all
quantitative loci. For modeling, I use five size loci and a value of f = 1.98216, which is
the slope of a regression of seed set on flower size for pink-limbed plants, modified such
that the range of flower size (10.5535 mm) is adjusted to the number of quantitative trait
alleles in the model(10). Additionally, I used W, = 20.4 as an estimate of the fitness of

all white-limbed plants.

Results
No Direct Selection on Flower Color
Lifetime fitness in an annual plant can be partitioned into several multiplicative

components:
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Wiifetime = Prob[germination] * Prob[survival to flowering] * %2 [ Nseeds + Npoiien]
where Nieeas 1s the number of seeds produced and Npoien is the number of pollen grains
produced that sire ovules. Here I examine these fitness components directly and ask
whether they differ between pink- and white-limbed plants.

Germination

Germination was uniformly low across all lines, with an overall average
germination rate <0.11 across all lines (Figure S2.3). Using a binomial generalized linear
model with the x and y coordinates in the container array as random effect covariates, color
as the independent categorical variable, and germination rate as the dependent variable, I
find that color has no effect on germination rate (p=0.6802 via ANOVA, Figure S2.4,
Table S2.4). Because germination time may potentially affect fitness, I also asked whether
pink- and white-limbed lines differed in mean germination time. While pink-limbed lines
germinate earlier, and this difference is statistically suggestive (p=0.05229 via ANCOVA,
Table S2.4), the time difference is less than 4.5 days (Figure S2.5). This difference, if real,
could favor the pink-limbed allele as it would have a slightly longer growing season.

Survival to flowering and plant size

In contrast to germination, survival to first flower was uniformly high across all
lines planted in the field and control /. lacunosa, with survival rates >94.5% across all
categories (Table S2.5). To test for differences in survival between pink and white limbed
lines, I performed a binomial generalized linear mixed model analysis, with color as the
fixed dependent variable with random effects of RIL line and block (see Methods). I find
no significant difference on survival to first flower between pink and white limbed lines

(p=0.698 via ANOVA; Figure S2.6, Table S2.4). In addition to survival, I also quantified
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plant growth rate because if plants are larger at flowering, they may produce more flowers
and thus increase subsequent fitness components (seed and pollen production). However,
pink- and white-limbed plants showed no significant differences in early growth rate (size
at 2 weeks) after accounting for effects of block and RIL (Fig. S2.7, p=0.467, Table S2.4).
Fecundity
When uncorrected for spatial environmental variation, neither total seed mass (a proxy for
seed number, see Methods; Figure 2.2A, Table S2.4, p=0.3404) nor estimated seed number
(Figure 2.2B, Table S2, p=0.2448) significantly differed between pink and white-limbed
lines in an ANOVA with color as the fixed effect and RIL and block as random effects.
However, block is a crude indicator of local environmental variation that may affect seed
production. Because early growth is a significant predictor of seed set in these plots
(p=2.855*103, R?>=0.08433; Figure S2.8, Table S3) and plant growth is commonly
believed to be a reliable proxy for environmental quality (DIETRICH et al. 2013), I used the
early growth of 1. lacunosa as a phytometer, i.e. an indicator of fine-scale variation in

environmental quality (see Methods).

oW 00

|
ocoo o
2500
|

1500

Seed Set(g)

|
Estimated Number of Seeds

500
|

0 10 20 30 40 50>

Line Color Line Color

Figure 2.2. No differences in fecundity between pink and white lines. A) Weight of seed set per
plant, in grams, for pink (P) and white-limbed (W) plants. B) Estimated number of seeds per plant
for pink (P) and white-limbed (W) plants. Black lines represent averages for each color, whiskers
represent 1.5 times the interquartile range (grey boxes, middle 50% of data range), and circles
represent outliers outside this range.
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Using Model 1, in which the environmental quality surface was fit with a quartic
regression, there is no correlation between phytometer values and seed set (p= 0.2495; ad;
R?:0.004623, Sugg Fig S2.9B, despite phytometer growth positively predicting early
growth of RIL plants (p=8.144*107; adj R*: 0.09102; Table S2.6). With Model 2, in which
local environmental quality surface is estimated using splines, the surface predicted neither
early growth (p=0.6782) nor seed set (p=0.8727; Supp Fig S2.9D, Sup Table S3). For both
surfaces, adjusted seed weight did not significantly differ between pink and white limbed
lines for either surface (p= 0.433 for polynomial surface; p=0.1156 for spline, Table S2.7;
ANOVA with color as the fixed and RIL as a random effect. It thus appears that the
phytometers are ineffective in reducing the error variation associated with seed set and thus
do not provide increased power to detect any differences in seed production between color
types. As a result, there is no evidence that flower color affects seed production when
adjusting for the environmental quality along the field.

Siring Success

I then determined whether pink-limbed plants have greater siring success than
white-limbed plants. The numbers of offspring in each maternal genotype x offspring
genotype category are given Table S2.8; note that one pink line is homozygous for the G
allele, and one white line is heterozygous. Using these numbers, I performed three
comparisons across the likelihood models. All comparisons were made with Model 0, in
which all parameters were unconstrained. The first comparison is between Model 0 and
Model 1, in which parameters a and B are constrained to their known values as estimated
by the allele frequency of the A allele across all pink lines and the frequency of the G allele

across all white lines. Because this comparison was not significant (Table 2.1), I next tested
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Model 2, in which parameters a and B are constrained to their known values and selfing
rates are constrained to be equal for pink- and white-limbed plants. When compared to
Model 0, this model shows a non-significant reduction in log-likelihood (Table 2.1),
providing no reason to reject the hypothesis that selfing rates are equal. Finally, I added
the constraint that P= ¥ to Model 2 to produce Model 3. This constraint tests the hypothesis
that in my experiment, pink and white-limbed plants have equal siring success (see
Methods and Appendix B). The Log likelihoods of Models 0 and 3 do not differ
significantly (Table 2.1), providing no evidence for a difference in siring success between
pink- and white-limbed plants.
Indirect Selection on Flower Color

Flower color variation appears to modulate the pattern of selection on flower size (corolla
length) and sugar concentration in [pomoea. For both traits, there is a positive relationship
between the trait and seed mass for pink-limbed plants (p =0.02152 and 0.02036 for corolla
length and sugar concentration, respectively), while for white-limbed plants there appears
to be no such relationship (Fig. 2.3; Table S2.9). This difference in slope is marginally
significant for sugar concentration (p-value=0.056931) and statistically significant for
flower size (p-value=0.02881); Figure 2.3; Table 2.2). Similarly, both traits are positively
correlated with estimated seed number in pink-limbed lines (p=0.07619 for flower size and
p=0.005005 for sugar concentration, respectively), but not white-limbed lines (Figure 2.3,
Table S2.9), and this difference in slope is significant for both traits (sugar concentration:
p-value= 0.038722; flower size: p-value= 0.01717). Consequently, for at least one of the

traits, and likely both, the pattern of selection differs between white and pink RILs.
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Table 2. 1. Log-likelihood estimate of siring success. Maximized log-likelihood, likelihood ratio with Model 0 (4,p), significance (p-
value) and parameter estimates (a, B, P, W, s,,s,,) for the least constrained (Model 0) to most constrained models). Underlined
parameters are constrained to a set value, while asterisks indicate parameters are set to be equal.

Log- AR p a B P W Sp Sw
likelihood

Model0O | -171.5357 | NA NA 0.5059 | 0.2790 | 0.6273 | 0.5202 | 0.6223 0.7857

Modell | -171.4240 | 0.223 0.9565 | 0.9821 | 0.5848 | 0.1599 | 0.6466 0.8284

Model2 | -172.2069 | 0.342 | 0.427 | 0.9565 | 0.9821 | 0.5156 | 0.6003 | 0.6512* | 0.6512*

Model3 | -172.4870 | 0.903 | 0.344 | 0.9565 | 0.9821 | 0.5679* | 0.5679* | 0.6460** | 0.6460**
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Figure 2.3. Color Modulates Selection on Floral Traits. The effect of corolla length (left) and sugar concentration (right) on seed set (top) and
estimated seed number (bottom) in pink-limbed (pink dots) and white-limbed (white dots) lines. A-B) For seed weight, linear regressions are
significant for pink-limbed (size: R? = 0.2736, p-value=0.00513; sugar: R?= 0.3272, p-value= 0.00207), but not white limbed lines (size: R? = -0.03959,
p-value=0.922; sugar: R? = -0.0385, p-value=0.851). C-. D) For estimated seed number are suggestive for flower size and significant for sugar
concentration. The slopes of the lines are the selection gradients for either pink- or white-limbed plants.



Table 2.2. Color modulates selection on floral traits. ANCOVA summary table for
determining the effects of color, corolla length, and sugar concentration (Conc.), and their
interaction on seed set and estimated seed number in field RILs. Degrees of freedom are
1 unless otherwise noted.

Seed Set Estimated Seed Number
X2 p-value x? p-value
Color 0.9091 0.3404 1.3527 0.2448
Flower Size 3.0818 0.07917 1.2327 0.2669
Sugar Concentration | 3.7763 0.05198 4.0694 0.04367
Flower Size x Color 4.7789 0.02881 5.6791 0.01717
Sugar Conc x Color 3.6246 0.056931 4.2730 0.038722

One possible explanation for these results is that artifactual correlations between
flower color, flower size, and sugar concentration had arisen when RILs were created. In
this case, lines with larger flowers or sweeter nectar would be more likely to be pink than
white, and direct selection on either trait could indirectly select for flower color. However,
among RILs, flower color is not associated with either corolla length (F-stat= 2.223,
DF=49, p-value=0.12) or sugar concentration (F-stat= 0.004696, DF=49, p-value=0.95,
Figure 2.3, S2.10). Moreover, flower size is only loosely correlated with sugar
concentration (F-stat=6.04, DF=47, p-value=0.018, Adj R-squared=0.0916, Figure S2.11);
these numbers are consistent with the genetic correlations among a larger subset of lines
between sugar and flower size traits (LIAO et al. 2022).

Indirect selection on flower color due to modulation of selection on corolla length
and sugar concentration

My intuition suggested that net positive selection on corolla length and/or sugar
concentration could generate indirect selection on flower color that provides resistance to

introgression of the allele producing white limbs. I examined this intuition by constructing
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and analyzing two evolutionary models. Both models explicitly predict the joint evolution
of the trait mean (a quantitative trait) and change in frequency at the locus controlling limb
color. In the first model, the selection gradient on the trait, £, is the weighted average of
the selection gradients on sugar concentration and flower size traits (slopes of lines in
Figure 2.3), where the weights are the proportions of plants with pink- and white-limbed
flowers. Additionally, the fitnesses of pink- and white-limbed plants are determined by the
mean trait value and the relationship between trait value and fitness. Accordingly, there is
no direct selection on flower color. (See Methods for more details.) For this analysis I
assume the following parameters that are representative of Fig. 2.3A: £, =1.75 and fw =
0, respectively; and a minimum trait phenotype of 23. I also arbitrarily assume V4 =0.3;
analyses with other values between (0.1 and 10) produce qualitatively similar results.

This model produces the vector plot in Fig. 3, in which each vector originates at a
particular combination of flower color allele frequency and mean flower length and points
in the direction of change over one generation. The vectors indicate that overall
evolutionary change is expected to increase both mean phenotype and the frequency of the
“pink” allele unless mean trait phenotype is less than 27. In the context of introgression, if
the maximum observed mean phenotype is that which would be produced with no
introgression (Z = 32), and the frequency of the “pink™ allele to be 1, then a small pulse
of introgression will push the population into the region indicated by the red circle in Fig.
2.4 below, from which it will return to fixation of the “pink™ allele. Unfortunately, this
model does not allow for determination of how recurrent introgression would affect this
conclusion, though intuitively one would suspect that if gene flow is small each generation,
an equilibrium would be reached in the region of the circle.
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Mean trait value

Figure 2.4. Color Maintained Over Majority of Trait Space. Vector map of change in limb-color
and trait alleles (dpi, dz) for different starting points (p1, z). The critical value of z where pink and
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white fitness are equal (z.,) is set to 27.5.

Our explicitly genetic model allows consideration of the effects of repeated introgression.
In this model, I used the following parameters, again based on Fig. 2.3A: minimum mean
phenotype is 20.4, which corresponds to the genotype with no “+” alleles; fitness of this
phenotype is 10.4892; each “+” allele adds an increment of one to the phenotypic value, so
that the maximum phenotypic value is 30.3108; and the selection gradients are as for the
first model. 1 assume “+” alleles represent those in I. cordatotriloba without any
introgression and that introgression introduces “-” alleles at both the trait locus and the

color locus. I examine several different introgression rates, mu, ranging from 0.001 to 0.1.
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The population is begun with all “+” alleles fixed and “-” alleles introduced at a rate mu
every generation. The recursion equations are repeatedly applied until an equilibrium is
reached.

This model shows that as long as the introgression rate is less than a critical value
(between 0.034 and 0.036), the frequency of the “pink” allele reaches an equilibrium that
decreases as mu increases (Figure 2.5A), and mean phenotype reaches an equilibrium less
than the maximum possible (Figure 2.5B, Figure S2.12). With mu < 0.01, introgression is
effectively prevented. Conversely, when mu is greater than the critical value, repeated
introgression fixes the “white” allele (Figure 2.5A) and reduces the frequency of any
quantitative trait (i.e., size allele) to its minimum (Figure S2.12). The results of this model
are consistent with those of the first model and demonstrate that epistatic selection
mediated by selection on flower size can account for lack of introgression of the “pink”
allele.

I additionally asked if this epistatic selection between color and trait loci can lead
to linkage disequilibrium and thus strengthen genetic correlations. I find that the generated
linkage disequilibrium is quite small, with the additional genetic correlation among these
trait loci at only at around 3% of the maximum linkage disequilibrium possible (rc
=0.02944). This suggests that most of the selection favoring an increase in the pink allele
when the mean trait value is high is directly due to epistatic selection, rather than to indirect
selection through a genetic correlation between the trait and color. To quantify the
proportion of maintenance due to correlational selection as compared to direct selection on
traits, I calculated the allele frequency changes due to selection as done before, but

including a model that artificially removes linkage disequilibrium, and observed the allele
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frequency changes due to selection. I arbitrarily chose a value (mu=0.015) where the allele
would remain at migration-selection balance. I find that 75% of the overall change in pink
allele frequency is due to direct correlational selection, while 25% of the change is due to
indirect section from this linkage disequilibrium (Table 2.3). So, while the pink allele is
primarily being maintained by indirect selection, the increase in linkage disequilibrium
from epistatic selection can amplify the overall response to selection at the color locus.

Table 2.3. Correlational selection on pink allele generates linkage disequilibrium
which maintains traits. Second column: Change in allele frequency of pink color allele
(APpink) With (top row) and without (bottom row) linkage disequilibrium (LD). Third
column: Proportion of change with LD explained by epistatic selection (top row) and
indirect selection through trait correlations caused by LD (bottom row).

Appink Proportion APpink
With LD 0.01119 0.2551
Without LD 0.00833 0.7449
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Figure 2. 5. Color Allele Maintained Under Certain Scenarios of Recurrent Migration. A) The

change in the frequency of the color allele over 500 generations given continual migration of the
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and size alleles given different rates of migration. All migration rates greater than 0.034 result in
fixation of the introgressing haplotype, while lower values allow color and size alleles to be

maintained at a migration-selection equilibrium
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Discussion

The objective of the study was to identify the selective mechanism causing
resistance to introgression at the flower-color locus. I first investigated if flower color was
directly selected by asking if pink limbed lines outperformed white-limbed lines across any
aspect of lifetime fitness — germination, survival, fecundity, or siring success. Across all
four components of fitness, I find no evidence for direct selection on flower color. While
genomic predictions generally assume that, within candidate loci, there will be direct
selection for color, I find no evidence to support these presumptions. Additionally, these
results contrast with prior studies that have found empirical evidence of direct selection
that validates genomic predictions (e.g. BRADSHAW et al. 1998; FULTON AND HODGES
1999; HOPKINS AND RAUSHER 2012; KENNEY AND SWEIGART 2016; FARNITANO et al.
2025). Of note is that these prior studies solely test for direct selection of focal traits. While
direct selection may have a role in maintaining causal alleles in these studies, it does not
preclude other forms of selection, such as correlational selection, from acting upon these
loci.

Additionally, my results, in tandem with prior research, suggest that flower color is
not being indirectly selected via genomic correlations with other floral traits. As there are
no strong genetic correlations between flower color, nectary, and flower size traits within
Ipomoea cordatotriloba (L1AO et al. 2022), and I see no evidence for direct selection on
pink color, I find it highly unlikely that indirect selection on flower color arises from
genomic correlations for other floral traits. Correlational selection for mating traits is often
presupposed to be an extensive byproduct of genetic correlations in speciation, as genetic

correlations across mating traits are often shown to be quite strong (JUENGER et al. 2005;
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CONNER ef al. 2011; WESSINGER et al. 2014; SMITH 2016), and there often appear to be
many loci that resist introgression (BRADSHAW JR et al. 1995; RIESEBERG ef al. 1999; KAY
AND SURGET-GROBA 2022). However, these results, in tandem with those of LIAO et al.
(2022), suggest that traits may be maintained through indirect selection regardless of traits’
genetic correlations.

Our research provides the first evidence demonstrating that a binary trait (flower
color) can affect the fitness of quantitative traits (flower size and sugar concentration) by
modulating the context in which selection acts. By modulating the environmental context
of selection, pink color generates correlational selection across all three traits. While
correlational selection is occasionally considered when studying aspects of mating systems
evolution (CAMPBELL 2009; SVENSSON ef al. 2021) it is conspicuously absent in most
discussions of hybridization and introgression. In only one system, Ipomopsis, has
correlated selection effectively been tested as a means of disruptive selection on two
hybridizing species (MELENDEZ-ACKERMAN AND CAMPBELL 1998; CAMPBELL 2009)
where the focal trait is under direct selection (MELENDEZ-ACKERMAN et al. 1997). In
contrast to that study, I show that traits can be maintained even when the trait generating
correlational selection is not under selection. Because pink-limbed plants with flower size
or sugar concentration below the population average had lower fitness in pink-limbed lines
than white limbed lines, I see no direct selective advantage of pink color. As a result, pink-
limbed lines with larger flowers and more sweet nectar are jointly selected for, despite no
apparent direct selection on pink color. The repeated pattern across traits suggests that
flower color may effectively change the magnitude of selection on flowers of different

colors.
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Additionally, theoretical results indicate that loci can resist introgression even if
they are not subject to direct selection despite substantial pollen migration. It is striking
that even with recurrent migration of 2%, a binary allele such as flower color may resist
introgression and be maintained in the population, despite no direct selection on the allele.
As the rate of the white allele is quite low in I. cordatotriloba (DUNCAN AND RAUSHER
2020), these results suggest that recurrent pollen migration are lower than 3% and likely
on the order of 0.6-1%. Strong cross incompatibilities (RIFKIN et al. 2023) could keep the
per generation migration rate low and allow for the maintenance of pink flower color via
its modulation of selection on flower size and nectar concentration traits. This is likely to
be true across many species; when pre-zygotic and post-zygotic barriers combine to keep
recurrent migration at less than ~0.03 per generation, this indirect selection may allow for
alleles to be maintained despite hybridization. While this model will need to be applied
across other relevant parameters of fitness and relevant calculations of mating barriers, it
provides a novel mechanism for the maintenance of alleles despite interspecific
hybridization and introgression.

I also demonstrate that this form of indirect selection can generate weak patterns of
linkage disequilibrium and thus generate genetic correlations. While direct selection on
traits has been demonstrated to generate genomic correlations (ROFF AND FAIRBAIRN
2012), this model shows that indirect selection can also generate weak, but noticeable
genetic correlations. So, while genomic correlations are often theorized to be the primary
driver of correlated selection, correlated selection itself may play a role in driving weak

genetic correlations.
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It is possible that certain aspects of fitness that were not measured may be directly
selected for in pink-limbed lines. The regular spacing of plants in the field and drip
irrigation, and the timing of germination (June through November the next year; see
Methods) does not allow us to rule out if pink as compared to white color has a competitive
advantage via light competition, drought tolerance, or overwintering success.
Alternatively, it is possible that color is temporally selected under ecological contexts not
present during my field season, or that the white color allele comes with a fitness cost of
increased pollen transfer between I. lacunosa and I. cordatotriloba. However, these are
less likely explanations of lifetime fitness than the metrics of fitness that I explicitly tested.
More importantly, even if pink color is directly selected by any of these metrics, these
results show that color’s resistance to introgression is explainable solely by indirect,
correlational selection.

In summary, my results demonstrate that alleles may resist introgression by
indirect, correlational selection. When a binary trait has the potential to modulate the
context of selection on quantitative traits, it can result in correlational selection on all traits
independent of selection on the binary trait. My results thus reveal potential shortcomings
of genomic predictions of selection in supposing traits that resist introgression are directly
selected upon. Likely, the number of loci being maintained via direct selection is
overstated, especially when rates of hybridization are low. Instead, binary traits generating
correlational selection by modulating selection on quantitative traits may help explain the
number of native alleles maintained despite substantial introgression. Such traits likely

have important roles in resisting introgression even when they receive no direct selection.
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3. Pollinator Behavior Does Not Mirror Patterns of Selection
on an Allele Maintained by Selection in Ipomoea cordatotriloba

Introduction

When species co-occur, they often readily exchange genes, and hybridize. But
hybridization does not uniformly produce the same patterns of introgression across all
systems (HARRISON AND LARSON 2014). While some loci readily introgress, others resist
introgression, presumably due to selection (PAYSEUR AND RIESEBERG 2016). To
understand which loci are resistant to introgression, researchers often sequence samples
from hybridizing species; these studies often reveal that there are numerous sites across the
genome in which the ancestral allele remains nearly fixed despite substantial introgression
(e.g. RIESEBERG et al. 1999; FISHMAN et al. 2008; BRENNAN et al. 2016; RIFKIN et al. 2021;
TREMBLE et al. 2023). While there have been numerous studies investigating the
distribution of alleles that resist introgression across the genome, there have been few
attempts to understand the causal agents of selection for resistance to introgression across
these loci. Often, researchers speculate about the functional importance of loci resisting
introgression(WU 2001a; MARTIN AND JIGGINS 2017) , but these hypotheses are rarely
tested empirically. Experiments that do empirically test for selection at these sites tend to
focus on a subset of loci that resist introgression, those that prevent subsequent
hybridization (BRADSHAW AND SCHEMSKE 2003; HOPKINS AND RAUSHER 2012; MARTIN
et al. 2013; KNIEF et al. 2019).

While it is possible that the numerous loci that resist introgression are all products
of direct selection, current research is limited to one case — loci that prevent subsequent

hybridization. It is unclear if other alleles that resist introgression are explained by direct
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or indirect forms of selection. Theoretical research has suggested that genetic correlations,
either from shared molecular pathways (LINDTKE AND BUERKLE 2015) or as a byproduct
of correlational selection (BUTLIN AND SMADJA 2018; SVENSSON et al. 2021) may
indirectly select for alleles that are maintained despite introgression. Alternatively, indirect
selection can arise on an allele if it confers a trait that modifies selection on other traits,
this generating correlational selection (Chapter 2).

Here I examine the nature of selection acting on one specific locus that exhibits
resistance to introgression. Previously (Chapter 2), I demonstrated that a binary allele can
be selectively maintained if it modulates selection on qualitative traits. Specifically, I
showed that the flower color allele can be maintained if flower size and sugar concentration
traits are directly selected when flowers are one flower color (pink) but not the other
(white). As pollinators often use multiple aspects of floral color, size, and shape to
determine which flowers they visit (PEREZ-BARRALES et al. 2007; FENSTER et al. 2015;
WU et al. 2020), one might surmise that pollinator behavior might generate epistatic
selection on the flower color allele. However, selection on floral traits is not always
correlated with pollinator behavior (FULTON AND HODGES 1999; SOUTO-VILAROS et al.
2018; RODRIGUEZ-CASTANEDA et al. 2020), and studies that explicitly connect pollinator
behavior with fitness are surprisingly limited (see TRUNSCHKE et al. 2021), especially when
considering forms of selection other than direct selection (CAMPBELL 2009).

While it is commonly believed that pollinator behavior imposes selection on flower
color variation (WASER 1998; RAUSHER 2008; MUCHHALA et al. 2014; ROSE AND SYTSMA
2021), there are remarkably few studies that explicitly ask whether pollinator behavior may

explain the selection against introgression. There are only three studies that I know of that
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address this issue. Two found that flower color influences pollinator movement that
generates selection that prevents introgression at the flower color locus (BRADSHAW AND
SCHEMSKE 2003; HOPKINS AND RAUSHER 2012). One found that color and a separate floral
trait — corolla width — are jointly selected so that wider corollas and red flower color are
favored (MELENDEZ-ACKERMAN AND CAMPBELL 1998). For all three studies, pollinators
used flower color as a means of assessing flower quality, thus reducing visits between
species and preventing subsequent hybridization. The direct effect of pollinator behavior
on selection on these traits may therefore arise for one of two reasons. One possibility is
that selection for traits that reduce hybridization represents a special case; when traits
prevent subsequent hybridization, selection for these traits is primarily driven by pollinator
behavior, but when traits are selected for that simply resist, not prevent, introgression,
pollinator behavior does not select for fitness differences. A second possibility is that
pollinator behavior is a strong selective force when species interbreed, regardless of if traits
specifically prevent or simply resist introgression. Here I examine these possibilities for a
flower color locus that is resistant to introgression between two morning glory species.
Morning glories (Ipomoea spp.) provide an appropriate study system to address
whether and how pollinators generate selection against introgressing alleles. 1. lacunosa
and 1. cordatotriloba are sister species in the family Convolvulaceae (MUNOZ-RODRIGUEZ
et al. 2018) that have recently come into secondary contact; when they co-occur, gene flow
is largely unidirectional from /. lacunosa to I. cordatotriloba, resulting in asymmetric
introgression. /. lacunosa has practically no signal of admixture from /. cordatotriloba (2%
L. lacunosa identity), while I. cordatotriloba is highly admixed (58-64% lacunosa identity;

(RIFKIN ef al. 2019a). Despite this large-scale introgression, a subset of loci has resisted
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introgression (RIFKIN et al. 2019a). Notably, traits associated with the evolution of self-
pollination in /. lacunosa-- reduced flower size, less nectar, and white limb color (DUNCAN
AND RAUSHER 2013)--do not readily introgress into /. cordatotriloba (RIFKIN ef al. 2019b).

I previously demonstrated that pink limb color is maintained in /. cordatotriloba
through epistatic and not direct selection. Because increased flower size and sugar
concentration are favored in pink, but not white individuals, the combination of pink, large,
and sugar rich flowers is jointly selected (Chapter 2). Here I test whether pollinator
behavior contributes to two distinct patterns of selection. First, I test that there are no
observed differences in pollinator behavior that correlate to fitness between pink and white
limbed lines, corresponding to the lack of direct selection on flower color. Second, I test
whether patterns of pollinator behavior reflect epistatic selection on flower color.

Two hypotheses could explain epistatic patterns of selection. One possibility is that
increasing flower size and sugar concentration favors one or more aspects of pollinator
behavior in pink but not white limbed lines. In other words, I would expect that for pink-
limbed plants, there should be a positive relationship between both sugar concentration and
flower size with either visitation rate or effectiveness of pollinators, and for white-limbed
plants, there should be no such relationships. A second possibility is that one aspect of
pollinator behavior favors pink flower color even though this behavior does not correspond
directly with fitness, while a different aspect of pollinator behavior correlates with flower
size and sugar concentration. The product of these behaviors could cause this epistatic
selection as the effect of the pollinator behavior on flower size and sugar traits may be
mediated by the behavior on flower color. For example, assume that pollinators visit more

flowers per plant when they visit pink limbed compared to white limbed plants, but their
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visitation rate per plant is driven solely by increasing sugar concentration and flower size.
If visitation correlates with fitness, then the selection of floral traits by way of plant
visitation could be modulated by the effect of visitation to flowers per plant, and therefore
color. Lastly, if selection on these traits is not driven by pollinator behavior at all, I would
not see a relationship between pollinator behavior, flower color, and flower size or sugar

concentration.

Methods

RIL trait and fitness measurements

RIL generation and fitness measurements are discussed in more depth in Chapter
2. Briefly, recombinant-inbred lines (RILs) were previously generated from a cross
between sympatric 1. cordatotriloba (CAA) and I. lacunosa (LPR; see RIFKIN et al. 2019b
for cross details), with hybrid offspring selfed for five generations to produce sixth (F6)
generation RILs (see LIAO et al. 2022). Each line was measured for flower size and sugar
concentration (see LIAO ef al. 2022) and scored for flower limb color. In June 2021, 25 1.
lacunosa (hereafter lac), 25-white-limbed RILs, and 25- pink-limbed RILs were planted in
16 replicate plots (4x4 grid) at a common garden at the Border Belt Tobacco Station in
Whitesville, NC. Plots were arranged in a randomized block design, with RILs randomized
throughout the plot but structured so that no plant directly bordered another plant of the
same type. To estimate seed set — and by extension maternal fitness per line — seeds were
collected from each plant. Because of the time-intensive nature of seed separation, plants
from only the four plots at the upper left quadrant of the field site were weighed as a proxy
for seed number. Seed mass serves as an accurate proxy for seed number in this system
(see Chapter 2).
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Estimating Pollinator Efficacy Across Pollinators

In 2021, I observed both bumblebee (Bombus sp.) and butterfly species (Phoebis
sennae, Colias eurytheme, Lerema accius, Epargyreus clarus, Atalopedes campestris)
visiting flowers. To determine if these floral visitors served as pollinators or were simply
visiting plants to steal resources, I ran a separate experiment to test for pollinator efficacy
in 2022. 18 focal plants and 92 donor plants were planted in a checkerboard grid (Figure
S3.1) to test for pollinator efficacy. Donor plants — plants with pollen that could be
“donated” to test flowers by pollinators — were sympatric 1. cordatotriloba from a
population from Chadbourn, NC (latitude: 34.31021N; longitude: 78.82640W,
representative of a population near the field site (latitude: 34.41566N; longitude:
78.78970W). Each focal plant was the hybrid offspring of a cross between an allopatric
and sympatric I. cordatotriloba with large separation between anthers and stigmas to
reduce the probability of self-pollination before emasculation. On each experimental day,
six flowers were emasculated per focal plant when floral buds begin to open (~6:00 AM),
so that floral buds were not damaged during the process of emasculation. Each plant was
caged to exclude pollinators, and three plants each were placed into six treatments that
differed in the amount of time plants were exposed to pollinators: 0, 0.5, 1, 2, 4, and 6
hours uncaged. The selection of three plants for each treatment was rotated such that groups
of three plants experienced a different pollination exposure on different days. For each
treatment, one of the three plants was selected for a 30-minute observation period. In this
period, the number of times a pollinator of each species flew to and from a plant — a visit -
was recorded. To allow for multiple pollination observations on a given day, 30-minute

observations for each treatment started when the next shortest time treatment finished. At
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the end of the experiment, the number of seeds from each emasculated flower were counted
to determine the average seed set per flower.

Pollinator tracking

Because I found that bumblebees were the only effective pollinators in this system
(see Results), I analyzed bumblebee behavior on the same plants from the experiment
conducted in Chapter 2. To evaluate whether color, flower size, and sugar concentration
impacted pollinator behavior, pollinator observations were conducted biweekly for a total
of six observational periods between August 27 and September 28, 2021. Observations on
each of these days were conducted for at least three hours starting between 8 and 10 AM
and focused on four adjacent plots selected from the sixteen plots, with observations
rotating across quadrants of the field site. During observations, a bumblebee was chosen at
random in the surveyed quadrant and its movements from flower to flower, as well as the
duration of each flower visit, were recorded in the HanDBase app (DDH Software).
Bumblebees were tracked until a bee either left the plot, was lost by the observer, or
remained still for more than two minutes. After all observations were completed on a given
day, I counted the number of flowers on each flowering plant in the surveyed plots.

Assessing Pollinator Behavior

Definition of Terms and Modeled Equations

Table 3.1. Glossary of terminology on pollinator visits

Process Term Used
Pollinator moves from a flower on one plant to a flower on a | Plant visit

different plant
Pollinator moves from a flower on one plant to a flower on the | Floral visit per plant
same plant

Pollinator spends time visiting a single flower Floral visit time
Probability that a pollinator subsequently visits lac To lac probability
Probability that a pollinator previously visited lac From /ac probability
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To assess how pollinator behavior may have been affected by flower size, sugar
concentration, and color, five aspects of visitation were assessed — number of plants visited
within a given line, number of flowers visited per plant (geitonogamy), time spent per
flower, and visits to and from /ac. To keep terminology consistent throughout, I will refer
to movements of pollinators to flowers between plants as “plant visits”, movements of
pollinators to flowers within a plant as “floral visits per plant”, time spent visiting a flower
as “floral visit time”, and probability of previously or subsequently vising lac as
“probability from lac” and “ probability to lac” (see Table 3.1). Any plants that did not
produce flowers on an observation date were excluded from these analyses. Visits were
recorded for each flower; pollinator visits could therefore be partitioned into visits between
plants and visits between flowers on the same plant.

Because pollinators may favor visiting plants if certain plants provide more
resources, | conducted analyses that would account for the non-random movement of
pollinators. For all aspects of pollinator behavior outside of plant visitation, I analyzed the
effect of each trait on pollinator behavior using nested ANOVAs on mixed effect
regressions, with effects of floral trait nested within line. When a plant was visited more
than once on a given day, values of pollinator behavior were averaged between visits. For
each regression, flower color and each floral trait were treated as fixed effects nested within
the random effect of line to avoid pseudo-replication. Additionally, I controlled for three
aspects of pollinator observation that could confound my results. First, the layout of the
field was such that plant of the same color type (e.g. white-limbed to white-limbed lines)
were further apart than plants of differing color types (e.g. pink-limbed to white-limbed

lines -see Chapter 2, Methods); as a result, visits between plants of the same type were of
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a longer distance than visits between plants of different types. As bumblebees often
prioritize short flight paths even when better nectar rewards are farther away (THOMSON
1996; LIHOREAU et al. 2011), I added a fixed effect of the previous distance a pollinator
flew to account for biases resulting from plant spacing. I also included a proxy for date and
time, the consecutive number of each pollinator observed, or pollinator ID, as a random
effect in my model, as pollinator ID was highly correlated to date observed (R?=0.9798).
Lastly, I included a fixed effect of flower number to account for increased pollinator
behavior to plants with more flowers.

Nested ANOVAs and ANCOVAs were then calculated from these mixed-effect
models. Before conducting nested ANOVAs, I first constructed mixed effect models to
model how each aspect of pollinator behavior was affected by flower color, floral traits,
and their interactive effect, when accounting for control variables. For example, to test how
flower size and color may jointly impact how the number of flowers a pollinator visits per
plant, the following model was used:

floralvisitse(j, j,) = Bicolorj, + B,fsize;;, + Pscolor;;, * fsize;;, +
Psfnumber + Bsavefdist +u; + b;j; + bij, + by + €(j1,j2)

Model (1)

u; ~ N(0,07), bjj1, bija, by ~ N(0,05), &(j1,j2) ~ N(0,02),

where 1 represents each line; j1 is each color; j2 is each line average for corolla length; k

represents effect of pollinator ID; color;; , fsize;;, are the dependent variables

Jj1
determining the fixed effect of each trait (f;, f,) and their joint effect (f3);

fnumber, avefdist are the values determining the fixed effects controlling for flower

number, and flight distance (B4, fs), respectively; by, b;j, are the random effects of color
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and flower size nested within line; b, is the random effect of pollinator ID, and u; is the
random effect of line. Color and pollinator ID are categorical variables while all other
variables are continuous. As fixed effects of flower number and flight distance are controls
on each aspect of pollinator behavior, I am not interested in any interactive terms with the
regression parameters of interest (81, B2, [3).

To assess the significance of the regression terms of interest (81, 5, f3), I then run
Type 11 (for S;, ) and Type III (for f3) ANOVAs on the regression model. As Type II
and Type III ANOVAs test the same parameters when there are no interacting effects
(Langsrud 2003), significance was calculated using type II ANOVA for direct effects of
color, sugar concentration, and flower size, and type IIl ANOVA for interactive effects via
the car package in R. I conducted this type of analysis for four aspects of pollinator
behavior: the number of flowers visited per plant, the time spent per flower, and probability
of visits to and from lac. As the probability of visiting lac is a binomial outcome, I modify
the above equation as a logistic equation via the binomial family option in the Ime4 package
in R (v1.1.36, BATES et al. 2015).

Plant Visitation

As visitation is only a meaningful aspect of pollinator behavior at the level of line,
I cannot conduct a nested ANOVA when testing for differences in plant visitation. I
therefore calculate plant visitation in two ways: as the number of times each individual
plant was visited or as the total number of times a line was visited, including multiple visits
to the same plant. As both aspects of plant visitation are highly correlated (Figure S3.3; p-
value<2*107'®, r= 0.8670), I use the total number of plant visits (i.e., including multiple

visits to the same plant) in the analysis. I use similar linear mixed models for plant visitation
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as in the nested ANOVA models above (model 1), with a few exceptions. Plant visitation
is the dependent variable, flower color, floral traits and their interactive effects are
independent variables, and flower number, prior flight distance for each pollinator, and
average date as fixed effects as controls. I notably have no random effects as I do not need
to control for the effect of line, and the average date of observation is continuous at the line
level and thus more appropriately treated as a fixed effect. As such, the regression model
is:

plantvisits;, ;) = Picolorj, + B fsizej, + Bscolor; * fsize;, +
Psfnumber + psavefdist + Pedate+ €;(jy j2) Model (2)

Ei(j1,j2) ~ N(0,02),
where plantvisits;, ;. y are plant visits, date is the average date of observation for a line,
and all other variables are as described above. Note the lack of random effects in the model.

Floral Visitation per Plant

I then asked if two aspects of pollinator behavior— number of floral visits per plant
and average floral visit time are differentially affected by pink color. For each plant, I
measured the number of flowers a pollinator visited when making a single foraging trip to
a plant; in cases where there was more than one foraging bout to the same plant in a given
day, I averaged these values across bouts to get the number of floral visits per plant. Nested
ANOVAs were then conducted on mixed effect models as described by Model 1.

Floral Visit Time

Time for each floral visit was recorded using HanDBase. Any measurements where
floral visitation was greater than 20 seconds, approximately 3.2% of all observations, were

treated as an outlier caused by human error and adjusted to a random number sampled from
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a normal distribution of all time estimates. Twenty seconds was used as a cutoff as it both
represented a qualitative change in the distribution of long time estimates and represented
a z-score >2 standard deviations (2.2) above the mean. Visitation time was calculated as
the average time visited per flower per plant rather than the total time spent visiting a given
plant. Because I have already measured floral visits per plant, total time would conflate
aspects of time visited with number of floral visits per plant. Again, nested ANOVAs were
conducted on mixed effect models as described by Model 1.

Probability of Visitation to and from lac

Visits to and from /ac may act as a fitness cost if these visits waste pollen or preempt
ovules. If this effect contributes to the resistance to introgression, then I would expect visits
to and from lac would be greater for white-limbed than for pink-limbed plants. I thus ask
if pollinators are less likely to transition to or from lac when they are pink as compared to
white, and if larger flower sizes or sweeter nectar dissuades visits to and from lac when
lines are pink but not white.

To test these hypotheses, I calculated transition probabilities for each plant to lac
or to other lines. While many researchers have used contingency tests to test for assessing
pollinator movement (WASER 1986; JONES 1996; FRY AND RAUSHER 1997), they cannot
accurately control for the effects of line, pollinator flight distance, flower number, date of
flowering, the effect of continuous traits, nor the interaction between continuous traits and
color. Because I am looking at the effect of color on other floral traits (continuous
variables) and incorporating flower number, prior flight distance, and pollinator ID as
control variables (see above), it is more appropriate to perform a nested ANOVA on a

generalized linear model. In doing so, I ask if color, floral traits, or their interaction are
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significant predictors of pollinator movement to or from /ac. The probabilities of
transitioning to and from /ac are treated as binomial response variables, weighted by the
number of times a plant was visited per day. Binomial generalized linear models were
constructed as in Model 1 but transformed from linear into logistic regression. For example,

a version of Model 1 is transformed as follows:

tolac

odds(tolacie(j, j,)) = In ( )

1-tolac

odds(tolacl-e(jl,jz)) = [?1col0rij1 + [32]‘51'261-]‘2 + [33col07‘ij1 * fsizeij2 +
Bsfnumber + Bsavefdist +u; + b;j; + b;j; + by + €;(j1,j2) Model (3)

u; ~ N(0,0%), bij1, byjz, by ~ N(0,05), &(j1,72) ~ N(0,02),

Where tolac;e(j, j,) in this example is the probability of subsequently transitioning
to lac and all other variables are as described in Model 1.

Effect of Pollinator Behavior on Fecundity

Lastly, I ask if any of these aspects of pollinator behavior impact fecundity and, if
so, if this effect differs between pink and white limbed lines. To do so, I ask if any aspect
of pollinator behavior corresponds with more seed set in pink but not white limbed plants.
To test this, I conduct an ANOVA on a modified version of Model 1, e.g.:

seedset;c(;, j,) = Prcolory;, + By floralvisits;j, + Bscolor;j, *
floralvisits;;, + Bsfnumber + psavefdist +u; + b;j1 + b;jz + by + €i(j1,j2)

u; ~ N(0,02), bij1, bijz, by ~ N(0,05), €j1,j2) ~ N(0,02), Model (4)
where seedset;c(;, ;,) 1s fecundity in seed weight per plant, and all other variables the same
as in Model 1. Significance of these linear predictors (51, 2, f3) is reported using F-

statistics.
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Analysis in R

Generalized mixed-linear models that tested relationships between color, size traits,
and nectar traits were performed using flower size, sugar concentration, and color as fixed
effects via the Ime4 package in R (v1.1.36, BATES et al. 2015). Significance for each
predictor individually was calculated using type Il ANOVA, and for interactive effects was
calculated using type Il ANOVA via the car package in R (v. 3.1.3, FOX AND WEISBERG
2018). All R-squared values reported are adjusted R-squared values. ANOVAs of linear
mixed effect models are reported with F-statistics as reported by the car package in R; note
that, with random effects, means-squares and sum of squares are not reported. Chi-squared
statistics are reported for binomial generalized linear models as F-statistics are not readily
displayed via the binomial glm regressions in the car package. All analysis was conducted

on version 4.4.0 in R (R CORE TEAM 2024).

Results

I ask here whether any of five aspects of pollinator behavior -number of visits to
plants (plant visitation) number of flowers visited per plant visit, time spent per floral visit,
and probability of transitions to and from /ac (terms defined in Table 1) — help explain the
patterns of selection on flower size and sugar concentration.

1. Relationship Between Pollinator Efficacy and Aspect of Fitness

As both bumblebee and butterfly species visited plants, I first tested which species
more effectively pollinate plants. Ultimately, bumblebees appear to be more effective
pollinators than butterfly species in this system. Bumblebees visited plants 22 times more
frequently than butterfly species on average, and only bumblebee visitation is correlated
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with increased seed set (Figure S3.2), For this reason, I focus all subsequent analysis of
pollinator behavior solely on bumblebees.

Because selection on floral traits is not infrequently driven by non-pollinator agents
of selection(STRAUSS AND WHITTALL 2006), I first test if any of the five aspects of
pollinator behavior have an effect on seed set. Generally, pollinator behavior is expected
to result in seed set if plants are pollen limited (BURD 1994; BARTKOWSKA AND JOHNSTON
2015). Increased plant visitation may increase seed set if pollinators can effectively fertilize
more flowers from their pollen deposition to increase the amount of seeds per flower.
Aspects of pollinator effort — floral visits per plant and floral visit time — may increase seed
set if more effort results in more viable pollen deposition onto each flower. Visits to and
from lac may act as a fitness cost if these visits waste limited pollen or deposit costly lac
pollen on ovules. Additionally, flower color may modulate the relationship between
pollinator behavior and seed set if pollinators effectively pollinate pink but not white
flowers. For example, if the quality of pollen is high for bumblebees that visit pink flowers,
but low for bumblebees that visit white flowers, then increased bumblebee visitation could
be selected in pink but not white limbed lines.

I find that lines that were visited more frequently set significantly more seeds,
regardless of color. Lines set on average 1.2454g more seeds with each additional plant
visit to a line (p-value= 8.728*10%; R?=0.3135; Figure 3.1; Table 3.2). However, nearly all
other aspects of pollinator behavior did not significantly correlate with seed set. Both
aspects of pollinator effort — number of flowers visited per plant visit, and average floral
visit time — are not significantly correlated with seed set (p=0.5554, 0.09256, respectively;

Table 3.2, Figure S3.4A, S3.4B). Additionally, there is no significant effect of visitation
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from lac on future seed set (p=0.4355; Table 3.2, Figure S3.4D), suggesting that prior
visitation from /ac does not represent a fitness cost. Interestingly, there is a significant
positive relationship between seed production and the propensity for a plant to
subsequently visit lac (p=0.02614; Table 2, Figure S3.4D). It is unclear, mechanistically,
why visitation to /ac would have any bearing on seed set. Regardless, I show that one aspect
of pollinator behavior, plant visitation, predicts seed set in this system.

Table 3. 2 Effects of color, pollinator behavior, and their interaction on seed set. Degrees
of freedom for all x? values and F-statistics are 1 unless otherwise noted.

F p
Color 0.030 0.9567
Visitation 18.511 8.728*10°5
Visitation*Color 1.6682 0.2032
Flowers/Visit 0.3477 0.5554
Flowers/Visit*Color 0.2742 0.6005
Time 2.8292 0.09256
Time*Color 0.4817 0.4877
X p
To lac 4.9470 0.02614
To lac *Color 0.3974 0.5284
From lac 0.6081 0.4355
From lac *Color 0.4596 0.49782

o

Seed Set (g)

Number of Plant Visits/Line

Figure 3. 1. Average Number of Plant visits correlate to more seed set across both pink
(pink points and line) and white (black points and line) lines (p-value= 8.728%10-,
R?=0.3135).
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Additionally, I see no evidence that color modulates selection on any aspect of
pollinator behavior (Table 3.2, Figure 3.1, Figure S3.4). There is no significant difference
between pink and white limbed lines in the relationship between seed set and visitation rate
(p=0.2032, Table 3.2, Figure 3.1) nor between seed set and the increased visitation to lac
(p=0.5284, Table 3.2, Figure S3.4C); both plant visitation and probability to lac predicts
seed set across all lines. Color had no predictive effect on the relationship between seed set
and the number of floral visits per plant (p=0.6005, Figure S3.4A), floral visit time
(p=0.4877, Figure S3.4B), nor probability of visiting from lac (p=0.49782, Figure S3.4D).
Color then does not modulate selection on aspects of pollinator behavior.

While other aspects of pollinator behavior do not correlate to seed number, it does
not necessarily mean that those aspects do not affect fitness; it is possible that other fitness
components — particularly siring success — are affected by these aspects of pollinator effort
and transitions with lac. Additionally, these results do not clarify whether pollinator
behavior produces selection on flower size or sugar concentration and thus whether
pollinators generate epistatic selection on flower color. Lastly, aspects of pollinator
behavior may be important even if they do not relate to seed set if color directs pollinator
behavior, and this change of behavior modulates selection of other traits in pink-limbed
lines.

11. Do any aspects of pollinator behavior differ primarily based on color?

Previously I showed in this system that there is no direct selection of flower color
(Chapter 2). For the aspects of pollinator behavior that lead to direct selection — plant
visitation - I would expect to see no differences between pink and white limbed lines.

Alternatively, if color modulates selection on other floral traits, then color may affect
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different aspects of pollinator visitation if and only if plant visitation is favored with an
increase in other floral traits.

Table 3.3. Pollinators do not visit pink-limbed plants significantly differently than
white plants. ANOVA summary table on the effects of color on five aspects of pollinator
behavior. Chi-squared distributions are used over F-statistics for visitation to and from lac
due to the binomial distribution of the data. Degrees of freedom for all x?/F -statistics are
1.

F p
Plant Visitation 2.0359 0.15362
Flowers/Visit 0.2897 0.5933
Time 1.1244 0.2951
X p
To lac 0.0254 0.8734
From lac 2.7528 0.09709

I do not see a direct effect of flower color on plant visitation. Color significantly
predicts plant visitation (p=0.04257 via ANOVA of flower color, F-statistic=4.3453;
SS=71.81, df=1) without controlling for a plant’s flower number; pink-limbed lines beget
more visits than white limbed lines. However, this significance disappears when
controlling for flower number (p=0.15362, Figure S3.5A). This result suggests that
differential visitation to pinks and whites is primarily driven by pink lines having more
flowers and not an effect of color itself. While color may be indirectly selected via flower
number, it is not directly selected via pollinator visitation.

Flower color does not affect other aspects of pollinator behavior. White and pink
plants do not differ in the number of flowers visited per plant (p-value= 0.5866, Table 3.3,
Figure S3.5B), nor in average floral visit time (p-value= 0.2848, Table 3.3, Figure S3.5C)
between colors. Additionally, visitation to and from /ac is not predicted by flower color.

Pink color does not significantly promote or dissuade subsequent visitation to lac
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(p=0.8374, Table 3.3, Figure S3.5D), but may predict whether the prior plant visited was
lac, as white-limbed lines are suggestively more likely to have been preceded by a visit
from lac than pink-limbed lines (Figure S3.5E; p-value= 0.09709, Table 3.3). It appears
then that pollinator behavior is consistent with the absence of direct selection on this locus,
as there are no differences in pollinator visits with color and no direct selection on pink
color (Chapter 2).

1I1. Does pollinator behavior explain patterns of selection on each floral trait?

To test if selection on increased flower size and sugar concentration in pink but not
white lines is driven by pollinator behavior, I assessed how both traits directly impact five
aspects of pollinator behavior and if these behaviors were restricted to pink-limbed lines.

a. Effect of sugar concentration on pollinator behavior :

Across all lines, sugar concentration was a significant predictor of pollinator
visitation, with one more plant visit with every 3.19 mg/ml of sugar (p-value=0.02935,
R?=0.0826; Figure 3.2A, Table 3.4). The magnitude of this increased visit number,
however, did not differ between lines of different color (ANCOVA p-value=0.94853,
Table 3.4). This suggests that plants with sweeter nectar attract more pollinators regardless
of color.

Pollinators may increase seed mass if they either visit more flowers on a plant or
spend more time visiting a flower, so long as this increased pollinator effort leads to more
pollen deposition. However, sugar concentration did not predict the number of flowers
visited per bout (p-value=0.1426 , R?>=0.007139, Figure 3.2B, Table 4), or floral visit time
(p-value=0.13097, R?>= 0.006651, Figure 3.2C, Table 3.4). This result was true across

flower color; color did not significantly alter the relationship between sugar concentration
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for either aspect of pollinator behavior (ANCOVA p=0.9992 for number of floral visits,
p=0.91589 for floral visit time, Table 3.4).

Lastly, lines with more sugar were less likely to promote visits to and from /ac.
Across lines, the probability of a visit to lac decreases marginally statistically with
increasing sugar content (p=0.07367, Figure 3.2D, Table 3.4). Moreover, the probability
of a visit from lac decreases with increasing sugar concentration (Figure 3.2E, p-
value=0.001471, Table 3.4). However, the magnitudes of these effects do not differ among
pink and white plants. There is no effect of color on differentially dissuading visitation
with sugar concentration either to (Table 3.2, interactive effect, p=0.46095) or from lac
(Table 3.4, interactive effect, p=0.90634). In tandem, lines with sweeter nectar attract more
pollinator visits and reduce potentially costly visits with /ac regardless of flower color.

b. Effect of flower size on pollinator behavior

Given the similar patterns between flower size and sugar concentration on fecundity
(Chapter 2), I expected to see a positive relationship between increased flower size and
pollinator visitation akin to the relationship between sugar concentration and seed set.
However, I do not observe a direct effect of flower size across any aspect of pollinator
behavior (Table 3.5, Figure 3.3). Corolla length is not correlated with pollinator visitation
rate (p=0.82674, Fig 3.3A) , number of floral visits per plant visit (p=0.7236, Figure 3.3B),
floral visit time (p=0.12640, Fig 3C), or probability of subsequently (p=0.14159, Figure
3.3D) or previously (p=0.9127, Figure 3.3E, Table 3.5) visiting lac. Surprisingly, it appears

that flower size does not determine any aspect of pollinator visitation.
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Figure 3.2. The relationship between sugar concentration and five aspects of pollinator behavior
for pink-limbed (pink dots and line) and white limbed (white dots and black line) lines: A)
visitation rate, B) floral visits per plant, C) Average floral visit time, D) Probability of visiting
lac after visiting each plant, and E) Probability of prior visit being from lac. A) Sugar
concentration significantly predicts plant visits (p-value=0.02935, R>=0.0826) across both pink and
white limbed lines; B) Sugar concentration is not correlated with the number of floral visits per
plant (p-value= 0.1265, R?= 0.007139) across either pink-limbed or white-limbed lines; C) No
correlation between sugar concentration and average time per floral visit across all lines (p-
value=0.1212, R?>= 0.006651) but statistically suggestive negative correlation in white-limbed lines
(p=0.05747, R?= 0.02597); D) Statistically suggestive effect of sugar concentration on subsequent
visitation to lac (p=0.0971), primarily driven by pink-limbed (p=0.08322) but not white-limbed lines
(p=0.8864); E) Sugar concentration significantly reduces prior visitation from lac (p-value=0.0323)
across both pink and white-limbed lines.
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Table 3. 4. Summary table for determining the effects of color, sugar concentration, and
their interaction on five aspects of pollinator behavior. Degrees of freedom for all X2
and F-statistics are 1 unless otherwise noted.

Color Sugar Concentration Color X Concentration
F p F p F p
Plant 2.0359 0.15362 5.0577 0.02935 0.0042 0.94853
Visitation
Flowers/Visit | 0.2897 0.5933 2.2133 0.1426 0.0000 0.9992
Time 1.1244 0.2951 2.3514 0.13097 0.0113 0.91589
x> _|p x> _|p x* p
To lac 0.0254 0.8734 3.1992 0.07367 0.5436 0.46095
From lac 2.7528 0.09709 10.1151 | 0.001471 0.0138 0.90634

This absence of a main effect (i.e., ignoring flower color) of flower size on aspects
of bee visitation does not preclude the possibility that this effect may differ between pink
and white plants. However, for most aspects of pollinator behavior, I do not see an effect
of color on the relationship between flower size and visitation behavior. There is no
significant color x flower size interaction for visitation rate (p=0.7893, Figure 3.3A),
number of flowers visited per plant visit (p=0.6310, Fig 3.3B), visit time (p=0.3324, Figure
3.3C), or visitation from /ac (p=0.6082, Figure 3.3E, Table 5). The only evidence I found
that suggests that color may modulate the effect of flower size on pollinator behavior was
with subsequent visits to /ac: visits to white-limbed lines are significantly more likely to
be followed by a visit to /lac when flowers are larger (p=0.01489), whereas flower size does
not affect the probability that visits to pink-limbed lines are followed by visits to /ac (p=
0.8523; Figure 3.3D). This difference is significant via ANCOVA (p=0.04456). While
subsequent visitation to /ac may potentially decrease male fitness if these visits deposit
pollen that could otherwise sire /. cordatotriloba, it is unclear how a reduction in male

fitness with increasing flower size in white-limbed lines would relate to increased female
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fitness in pink-limbed lines. As such, pollinators behave independently of both flower size

and flower color.
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Figure 3.3. No significant relationships between flower size and four aspects of pollinator
behavior for pink-limbed (pink dots and line) and white limbed (white dots and black line) lines:
A) visitation rate (p-value= 0.82674, R?>=-0.01247); B) floral visits per plant (p-value= 0.729, R?>=-
0.001465); C) Average floral visit time (p-value=0.13860, R?= 0.00957); D) Probability of visiting lac

after visiting each plant (p-value=0.14159);

E) Probability of prior visit being from lac(p-

value=0.14159). Only visitation to lac (D) has a significant interactive effect (p=0.04456) — flower size
begets more subsequent visitation to lac by pollinators in white limbed lines (p=0.01489), but not

pink-limbed lines (p=0.8523).
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Table 3. 5. Summary table for determining the effects of color, flower size (Size), and
their interaction (Inter.) on five aspects of pollinator behavior. Degrees of freedom for
all x* and F-statistics are 1 unless otherwise noted.

Color Flower Size Color X Flower Size
F p F p F p
Plant Visitation 2.0359 | 0.15362 | 0.0485 0.82674 | 0.0723 0.7893
Flowers/Visit 0.2897 | 0.5933 0.1217 0.729 0.2347 0.6310
Time 1.1244 | 0.2951 2.2774 0.13860 | 0.9396 0.33239
X |p X p X P
To lac 0.0254 | 0.8734 2.1606 0.14159 | 4.0352 0.04456
From lac 2.7528 | 0.09709 | 0.0120 0.9127 0.2628 0.6082

Discussion

The objective of this study was to demonstrate if patterns of pollinator behavior
explain how flower color is maintained despite extensive introgression. I previously
demonstrated that selection on flower size and sugar concentration in pink but not white-
limbed maintains flower color via epistatic selection (Chapter 2). I therefore identified
whether pollinator behavior, a potential mechanism of selection on these traits, mirrored
observed patterns of selection.

I first demonstrated that, in line with the lack of direct selection on flower color,
flower color did not attract pollinators across any of the five measured aspects of pollinator
behavior. This result suggests that flower color alone does not affect seed production
because it does not modulate any aspect of pollinator behavior. While color differences are
often driven by pollinator visitation(WASER 1998; BRADSHAW AND SCHEMSKE 2003;
HOPKINS AND RAUSHER 2012; MUCHHALA et al. 2014; ROSE AND SYTSMA 2021), my
results reinforce notion that flower color differences need not directly be driven by

pollinator behavior. Additionally, my research shows that, in Ipomoea, color does not
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impact one aspect of pollinator behavior while other floral traits influence a second
pollinator behavior associated with pollination, as seen in Aquilegia (FULTON AND HODGES
1999) and Ipomopsis tenuituba (BISCHOFF et al. 2015).

There are two caveats to these negative results. First, pink color predicts visitation
when flower number was excluded in models; only when flower number was included as
a predictor did flower color fail to predict visitation. While it is possible that I do not have
enough statistical power to detect whether pink color sufficiently increases visitation, it is
more likely that pink flower color indirectly allows for more visits from pollinators by
increasing flower production. This correlation between color and flower number may be
via genetic correlation, or as demonstrated with flower size and sugar concentration traits,
via selection on increased flower number in pink, but not white limbed lines. Second, I see
a marginally significant effect of color on reducing visitation from /ac, where pollinators
were less likely to visit a pink-limbed line than a white-limbed line after visiting /ac. Pink
color could therefore be maintained if pollen deposition were costly and there was a
reduction in seed set associated with prior visitation. However, as I see no significant
relationship between visitation from /ac and seed set, and the statistical signal of color on
visitation from lac is quite weak (p=0.0971), it seems unlikely that pink color has a
selective advantage over white-limbed lines by reducing visitation from /ac.

I then asked if flower color modulated how pollinators interacted with flowers of
varying flower size and sugar concentration. Following prior results (Chapter 2), I expected
that in pink, but not white-limbed lines, pollinators would more frequently visit plants, visit
plants with more effort through the number of flowers visited or the time spent per visit, or

be less likely to transfer pollen between lines and /ac with increasing flower size and sugar
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concentration. Surprisingly, I found no evidence that pink color modified any aspect of
pollinator behavior as it pertains to either flower trait. While there is limited empirical
evidence that investigates whether pollinator behavior selects for traits in hybridizing
species, these studies generally find patterns of pollinator behavior aligned with the
observed type of selection (MELENDEZ-ACKERMAN AND CAMPBELL 1998; BRADSHAW AND
SCHEMSKE 2003; HOPKINS AND RAUSHER 2012). Instead, these results suggest that patterns
of pollinator movement may not always align consistently with observed patterns of
selection. Conversely, while pollinator movement, especially visitation, is often presumed
to elicit selection, whether pollinator movement results in direct selection has rarely been
evaluated (reviewed in TRUNSCHKE et al. 2021). In 1. cordatotriloba, it appears that
pollinator visitation drives selection on one trait that is selectively maintained — sugar
concentration, irrespective of flower color or flower size. Relying solely on visitation data
to inform patterns of selection would cause one to infer that sugar concentration, but not
flower size or flower color, is under selection. Instead, I find that all three traits are
maintained (Chapter 2) despite these patterns of pollinator visitation.

Additionally, sugar concentration and flower size do not attract pollinators in the
same way despite having similar patterns in driving fitness. Instead, these traits have
distinct interactions with pollinators that mirror their genetic modularity. As nectary and
flower size traits consist of two modules that are genetically distinct (LIAO et al. 2022),
they are not selectively constrained by genomic correlations. One might assume that
selection would act similarly across each trait given that both traits are directionally
selected in pink, but not white limbed lines. In fact, research has often shown that selection

by pollinators occurs across multiple traits and allows for floral integration (proposed by
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BERG 1960; PEREZ-BARRALES et al. 2007; FENSTER ef al. 2015). However, sugar
concentration directly increases pollinator visits and dissuades prior visitation from lac,
while flower size does not beget any changes in pollinator behavior. This suggests that
each floral trait independently affects mechanisms for selection, which in turn generate the
same selective patterns. While some research has decomposed the effect of pollinator
visitation into different effects for different floral traits (MELENDEZ-ACKERMAN et al.
1997; FULTON AND HODGES 1999; CAMPBELL et al. 2014; FENSTER et al. 2015;
RODRIGUEZ-CASTANEDA et al. 2020; BRUNET et al. 2021), these results emphasize the need
to investigate the mechanisms of selection even when patterns of selection look similar.

Lastly, I find that flower color does not modify the relationship between pollinator
behavior and fitness. If the quality of pollination is higher on pink-limbed lines than on
white-limbed lines, perhaps via less lac pollen and more RIL pollen, then fecundity could
correlate to aspects of pollinator behavior in pink but not white limbed lines. Instead, there
is no difference between pink-limbed and white-limbed lines in how all measured aspects
of pollinator behavior relate to seed set. While flower color may modify selection on floral
traits, it does not do so by differentially affecting pollinator behavior on fitness.

In total, these results suggest that flower color modulates selection on other floral
traits through non-pollinator means. Interestingly, this would suggest that some traits - such
as sugar concentration- may be directly selected by pollinators, but that modulation of this
selection may occur through aspects other than pollinators, such as drought tolerance,
herbivory, and heat stress. While non-pollinator agents are often proposed for direct
selection on flower color (STRAUSS AND WHITTALL 2006; RAUSHER 2008), they have yet

to be posited for mechanisms of epistatic selection. Understanding how these non-
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pollinator agents of selection can modulate pollinator behavior to allow for correlational
selection across both traits will be crucial for understanding how traits may be jointly
maintained despite introgression.

Our results show that the mechanisms that maintain alleles despite introgression are
often more complex than the outcome of selection. I suggest that selection on flower color
should not be assumed to be primarily driven by pollinator behavior, and that
measurements of pollinator behavior be conducted in tandem with fitness effects to test if
observations of selective mechanisms agree with estimates of selection. For mating traits
that lack strong genomic correlations, different selective mechanisms may maintain similar
patterns of selection. I therefore suggest that future studies consider field measurements
that quantify different potential selective mechanisms in tandem with genomic analyses to
understand how traits are maintained despite introgression. Understanding both the
genomic architecture and nature of the selective constraints will be key to contextualizing

how species remain distinct in the face of gene flow.
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4. Conclusions

Through this dissertation, I have demonstrated that alleles may be maintained and
resist introgression via epistatic selection. In Chapter 2, I first showed that there is no direct
selection on flower color across any aspect of lifetime fitness — germination, survival,
fecundity, or siring success. Because prior research has generally found evidence that
alleles are directly selected despite introgression (e.g. BRADSHAW et al. 1998; FULTON AND
HODGES 1999; HOPKINS AND RAUSHER 2012; KENNEY AND SWEIGART 2016; FARNITANO
et al. 2025), my research is among the first to note that alleles may be maintained without
direct selection on these alleles. My results also suggest that selection on flower color is
not being driven by genetic correlations between flower color, nectary, and flower size
traits, as I do not see selection for pink limbed lines, and all three traits within lpomoea
cordatotriloba are only weakly correlated (LIAO et al. 2022).

Instead, I find that epistatic selection on flower color occurs as increased flower
size and sugar concentration are selectively advantageous in pink, but not white limbed
lines. By modifying the strength and magnitude of selection on flower size and sugar traits,
pink color generates correlational selection across all three traits. While the only prior
system that observed correlational selection on traits that resist introgression (Ilpomopsis,
MELENDEZ-ACKERMAN AND CAMPBELL 1998; CAMPBELL 2009), also observed direct
selection on the focal trait, my research provides evidence that suggests that correlated
selection against introgressed alleles can be maintained even without direct selection on
the binary locus. Even with a 3% migration rate per generation, indirect, epistatic selection
can still generate selection against the pink allele maintain alleles such that this allele exists

at high frequency in 1. cordatotriloba at migration-selection balance. Although the rate of
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gene flow from /. lacunosa to I. cordatotriloba in sympatry is not known, it is likely to be
very low because of the strong pre- and post-zygotic incompatibilities between the two
species (RIFKIN ef al. 2023). Based on the Rausher lab’s field collections and observations
(e.g. DUNCAN AND RAUSHER 2020), which suggest that the frequency of the “white” allele
in sympatric 1. cordatotriloba is less than 0.1, our results suggest that the migration rate is
lower than 3% and likely on the order of 0.6-1%. Epistatic selection of the type described
here also has the capacity to create genetic correlations between the flower color locus and
flower size and nectar sugar concentration by generating linkage disequilibrium. However,
my models demonstrate that under realistic parameters, the amount of LD generated is
likely to be low, giving rise to only weak genetic correlations. Such correlations by
themselves are unlikely to contribute much to resistance to introgression at the color locus.

In Chapter 3, I asked whether pollinator behavior generated the patterns of selection
described in Chapter 2. I first showed that, in line with the results of Chapter 2, pollinators
do not favor pink limbed lines over white limbed lines in any aspect of their behavior.
Because pollinator visitation rate correlates with seed set, these results confirm that
pollinators do not drive selection on flower color. When pollinator behavior begets fitness,
researchers often assume that pollinators drive selection on color differences (WASER
1998; RAUSHER 2008; MUCHHALA et al. 2014; ROSE AND SYTSMA 2021). However, my
results suggest that, even when pollinator visitation correlates with fitness, flower color
does not appear to subject to direct selection by pollinators. Nevertheless, it is still possible
that pollinator behavior may generate indirect selection on flower color if flower color

modulates the relationship between flower size or nectar concentration and visitation rates.
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However, I did not find any evidence for this possibility. While I may expect that
pollinator movement corresponds to fitness differences for alleles resisting introgression
from prior results(MELENDEZ-ACKERMAN et al. 1997; SCHEMSKE AND BRADSHAW 1999;
HOPKINS AND RAUSHER 2012), my results instead suggest that resultant patterns of
selection may be caused by non-pollinator agents. It is unclear if this difference is specific
to this case, where limitations on pollinator behavior may limit possibilities for epistatic
selection, or, in a general case, for alleles that resist introgression but do not prevent
hybridization. Additionally, sugar concentration and flower size did not attract pollinators
in the same way; rather, each trait has distinct interactions with pollinators that mirror their
genetic modularity over the selective differences. Because different parts of a flower’s
morphology may differentially impact fitness (MELENDEZ-ACKERMAN ef al. 1997; FULTON
AND HODGES 1999; CAMPBELL ef al. 2014; FENSTER ef al. 2015; RODRIGUEZ-CASTANEDA
et al. 2020; BRUNET et al. 2021), my results demonstrate that even at the unit of a flower,
the same selective patterns can be caused by distinct mechanisms of selection.

Across both aims, my research suggests several general conclusions. First, it
suggests that indirect selection is understudied in determining how alleles resist
introgression. Because a locus that resists introgression is not under direct selection nor
favored by any aspect of pollinator behavior, quantifying direct selection alone would
suggest that flower color is not under selection. Thus, experiments that do not ask how
indirect selection may shape patterns of allele maintenance may be drawing erroneous
conclusions. I therefore encourage researchers to consider designing field experiments
wherein the effects of direct, correlational, and indirect selection can be measured on traits

whose alleles resist introgression.
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Additionally, this dissertation suggests that pollinators have complex roles in
generating selection on mating traits that resist introgression. Some quantitative traits may
be directly selected by pollinator visits but potentially be modified by a non-pollinator
agent of selection. While non-pollinator agents can generate direct selection on flower
color (STRAUSS AND WHITTALL 2006; RAUSHER 2008), it is unclear how or even if they
can generate epistatic selection. These results suggest that this is a possibility, but further
research will need to be conducted that explicitly examines the role of non-pollinator agents
— perhaps drought tolerance or herbivory - contributing to fitness of epistasis involving
floral traits. Understanding how non-pollinator agents may modulate pollinator behavior
to allow for correlational selection across both traits will be crucial for understanding how
traits may be jointly maintained despite introgression.

Finally, my results emphasize the limitations of genomic studies. While immensely
powerful, genomic prediction of selection should be verified in the field, both to test for
the type of selection maintaining these alleles and the concordance between presumptive
selective mechanisms and patterns of observed selection. Without this field work, the
number of loci suspected to be under direct selection is likely to be overestimated, as these
analyses cannot detect complex patterns of selection, like correlational selection, which
can drive trait correlations and indirectly maintain alleles. Only by combining intensive
genomic research with extensive field experiments can I glean the true insights in how

these introgressing species remain distinct.
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5. Appendix A - Likelihood Model for Siring Success

Here I describe the likelihood model I use to estimate siring success of plants with
pink- and white-limbed flowers. Maternal and offspring genotypes are scored for genotype
at a SNP with alleles “A” and “G”. 22 RILs with pink limbs are “AA”, one is “GG”, and
none are “AG”. By contrast, 26 RILs with white limbs are “GG”, one is “AG” and none
are “AA”.

The basic data is the number of sampled offspring for each combination of maternal
and offspring genotypes at the SNP. Let the number of offspring of genotype j produced
by pink-limbed maternal plants of genotype i be pNi—j (i, j € {AA, AG, GG}. The
corresponding number for white maternal plants is WNi—j . Then the Likelihood of the

data is
L=C1Il, PPi—>jPNi_>j iy WPL'—>jWNi_>j Eq.
(4)
where PP;_, j 1s the probability that a pink-limbed maternal plant of genotype i produces an
offspring of genotype j, and WP,_, ;j 1s the corresponding probability for white -limbed
maternal plant. C is a combinatorial constant eliminated in the analysis. The expressions
for PP;_, j and wp,, ; are given in Table SA1, with the variables defined in Table SA2.

To illustrate how these probabilities are obtained, I derive here the probability that
a pink-limbed maternal parent of genotype AA produces an offspring of genotype AA,
PP,4saa ; all other probabilities can be derived following the same process. For an AA
maternal parent, an AA offspring can either occur through selfing, with probability sp, or

through outcrossing with an A pollen grain, with probability 1 — sp. If it selfs, the
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probability that the offspring is AA is 1, whereas if it outcrosses, that probability is P(A),
the probability outcross pollen carries allele A:

PPiasaa =sp + (1- sp)*P(A)

A-carrying pollen can be produced either by pink-limbed or white-limbed plants.
The probability pollen is from a pink-limbed plant and carries A is Pa, the probability it is
from a pink-limbed plant times the probability that such pollen carries A. Analogously, the
probability that pollen is from a white-limbed plant and carries A is (1 — B)(1 —p"), the
probability that pollen from a white plant carries A times the probability that a pink -limbed

plant is sired by a white-limbed plant. Thus, I have
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Table A.1. Probabilities of offspring genotype for a given maternal genotype. Probabilities are listed separately for pink- and white-limbed plants.

A. Probabilities (PPl-_,j) for pink-limbed maternal parents:

Maternal Genotype
Offspring AA GG
Genotype
sp + (1= sp)(ap’
AA . 0
+(1-B)1-p))
AG (1= sp)((1-a)p"+B(1-p)) (1= sp)(ap”+ (1 = B)(1 = p))
sp+ (1= sp)((1 = a)p’
GG 0 .
+B(1-p?))




62

B. Probabilities (WPi_,j) for white-limbed maternal parents

Maternal Genotype
Offspring A 4G G
Genotype
sw + (1= 5,)((1=B)w (sw)/4 + (1= s,)((1 = B)w’
AA 0
+a(l—-w?)) +a(l—-w))/2
(1 - s,)((1=-B)w
AG A-s,)BW+A-a)(1-w)) 1/2
+a(l—-w))
(sw)/4 + ( )
sw+ (1= s,)(Bw + (1
GG 0 (1-s,)Bw + (1 — @)1 —w)
—a)(1-w))/2




Table A.2. Definition of parameters and variables.

Term Definition
Sp Selfing rate of pink-limbed plants
Sw Selfing rate of white-limbed plants
a probability that pollen from a pink limbed plant is A
B probability that pollen from a white-limbed plant is G
p probability a pink-limbed plant is pollinated by pollen from a
pink-limbed plant
w’ probability a white-limbed plant is pollinated by pollen from a white-
limbed plant

PPiassaa=sp+(1-sp) (ap’ + (1 = B)(1 —p)).
Substituting the values in Table SA1 into Eq. (4) yields
L=Cx[sp + (1= sp)(ap + (1= BY(1—p))] "4
* ((1 - Sp)((—a)p\ B(]_ — p‘))PNAAaAG
* ((1 — Sp)(ap\ +(1-B)(1- p))) NGG-a6
* (sp+ (1= sp)((1—a)p +B(1-p)) NeG-ce
* (s, +(1—s,)(A-Bw +(1- a)w‘))WNAAaAA
* ((1 _ SW)(BW\ + (1 _ a)(l _ W\)))WNAA—»AG
*((sy)/4 +(1 - s,)((A—Bw +a(1- W\))/Z)WNAG—MA
* (1/2)WNAG—>AG

* ((sw)/4 + (1= 5,)(BW + (1 — a)(1 — w))/2) "Nac-ca
(1= s,)((1=Bw + (1 — a)w'))"Nec-ac
*(sp + (1= s,)(BW + (1 —a)(1 —w")))"Nea-ca

80



6. Appendix B - Frequency Dependence of Per-capita Siring
Success

Equations (la, b) give the per-capita siring success of pink- and white-limbed
plants. This success is inherently frequency dependent, as can be seen from the following
considerations: Letting N, and Nw be the numbers of pink- and white-limbed plants in the

population, respectively, then the proportion that are pink is:

N N
f=—2—= -2 where N=N,+ Nw.
Np+Ny N

Equations la and 1b can thus be re-written as

_ FN(s+1-s)p)+(1—fFIN (1-s5) (1-w)

A
fN Eq. (5a)

_ (1-AH)IN(s+(1—-s)w)+fN (1—s) (1-p)

B
fN Eq. (5b)

assuming sp = sw as before. Because the N’s cancel, these reduce to
A=s+(1—s)P+¥(1—s)(1—W) Eq. (6)
B = % +A=—s)W)+ (1 =s)(1-P) Eq. (6b)

Because these are functions of f, fitnesses A and B are inherently frequency dependent.

1-f

In my experiment, f = ', so - = 1 and Egs. (6a, 6b) reduce to
A=s+(1-s)P+ (1—-s5)(1—W) Eq. (7a)
B= (s+(1-s)W)+ (1 -5)1-P) Eq. (7b)
and

A = B implies P = W. Thus, testing whether P = W provides a test of whether

pink- and white-limbed plants have equal siring success.
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7. Appendix C — Chapter 2 Supplementary Figures and Tables

Log Actual Seed Number
5

| ! ! | ! ! | !
4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.C

Log Projected Seed Number
Figure S2.1. Estimated seed number highly predicts seed counted (p<2*10-16, R2=0.9883). The
black trend line tightly corresponds to the red 1/1 trend line. Results are presented as log seed
number for clearer visibility. Filled circles represent outliers
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Fig S2.2 Example chromatographs for homozygotes of the allele associated with pink-limbed lines (A), white-limbed lines (B), and
heterozygotes (C). Blue bar indicates position of the focal SNP used as a marker. Note that homozygotes have distinct frequencies of the T (A)
and C (B) alleles, while heterozygotes have approximately similar readings for both alleles. Additionally, homozygotes of the pink-limbed allele
have a peak for nucleotide A around base 180 (A), white-limbed allele has a similar peak around base 200 (B), and heterozygotes have two
distinct peaks, one at each site, along with doubled chromatograph sequence consistent with heterozygous sequence preceding the peak at base
180 (C).
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Figure S2.3. Germination is low across all lines. The proportion of 10 seeds that germinated for each container, for pink-limbed (pink bars) and
white-limbed (yellow bars) lines.
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Figure S2.4 No difference in germination estimates between pink (P) and white-limbed (W)
lines. Black lines represent averages for each color, whiskers represent 1.5 times the interquartile
range (grey boxes, middle 50% of data range), and circles represent outliers outside this range.
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Figure S2.5. Pink limbed lines germinate earlier than white-limbed lines. Histograms of
germinant number with time for white-limbed (top) and pink-limbed (bottom, pink) plants.

Vertical dashed lines are mean days after planting (Date) for germination of white-limbed
(35.45) and pink-limbed (31.03) lines
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Figure S2.6. No difference in survival to first flower for pink-limbed (P) and white-limbed
(W) plants. Number of plants that died before (left) and survived (right) to first flower for pink
(pink) and white(white)-limbed lines
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Figure S2.7. No difference in shoot length 2 weeks after transplant (a proxy for early growth
rate) between pink(P) and white-limbed (W) lines. Black lines represent averages for each
color, whiskers represent 1.5 times the interquartile range (grey boxes, middle 50% of data
range), and circles represent outliers outside this range.
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Figure S2.8. Early growth is correlated with seed set. (p=2.855*10-, R?=0.08433).
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Figure S2.9. Phytometer estimates do not predict seed set for a polynomial (A, B) or spline
based (C,D) surface regression. A, C) Output of polynomial (A) and spline (C) surface function
for environmental quality across the four sampled plots. The 0,0 point of the xy plane is NE
corner of sampled plots. Distance is in feet south (x-coord) and west (y-coord) from this point.
Surface color reflects estimated surface values correlating with environmental quality, with
points as I. lacunosa early growth values that fit the surface. As spline estimates equate to each
point, they are excluded for simplicity. B, D) Regression estimates for both Model 1 (B) and
Model 2 (D) on seed set. Neither is significant (p=0.250 for Model 1, p=0.873 for Model 2)

90



16

! 1 = | i
8 | | £ ‘ |
T ! i 2 :
E ; i — (=
— g — : c ™
- l 2
is) ©
& o | £ :
1 o 2 i | i
g : 5 " | |
5 ~ ! . O | :
S i a 5 a
! 5 o | i
N | n o |
| | T |
P W P W
Color Color

Figure 52.10. Color Not Associated with Flower Size nor Sugar Concentration. The effect of color on corolla length (left) and sugar
concentration (right) in sampled RILs. Neither flower size (p-value=0.12) nor sugar concentration (p-value=0.95) significantly associates with
color.
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Figure S2.11. Flower Size Weakly Correlates with Sugar Concentration. The relationship
between flower size and sugar concentration for pink-limbed (pink points) and white-limbed
(white points) lines. While there is a significant relationship (p-value=0.018), the association is
fairly weak (Adj R?=0.0916) and does not differ by color.
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Figure 52.12. Size alleles are maintained with recurrent migration <0.034. The change in the
frequency of “+” allele at each quantitative trait locus over 500 generations given continual
migration of the “-“ allele haplotype. Note that all trait loci behave similarly. Migration
increases by 0.02 for each trajectory. Note that the lines with migration rate greater than 0.034
(0.036, 0.038, 0.04) result in fixation of the invading alleles, while all other lines reach a
migration-selection equilibrium.
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Table S2.1. Effect of color on proportion of seed weight comprised of inviable seeds.
Degree of freedom is 1

SS F p

Color 0.00007 0.0028 0.9582
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Table S2.2. RADseq sites where pink-limbed allele frequencies were >0.9 for one allele in pin-limbed lines (termed pink
major/white minor allele here) and >0.9 for an alternate allele in white-limbed lines (termed pink minor/white major allele here).
Haplotypes sequenced refer to both copies for a given line; number of lines is equivalent to the number of haplotypes divided by 2.
Highlighted row is the chosen marker allele, as it is the only one with 24 pink lines sequenced.

S6

Site White RIL | White Major Allele | White Minor Allele | Pink RIL | Pink Minor Allele | Pink Major Allele
Haplotypes + Frequency + Frequency Haplotypes + Frequency + Frequency
Sequenced Sequenced
CHRO6: 4796409 56 A:0.928571 T:0.071429 46 A: 0.086956 T:0.913043
CHROG: 4921475 38 C:0.947368 A:0.052632 22 C: 0.090909 A:0.909091
CHRO6: 6720864 48 T:0.979167 C: 0.020833 32 T: 0.0625 C:0.9375
CHRO6: 13663753 52 C:0.961538 T: 0.038462 40 C:0.05 T:0.95
CHRO6: 13740622 56 T: 0.964286 C:0.035714 46 T: 0.043478 C: 0.956522
CHRO6: 13740636 56 C: 0.964286 G:0.035714 46 C: 0.043478 G:0.956522
CHRO6: 13740637 56 A:0.964286 T: 0.035714 46 A:0.043478 T: 0.956522
CHRO6: 15210053 56 G: 0.964286 A:0.035714 48 G:0.083333 A:0.916667
CHRO6: 16892557 34 T:0.941176 G: 0.058824 20 T:0.1 G:0.9
CHRO6: 16892576 34 G: 0.941176 A:0.058824 20 G:0.1 A:0.9
CHRS: 11600238 2 A:0 G:1 2 G:0 A:l




Table S2.3. Chi-squared tests comparing selected seeds to seeds extracted for DNA at
the level of flower color or line. All Chi-squared tests between pink and white assume a
degree of freedom of 1.

Color Line
x> p-value x> p-value
All plots 0.14849 0.7 12.257, df =47 1
Plot 4 0.37875 0.5383 | 9.6025, df =41 1
Plot B 0.0025866 0.9594 | 12.721,df=42 1
Plot E 0 1 22.821,df =46 0.9983
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Table S2.4. No significant differences between pink and white-limbed lines across four
metrics of fitness. Combined ANOVA summary table for the effect of color on
germination, survival, early growth, seed weight, and estimated seed number. Italicized
p-vales are statistically suggestive. Degree of freedom is 1 for all measurements.

x? p-value
Germination 0.1699 0.6802
Survival 0.1501 0.6985
Early Growth 0.5363 0.464
Early Growth *Time 3.7665 0.05229
Seed Weight 0.9091 0.3404
Estimated Seed Number 1.3527 0.2448
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Table S2.5. Numbers of plants surviving to first flower

Alive Dead Proportion Alive
Pink RILs 379 21 0.9475
White RILs 379 19 0.9523
1 lacunosa 398 3 0.9925
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Table S2.6. Phytometer values do not predict seed set, while early growth does. ANOVA
summary table on the effect of each predictor (early growth, phytometer values from each
model) on outcome variables (seed set and early growth). Degree of freedom is 1 for all

measurements.
Predictor Outcome x? p-value
Early growth seed set 17.512 2.855*10
Model 1 values seed set 1.3262 0.2495
early growth 24.323 8.144*107
Model 2-values seed set 0.0257 0.8727
early growth 0.1722 0.6782
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Table S2.7. Color does not differ between samples, even when modelling for early
growth. ANOVA summary table testing if color causes adjusted seed weights for both
models to differ. Degrees of freedom is 1 unless otherwise noted.

Adjusted Seed Set by x? p
Model 1 0.6145 0.4331
Model 2 2.4766 0.1156
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Table S2.8. Number of offspring genotypes for given parental genotype and flower
color

Plant Category (Parent genotype -> offspring) Number of offspring
Npaa-aa 160
Npaa-ac 35
NpG-ac 10
Npg-6a 3
Nwaa-aa 0
Nwaa-ac 0
Ny ag-aa 5
Nwag-ac 1
Nw g6 1
Nwee-ac6 22
Nwee-ca 150
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Table S2.9. Pink-limbed but not white limbed lines have positive correlations between
flower traits and seed set. Type II ANOVA summary table for seed set and estimated
seed number for both slower size and sugar concentration for pink and white-limbed line.
Degrees of freedom on all tests are 1.

Pink Lines White Lines
X2 p X p
Seed set Flower Size | 5.2838 0.02152 0.1405 0.7078
Sugar Conc. | 5.3807 0.02036 0.0052 0.9423
Estimated Flower Size | 3.1443 0.07619 1.2648 0.2607
Seed Number | Sugar Conc. | 7.8777 0.005005 0.0095 0.9225
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8. Appendix D- Chapter 3 Supplementary Figures and Tables

Figure S3.1. Pollinator Efficacy Design. Green boxes represent donor plants - sympatric L
cordatotriloba provided for available pollen to sire test flowers. Lettered spaces are the focal plants
that were caged, with distinct colors representing treatment groups. Note that the assigned
treatment pollination would rotate across colored groups. Black boxes refer to plants that did not
have enough flowers for data collection.
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Figure S3.2. Bumblebee, but not butterfly visits predict seed set. Bumblebee visitation
predicts seed set at a p<0.1(top; p=0.06728, R?=0.03962), while skipper (left; p=0.389; R2=-
0.004132) and sulfur (right; p=0.197, R2=0.01153) visits are not predictive seeds per emasculated
flower (average seed set). Note the scale of visits on the x axis is much larger for bumblebee
than butterfly visits.
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Figure S3.3. The number of unique plants visited (excluding same-plant visits) is highly
correlated to the total number of plants visited (r= 0.8670)

105



901

Seed Set (g)

Probability to visit lac

10 20 30 40 50

0

1.0

00 02 04 06 08

Floral Visits/Plant

(s e) -

Seed Set (g)

Seed Set (g)

Probability to visit from lac

10 20 30 40 50

0

1.0

00 02 04 06 08

g
— 8o .
g 8
ﬁ.o:' D.o s =

5 10 15
Time Visited (sec)
— [e I o} L) e} L ] [0}
. 88 [+] (e, ey ] (o]
N e
L ]
— © O @00 L b) SEIDe Q (o]
T T T T T T
0 10 20 30 40 50
Seed Set (g)

Figure S3.4. No significant relationships between seed set and most other aspects of pollinator behavior for pink-limbed (pink dots and line)
and white limbed (white dots and black line) lines: A) No sig difference in floral visits per plant (p-value= 0.5554, R?=-0.00123); C) Average floral
visit time (p-value=0.09256, R?=-0.000837). D) Probability of visiting lac is significantly predicted by seed set (p-value=0.04757), while there is no
effect of seed set on the probability of a prior visit being from lac (p-value=0.4394). Note that C-D that the dependent and independent variable
is flipped to more clearly illustrate binomial patterns. Note that the significance of the correlations is not significantly affected.
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Figure S3.5. Color does not significantly affect any aspect of pollinator behavior. Color does
not significantly impact A) visitation rate (p-value= 0.15362), B) number of flowers visited per
plant (p=0.5933), C) time visited (p=0.2951), or D) visitation rate to lac (p=0.8734). E) Pink limbed
lines are marginally significantly less likely to have been visited been previously visited by a
lac (p-value=0.09709), represented by the reduction in the 1 column and the corresponding
increase in 0 column. Significance determined via type I ANOVA. In A-C, black lines represent
color averages, boxes represent the interquartile range (IQR, middle 50% of data), whiskers
represent 1.5*IQR, and data points are outliers. In D-E, pink vs white stacker bar plots represent
the proportion of each likelihood of visitation occurs onto pink (pink color) or white (white
color) plots. Intermediate values between 0 and 1 represent plants that received multiple visits
on a day that differed in lac visitation frequency.
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