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Abstract

The maintenance of genetic variation for quantitative traits has long puzzled
evolutionary biologists (Lewontin 1974). Previous studies have effectively interrogated
large genomic regions both in the greenhouse and field to understand the selective
forces maintaining variation. However, subtler points can be difficult to tease out from
quantitative trait loci. Here, we take advantage of advances in sequencing technology to
understand how variation for flowering time and size is maintained within a single
population of Mimulus guttatus at the nucleotide level. By focusing on individual
nucleotides, we directly address questions of allelic effect and frequency, and interrogate
polymorphisms found to be significantly associated with traits in the greenhouse in
other contexts to determine their contributions to growth and fitness.

Flowering time and flower size have been shown to be highly quantitative traits
within the Iron Mountain population of M. guttatus (Kelly and Willis 2001, Lee 2009),
and it has been proposed that minor alleles likely increase trait values (Kelly 2008). We
present here confirmation of this long-standing hypothesis. By creating a genome-wide
association (GWA) mapping panel, we have identified multiple significant site-trait
associations within the IM population of M. guttatus, and found extensive evidence of

pleiotropy and polygenic adaptation.
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To understand how developmental processes might contribute to variation in
flowering time and flower size, we next investigate genetic variation for circadian period
length. The circadian clock is known to be upstream of floral induction pathways, and in
Arabidopsis thaliana over one third of the genome is suspected to be under circadian
regulation (Harmer 2009). We find extensive variation for endogenous period length,
and genetic correlations between endogenous period length and days to germination,
flower size measurements, height, and leaf size. Despite a small GWA analysis sample
size, we find abundant evidence of overlap of sites found to be significant for growth
and flowering traits and period length.

Finally, we investigate how genomic variants identified in the greenhouse
contribute to variation in a natural context. By planting F1 crosses of the lines sequenced
for the GWA mapping panel in the field, we are able to confirm significant impacts on
field growth and fitness, and identify a genomic site significantly associated with
survival to seed production. Taken together our results not only confirm previous
quantitative trait locus work at the nucleotide level, but present a newly developed

sequence resource for analysis of intra-population variation.
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Introduction

“The source of genetic variability in populations ‘remains, today, the outstanding
experimental problem of population genetics, since on its solution depends the correct evolutionary
interpretation of the vast genetic polymorphism now known to exist in wvirtually all
organisms.’(Lewontin 1981)” (Crow 2008)

The forces maintaining genetic variation within populations have long puzzled
evolutionary biologists (Lewontin 1974). Though mutation-selection balance and
balancing selection were historically at odds, current work supports a role for various
forces, including mutation-selection balance, migration-selection balance, antagonistic
pleiotropy, and variable selection pressures (Mitchell-Olds, Willis et al. 2007, Crow
2008). Here, we take advantage of recent advances in sequencing technology to
understand how variation for multiple quantitative traits, including flowering time,
flower size, and circadian period length, is maintained within a single population of
Mimulus guttatus at the nucleotide level. Across three chapters, we employ a newly-
created genome-wide association mapping panel to identify multiple significant site-
trait associations within the Iron Mountain population of Mimulus guttatus in both the
greenhouse and field. We find extensive evidence of pleiotropy and polygenic

adaptation, and demonstrate fitness effects of flower size variants in a natural context.



1. The benefits of being small and fast: GWAS
confirmation of long-standing allele frequency and
effect predictions

Introduction

The persistence of both genetic and phenotypic variation in the face of various
selection pressures has been a long standing puzzle for evolutionary biology (Lewontin
1974). Two classes of explanation have been offered for variation: mutation-selection
balance and balancing selection. While historically these two explanations were at odds,
current work shows that both are likely important (Mitchell-Olds, Willis et al. 2007,
Crow 2008). Under mutation-selection balance, variation is a byproduct of new, typically
deleterious, mutations that selection works to remove. In contrast to mutation-selection
balance, mechanisms of balancing selection actively maintain variation through a variety
of different selective processes, including overdominance, antagonistic pleiotropy,
frequency dependent selection, and spatially and temporally varying selection pressures
(reviewed in Hedrick 1999, Delph and Kelly 2014).

The most conceptually straightforward processes of balancing selection is
overdominance, or heterozygote advantage, wherein the heterozygote outperforms
either homozygote. Well-known examples include sickle-cell anemia in human
populations subject to malaria (Kwiatkowski 2005), and resistance to the pesticide

warfarin in rats (Greaves 1977, Pelz, Rost et al. 2005). Though tempting for its simplicity,



examples of overdominance are limited. Many forms of balancing selection instead
maintain variation by favoring the heterozygote on average across environments
(Gillespie and Turelli 1989, Hartl 2006), in a phenomena known as marginal or emergent
overdominance. In the specific case of antagonistic pleiotropy, alleles often promote
reproduction at the cost of survival, or vice versa (Johnston, Gratten et al. 2013). As in
many forms of balancing selection, competing alleles are maintained due to their
context-specific contributions to fitness.

Early theoretical work on how balancing selection could maintain genetic
variation has quickly given rise to experimental examples. At the scale of quantitative
trait loci (QTLs), multiple studies have shown how balancing selection might work to
maintain genetic variation (Subramaniam and Rausher 2000, Hall, Lowry et al. 2010,
Mojica and Kelly 2010, Anderson, Lee et al. 2011, Lee, Fishman et al. 2016). While many
of these studies were conducted across multiple populations (or even species), Mojica et
al. (2012) demonstrated the role of antagonistic pleiotropy within a single population for
a complex trait. Working with two previously identified flower size QTLs in Mimulus
guttatus (Lee 2009), the authors showed that QTL alleles that promoted larger flowers
decreased survivorship in harsher years or conditions, but could increase fecundity (via
seed set) when conditions were mild. The QTLS used in this study were 180 kbp and 1

Mbp in length. Though it is unclear if the genetic variation would be maintained



according to theoretical expectations (Levene 1953, Dempster 1955, Hedrick 1999), this
study provided intriguing early evidence of how variants discovered in the lab can be
connected to natural effects within a single population.

Beyond the QTL scale, a new round of studies have sought to connect theories
surrounding genetic variation to individual genes and even nucleotides, often taking
advantage of previously characterized gene pathways. Hopkins and Rausher (2011)
successfully took advantage of the known structure of the anthocyanin biosynthetic
pathway to identify cis-regulatory changes in two genes, one for pigmentation and one
for intensity, that help maintain flower color variation in Phlox drummondii. Other
researchers have begun to examine variation in complex traits (Prasad, Song et al. 2012).
While such targeted approaches are certainly powerful, they lend themselves best to
traits that are either simple or can be broken into simple, testable units, while genome-
wide analyses allow for the discovery of a wider range of involved alleles (though they
are not without their drawbacks (reviewed partially in Lee, Gould et al. 2014)).

Confirmed feasible in the model plant Arabidopsis thaliana (Atwell, Huang et al.
2010), genome-wide association (GWA) studies have emerged as a powerful method for
detecting nucleotide variation implicated in complex traits. This finer resolution is
necessary for understanding the possible forces maintaining variation (Wadgymar,

Lowry et al. 2017), and provides a far more tractable unit for surveying allele



frequencies. To date, the vast majority of studies have examined inter-population
variation, often across the range of the species. The ability to survey the relationship
between allele frequency and effect has uncovered multiple instances of polygenic
inheritance, wherein phenotypic trait changes are primarily controlled not by single
alleles, but by shifts in multiple allele frequencies (Turchin, Chiang et al. 2012). While
the individual allele frequency changes each constitute a weak signal, taken in aggregate
they represent a clear picture of adaptive selection across the genome.

Within the Iron Mountain (IM) population of Mimulus guttatus, flower size is a
genuinely quantitative trait, with numerous flowering time, flower size, and growth
QTLs characterized (Lee 2009). Flower size has been shown to be under strong natural
selection (Willis 1996, Hall and Willis 2006, Mojica and Kelly 2010, Mojica, Lee et al.
2012), and genetic variation for flower size is inconsistent with mutation-selection
balance (Kelly and Willis 2001, Kelly 2008). Recent analysis of sequence data from 34
inbred IM lines and 22 non-IM M. guttatus individuals by Puzey et al. (2016) has
confirmed high levels of nucleotide diversity (7tsyn = 0.033 and Ttnon-syn = 0.006 within
genes, while Ttgenome = 0.014) and intermediate allele frequencies. This work also pointed
to a role for migration-selection balance in maintaining rare variants, as rare alleles were
far more likely to be adjacent to each other. Many of the genomic regions reputedly from

immigrants are likely from a nearby, large-flowered perennial M. guttatus, also known



as Iron Mountain Perennial. Though migration-selection balance was the first force
contributing to variation within IM to be confirmed at the nucleotide level, numerous
previous studies have implicated balancing selection at the QTL level (Mojica, Lee et al.
2012, Monnahan and Kelly 2015).

In this study, we describe results from a GWA study of flowering time, flower
size, and general growth traits within the IM population of M. guttatus. We take
advantage of and further develop a set of inbred lines, as well as create a set of F1 lines,
to find genomic sites that are significantly associated with traits at genome-wide levels.
We identify 38 polymorphisms significantly associated with phenotypic traits. Using
these polymorphisms, we investigate the extent of pleiotropy among sites, and allelic
frequencies. We ask, are minor allele frequencies consistent with previous data from
QTL and selection studies? How does allele frequency relate to allelic effect? And what

forms of selection might maintain variation within this single population?

Materials and Methods
Background to the study system

The M. guttatus species complex provides a rich sampling of variation across
different aspects of flowering. M. guttatus can occur as either an annual or large-

flowered perennial, and has many times evolved selfing forms with diminutive flowers



(Vickery 1964, Fenster and Ritland 1994). Though many of the small-flowered selfing
relatives of M. guttatus can be recognized as independent species, the full range of floral
sizes can be generated by bi-directional selection starting with a single population of M.
guttatus (Kelly 2008).

The most extensively studied population of M. guttatus is near Iron Mountain in
the Cascade mountains of Oregon (44.402217N, 122.153317W) at roughly 1400 m
elevation. At this site, M. guttatus exists largely as an annual or winter-annual, and its
life cycle can be characterized as a brief race against the summer drought. During a short
window (6 - 10 weeks) between spring snowmelt and summer drought, M. guttatus at
IM must germinate, flower, and set seed. Plants that flower later have the potential to
ensure greater seed set due to larger flowers, but potentially at the cost of death by
drought prior to seed set (Mojica, Lee et al. 2012). Individuals from this population have
been shown to be largely outcrossing, though self-compatible (Willis 1993), and the
population as a whole demonstrates little internal spatial structure (Sweigart, Karoly et
al. 1999). Various chromosomal inversions are also known to be segregating between the
IM population and nearby populations, and one inversion is known to segregate within
IM (Fishman and Kelly 2015, Lee, Fishman et al. 2016). Within IM, linkage

disequilibrium is high at shorter distances (~ 100 base pairs), but decays quickly, though



patterns of long-range linkage disequilibrium vary between chromosomes (Puzey, Willis

et al. 2017).

Inbred and F1 line generation

On two separate occasions, individual plants were gathered from IM and
propagated by single seed descent for 5-19 generations to create inbred lines. An initial
creation of 1200 inbred lines was performed by John Willis (Willis 1999), with a second
set of roughly 500 inbred lines created from seed collected across four years of sampling
in the late 1990s (Arathi and Kelly 2004, Kelly 2008). The second set of lines was created
partially to shore up numbers as many IM lines had been lost because of inbreeding
depression and other causes. Lines from the first collection have the prefix “IM,” while
lines from the second collection are referred to as “Zia lines” and have the prefix “Z.”

These inbred lines represent the core resource of the following studies. Because
the lines themselves can often be weak due to inbreeding, 104 F1 lines (between 207
parental inbred lines) were also created. Each F1 line was consistently made from the
same two inbred parental lines crossed in the same direction. Due to crossing error, two

F1 lines share a parental inbred line.

Inbred and F1 line greenhouse phenotyping

To determine inbred and F1 lines averages for a selection of phenotypic traits,

seed from each line was grown in the Duke University Biology Greenhouse in the late



winters of 2015 and 2017. Five cohorts, comprised of at least ten individuals each from
401 lines (338 inbred and 63 F1), were grown starting from late January through March
of 2015. Lines were grown in cohorts of roughly 1000 plants at a time for sake of ease,
with overlap between lines planted across cohorts, and a core set of lines planted in a
majority of cohorts. An additional cohort of mainly F1 lines was grown in mid-February
of 2017 to finalize phenotyping. Plants from all cohorts were grown according to the
same schedule. Seed from each line was planted in 2.5 inch square pots on Fafard 4P
potting soil, and placed into a cold room for seven days. Following cold treatment, pots
were transferred to a flooded bench in the greenhouse. On approximately the third day
out of the cold room, germination would begin. As seedlings emerged they were
transferred to their own labeled 2.5 inch pot, and randomized into flats. Up to ten
germinants were transplanted for each line. Germination date was recorded as the
transplant date for each individual. Transplanting of germinants continued for ten days,
at which time the vast majority of viable seeds would have germinated. Plants that died
within the first ten days due to transplant shock were replaced. Benches remained
flooded for the first ten days to increase survival rates of newly transplanted
germinants. On the eleventh day, the bench was drained, and normal fertilization and
water schedules resumed. Flats were reorganized once a week to minimize the effect of

location on the bench.



Each plant was measured for corolla width, corolla length, floral tube length,
floral throat width, pistil length, stamen length (length of the longest filament and
anther), node of flower, height at flowering node, and width of the widest leaf on the
date of first flower (external floral measures detailed in Fishman et al. (2002)) . The date
of first flower was recorded, and number of days since germination calculated to
determine days to flower. Lines with fewer than three individuals across all cohorts
were not used for further analysis. In total, 307 inbred lines were successfully
phenotyped, with an average of 13 plants per line (3 <n < 68, mean = 12.65), as well as 94

F1 lines with an average of 11 plants per line (5 <n <20, mean = 11).

DNA extraction, library preparation, and sequencing

The 187 inbred M. guttatus lines that form the core GWA analysis panel are the
product of multiple rounds of sequencing. Sequence data for 152 previously
unpublished lines was combined with data from 26 lines described by Puzey et al. (2017)
and nine lines described by Flagel et al. (2014). For 81 of the 152 newly sequenced lines,
DNA extraction, library preparation, and sequencing was performed according to the
methods outlined in Puzey et al. (2017). For the remaining 71 lines, leaf or flower bud
tissue was collected and frozen, and DNA was extracted using the ThermoFisher
Scientific Gene]ET Plant Genomic DN A Purification Kit. Libraries for Illumina

sequencing were prepared using the Illumina Kapa Hyper Prep Kit. Individual barcodes
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were added during library preparation, and libraries were pooled up to 24 per lane for
sequencing. Pooled libraries were run on the Illumina HiSeq 4000, generating 150 bp
paired-end reads, which was comparable to previously sequenced lines. To augment
data for lines with low read depth, we made new libraries for 24 of the lines. Each was
sequenced (150bp, single end) at the University of Kansas Genomics core using the

[llumina HiSeq 2500.

Alignment and genotype calling

We processed sequenced data from each line with Scythe
(https://github.com/vsbuffalo/scythe) to remove adaptors and with Sickle (Joshi and Fass
2011) to trim low quality sites. We mapped reads to the M. guttatus v2 genome build
using BWA and removed PCR duplicates using Picard Tools. We called SNPs using the
GATK UnifiedGenotyper.

GATK was applied to intervals of each chromosome to call SNPs and genotypes
(DePristo, Banks et al. 2011), and the resulting VCF outputs were concatenated to create
a genome-wide set of SNPs. Once a genome-wide set of SNPs had been determined,
further filtering steps were performed to ensure appropriate mapping quality and minor
allele frequencies. All sites were required to have a minimum mapping quality of 30,

and be called in at least 100 lines with at least two of those being homozygous for each

11



allele. All inbred lines were then compared to each other and excessively divergent or
overly similar lines (likely contaminants) were left out of further analyses, leaving 187
sequenced inbred lines. We further culled any SNP or Indel where the minor allele
frequency occurred in less than two lines, or where over 10% of calls were heterozygous.
Our final variant set consists of 10,199,239 polymorphisms, with median read depth of
6.5 per site per line. F1 lines genotypes were inferred from sequences of their inbred

parents.

Line LSmean and principal component calculation

Inbred and F1 line least square means (LSmeans) were calculated from inbred
and F1 greenhouse phenotypic data for subsequent analyses using mixed linear models
with cohort, flat, and line as random effects. F1 and inbred phenotypic LSmeans were
calculated separately. All models were fit using the “fit model” function in JMP v. 13
(SAS Institute Inc., Cary, NC). Principal components analyses were also performed on
the four major flower size traits (corolla width, corolla length, floral tube length, and
floral throat width) for both inbred and F1 line individuals. The first and second
principal components of flower size were used to calculate line LSmeans that
represented overall measures of flower size.

The Pearson correlation coefficient and correlation probability was determined

for each set of inbred or F1 traits using JMP v. 13.

12



GWAS and permutation analysis

Genome-wide association analyses were performed using a mixed linear model
(MLM) that incorporated a kinship matrix (K) to account for line relatedness. Kinship
matrices were calculated using all sites from all 187 sequenced inbred lines and 66
sequenced F1 lines independently. 165 sequenced and phenotyped inbred lines, and 55
sequenced and phenotype F1 lines were used for GWA mapping. For ease of
computation, mapping was performed using the first 14 linkage groups and linkage
group 17, which contains a large portion of chromosome 9.

The vector of observed phenotypes (y) was calculated asy = X + Zu + e, where
f is an unknown vector of fixed effects (including all tested SNPs), u is an unknown
vector of random additive genetic effects, and e is an unobserved vector of residuals. X
and Z are the known design matrices, relating y to 8, and y to u, respectively. K is
incorporated into the MLM as part of the variance of random effects: Var(u) = 2KV,
with K as the n x n kinship matrix and V as the genetic variance (Yu, Pressoir et al. 2006,
Bradbury, Zhang et al. 2007). The kinship matrix was calculated using the process
described in equation 13 of Endelman and Jannink (2012). Restricted maximum
likelihood estimates of variance components were estimated using the P3D compression

option to improve algorithm efficiency by clustering lines into related groups (Zhang,
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Ersoz et al. 2010). All association and variance component analyses were carried out
using TASSEL v 5.0 (Bradbury, Zhang et al. 2007).

To synthesize effect estimates across the two datasets (and thus improve
statistical power), we used Fisher’s combined probability test to combined combine p
values from inbred and F1 line data. For each trait, p values were combined on a per site
basis into a single test statistic as —2 log(inbred p value) — 2log(F1 p value) (Fisher 1925,
Sokal 1981). The distribution of the combined p values was a chi-square distribution
with four degrees of freedom, as two are provided by each independent test. Here, we
do not rely on this feature strictly given that permutation is used for testing.

Permutation is the “gold standard” for setting genome-wide significance
thresholds in QTL mapping and GWA studies. We developed a pipeline to implement
permutation by splitting both chromosomes and replicates across parallel computing
nodes. In each permutation replicate, phenotypic data was randomly shuffled both
within the inbred line set and the F1 line set 100 times. Each permuted data set (both F1
and inbred lines) was then analyzed using the TASSEL method described above. For
each trait, a list of the lowest p values from each replicate was used to determine
appropriate adjusted p value cutoffs to reflect standard 95" and 90" percentile
significance thresholds. We determined these thresholds for both the inbred data in

isolation as well as for the combined p values.
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Further analyses of significant alleles
Thinning of significant sites

Several clusters of significant alleles were found, with nearby or linked sites
found to be significant for largely the same trait or traits. Each of these clusters was
reduced to a single site based on most significant p value. For clusters that were

significant for multiple traits, one site was more significant for all traits.

Significant site linkage and potential function

The association of each significant site and all other sites in the genome was
calculated by comparing alleles across lines, with an r? of 1.0 denoting perfect
association. For numerous focal loci, perfectly correlated loci were found, and all loci
with an r? of 0.8 or higher, and with the minor allele shared in at least two lines, were
tallied. Rare alleles sometimes showed perfect correlation with alleles on separate
linkage groups. We restricted further analysis to loci that were tightly associated with
focal loci and occurred on the same linkage group.

The presence of loci tightly correlated with focal sites meant that we were unable
to unambiguously identify causal sites. Annotation and effect prediction of significant
sites and all linked and associated sites was performed with SnpEff (“SNP effective”)
and a database built from the M. guttatus v2 unmasked genome and gene annotations

(Cingolani, Platts et al. 2012).
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Pleiotropy

Previous research in this population has shown abundant overlap of QTLs for
flower size, flowering time, and other aspects of plant growth (Lee 2009). To test for
pleiotropy, inbred, F1 and combined p values from the TASSEL MLM were assessed for
all traits at each significant site. As these were no longer genome-wide tests, a

significance threshold of p <0.05 was used.

Population allele frequencies and allelic effects

For each significant site, allele frequency of the major and minor alleles within
the inbred lines was calculated. For all traits that were significantly associated with a site
(p <0.05), the effect of each allele was calculated in terms of trait phenotypic standard

deviation as a means of standardization.

Impact of drive / inversion alleles

A meiotic drive locus is polymorphic on chromosome 11 within the IM
population and a number of inversions distinguish IM from other populations (Lowry
and Willis 2010, Fishman and Kelly 2015). Inbred line sequences were scored for the
drive allele, and F1 genotypes were inferred from parent genotypes. Relationships
between drive genotype and trait LSmeans for both inbred and F1 lines were
determined using a series of one-way ANOVAs. An inversion on linkage group (LG) 6

circulates within the IM population (Lee, Fishman et al. 2016), but only two phenotyped
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lines were found to have the alternate inversion allele, preventing further testing. Three
inversions, on LG5, LG8, and LG10, were scored in the inbred lines.

We developed SNP sets that are predictive of orientation for each inversion
following the methods of Monnahan and Kelly (2017). Briefly, 10 whole genome
sequences (five representing annual populations and five representing perennial
populations) were assembled. To include a SNP in the diagnostic set for an inversion,
the reference base had to predominate in annuals and the alternative base had to
predominate in perennials. Each site had to be called for at least three lines of each, and
no more than one call could be incongruent (e.g. “perennial” allele in annual line). The
included regions were 10-18 Mb for inv5 (LG5), 1.5-7.0 Mb for inv8 (LGS8), and 2-6 Mb for
inv10 (LG10) (Monnahan and Kelly 2017). All sequenced inbred lines were compared to
the three inversion diagnostic SNP sets in the relevant regions, and the fraction of calls
for each line to the reference were recorded. A lower fraction was consistent with greater
sequence similarity to the non-IM inversion haplotype. This represents potential “flux”
of genetic material from other populations. Inbred trait values were regressed on
inversion fractions to determine potential associations between outside genetic materials

from other populations and phenotypes.
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Results
Broad correlations across phenotypic traits

The first and second principal components for both inbred and F1 lines both had
principal component 1 (PC1) describing overall flower size. In the inbred lines, PC2
mainly described throat width, while in the F1 lines it was associated with throat width
and to a lesser degree corolla width. Inbred PC1 described 82.0% of the variation in the
inbred lines, while inbred PC2 described 8.8% of the variation. For the F1 lines, PC1
described 73.8% of the variation in flowering measurements, while PC2 contributed
another 13.6%.

Nearly all phenotypic trait LSmeans were significantly correlated in both the
inbred and F1 lines (see Tables 1 and 2). While most traits were significantly positively
correlated, days to germination was negatively correlated with most other traits in both
sets of lines, and significantly so in the inbred lines. An overall positive correlation of
traits in the greenhouse is consistent with greater days to flower corresponding to larger
plants with larger first flowers. More information about model fits and variance

components can be found in the appendix (see Appendix Tables 7 and 8).

Genome-wide significant sites

Overall, 43 significant site-trait associations were found at the relevant 90% or

95% significance threshold for a given trait. Of those 43, 19 were significant only by their
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combined p value for a trait, 17 were found to have a significant combined and inbred p
values, and seven were significant by their inbred p value alone (see Tables 3 and 4).
Five sites were found to be significantly associated with more than one trait, bringing
the number of sites associated to any trait down to 38. Sites were further grouped into
clusters of nearby or perfectly associated sites. After thinning of significant sites to one
per “cluster,” there are 19 genome-wide significant loci in total. At least one significant
site was found for all traits except days to flower, node at flowering, and throat width. A
clean estimate of days to flower is difficult to capture when growing plants in cohorts
due to high environmental sensitivity (personal communication, J. Kelly). Evidence of
this can be found in the fact that for both inbred and F1 lines LS means calculations,
days to flower had the largest variance component estimates from both flat and cohort

of any trait (see Appendix Tables 7 and 8).
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Table 1: Inbred line trait LSmean correlations.
Pearson’s correlation coefficient above the diagonal, respective p values below All size measurements are in mm, and all day
measurements are in days. Bolded correlation coefficients are significant

Inbred erm | flower | node | €orolla | corolla | tube | throat | f.s. f.s. pistil | stamen | . . | widest
lines | ° width | length | length | width | PC1 | PC2 | length | length 9 leaf
32’; to -0.343 | -0.146 | -0.197 | -0.261 | -0.292 | -0.158 | -0.253 | 0.16 | -0.263 | -0.255 | -0.333 | -0.364

days to

oy <.001 0.671 | 0.375 | 0.488 05 | 0.348 | 0.465 | -0.179 | 0.474 | 0.485 | 0.468 | 0.45
node 0.014 | <.001 0.332 | 0.426 | 0.365 | 0.297 | 0.383 | -0.112 | 0.361 | 0.346 | 0.433 | 0.434
Svci’é‘t’r"'a 0.001 | <.001 | <.001 0.859 | 0.772 | 0.767 | 0.919 | 0.033 | 0.753 | 0.706 | 0.676 | 0.61
f;or:gt”ﬁ <001 | <001 | <001 | <001 0.925 | 0.752 | 0.959 | -0.225 | 0.876 | 0.872 | 0.793 | 0.687
f‘ef:gth <001 | <001 | <001 | <001 | <.001 076 | 0937 | -0.22 | 0.867 | 0.895 | 0.811 | 0.688
wirdotit 0.008 | <.001 | <001 | <001 | <001 | <001 0.883 | 0.446 | 0.695 | 0.691 | 0.61 | 0.494
fs.PC1 | <001 | <001 | <001 | <001 | <001 | <001 | <.001 0.001 | 0.867 | 0.864 | 0.784 | 0.673
fs.PC2 | 0.008 | 0.003 | 0.062 | 0.579 0 0 <001 | 0.989 -0.186 | -0.217 | -0.215 | -0.225
gig’th <001 | <001 | <001 | <001 | <001 | <001 | <001 | <001 | 0.002 0.884 | 0.753 | 0.606
lsetﬁg]tﬁ” <001 | <001 | <001 | <001 | <001 | <001 | <001 | <001 0 <.001 0.718 | 0.595
height <001 | <001 | <001 | <001 | <001 | <001 | <001 | <001 0 <001 | <001 0.714
widest <001 | <001 | <001 | <001 | <001 | <001 | <001 | <001 0 <001 | <001 | <.001

leaf
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Table 2: F1 line trait LSmean correlations.
Pearson’s correlation coefficient above the diagonal, respective p values below. All size measurements are in mm and all days
measurements are in days. Bolded correlation coefficients are significant.

F1 erm | flower | node | Sorella | corolla | tube throat | f.s. f.s. pistil stamen | . . | widest
lines | ® width | length | length | width | PC1 | PC2 | length | length 9Nt | |eaf
gg?’;to 0.209| 0.035| -0212| -0.16 | -0.144| -0.171| -0.197| -0.063| -0.188 | -0.059 | -0.075| 0.057
ﬁgb’vse:o 0.074 0.696 | 0509 | 0573 | 0528 | 0.442 | 0592 | -0.039| 0521 | 0.497 | 0579 | 0.618
node 0.767| <.001 0.483 | 0.466 | 0.388 | 0.424 | 0.506 | 0.084| 0.492 | 0.486 | 0.532 | 0.645
Svci’é‘t’r"'a 0.07 | <001 | <001 0.764 | 0.584 | 0.679| 0.87 | 0.249| 0.623 | 0.564 | 0.567 | 0.56
f;or:gt”ﬁ 0.172| <001 | <001 | <001 0.904 | 0.598 | 0.947 | -0.259| 0.87 | 0.826 | 0.691 | 0.692
f‘ef:sth 0.222| <001| 0.001| <001 | <001 0.509 | 0.87 | -0.441| 0.855 | 0.865 | 0.742 | 0.658
wigit 0.144| <.001 0 <001 | <001 | <001 0.788 | 0.523| 0559 | 0.494 | 0.403 | 0.383
fs.PC1 | 0.093| <001 | <001 | <001 | <001 | <001 | <001 0 0.841 | 0797 | 0.696 | 0.665
fs.PC2 | 0595| 074 | 0.477| 0033 | 0026 | <001 | <001 1 -0.26 | -0.329 | -0.259 | -0.217
f:ig'th 0.109| <001 | <001| <001 | <001 | <001 | <001| <001| 0.025 0.842 | 071 | 0.637

stamen

ongth | 0618| <001 | <001| <001 | <001 | <001 | <001| <001| 0.004| <001 0.648 | 0.645
height | 0.523| <001 | <001| <001 | <001 | <001 0 | <001| 0026 <001 | <001 0.648
}’::feSt 0.632| <001 | <001| <001 | <001 | <001 | 0.001| <001| 0.063| <001 | <001 | <001




Table 3: Significant polymorphisms following permutation tests to establish significance thresholds for inbred, F1, and combined p values.
Those marked with asterisks are also significant for inbred lines alone at the appropriate inbred line p value.

Days to germination 95% threshold = 5.04 x 107 Days to germination 90% threshold = 8.34 x 107

[44

LG  position inbred p Fip combined p LG position inbred p Fip combined p
4 9929153  1.73x 107 0.002 5.70x 107
Corolla width 95% threshold = 2.38 x 107 Corolla width 90% threshold = 3.16 x 107
LG  position inbred p Fip combined p LG position inbred p Fip combined p
4 20767167 7.22x10°* 0.0113 1.79x 10°
9 2585355  4.11x10° 0.0022 1.76x 107
Corolla length 95% threshold = 1.10 x 107 Corolla length 90% threshold = 1.61 x 107
LG  position inbred p Fip combined p LG position inbred p Fip combined p
4 20767167 8.97x10° 0.0413 7.56x10° 5 22885632 6.10x 107 0.0117 1.41x10”
8 8649345  6.91x 107 0.0101 1.38x 107
9 2585355  4.54x 10° 0.0017 1.54x 107
Tube length 95% threshold = 4.28 x 10° Tube length 90% threshold = 1.29 x 10°®
LG  position inbred p Fip combined p LG position inbred p Fip combined p
10 5948609 7.20x 107 0.0007 1.36x107°
11 17068946 4.50x 107 0.0396 4.17x10°
Flower size PC1 95% threshold = 7.95 x 10 Flower size PC1 90% threshold = 1.24 x 10”
LG  position inbred p Fip combined p LG position inbred p Fip combined p
9 383847 1.91x10%* 0.0740 3.02x10°




€C

Flower size PC2 95% threshold = 8.97 x 10~

Flower size PC2 90% threshold = 1.54 x 10°®

LG  position inbred p Fip combined p LG position inbred p Fip combined p
18392393 6.16x 10° 0.00903 9.85x 107
Pistil length 95% threshold = 1.96 x 10°® Pistil length 90% threshold = 2.79 x 10°®
LG  position inbred p Fip combined p LG position inbred p Fip combined p
3 10742452 6.61x107°*  0.1096 1.76 x 10
Height at flowering node 95% threshold = 3.14 x 10° Height at flowering node 90% threshold = 8.02 x 10°
LG  position inbred p Fip combined p LG position inbred p Fip combined p
4 13050069 1.34x10°**  0.00478 1.72x107° 2 201170 1.74x10° 0.0154 6.17x 107
10 5943799  6.33x10° 0.02064 3.10x 107 3 10742452 5.37x10'°* 0.5556 6.84x 107
10 5948609 9.32x10""**  0.00847 2.28x 10" 8 8649326  1.09x 107 0.00229 5.76 x 107
11 5718094 1.78x10°* 0.01841 8.24x10™° 8 8649345 9.16x 107 0.00195 4.19x 107
11 5725037 6.99x10""**  0.14120 2.38x 10° 10 5940914  9.05x 10° 0.0180  3.84x 107
10 5949997  1.38x10° 0.0128  4.15x 107
11 5715870  2.07x10°*  0.130 6.17 x 10°
11 5715883  2.21x10°* 0.1191  6.08x 10°
11 5715947  2.02x10°* 0.1180 5.51x 10°
11 5718148  1.61x10° 0.1273  4.79x 107
11 5721573  1.26x10°* 0.1406 4.16 x 10°
11 5722541  1.30x10°* 0.1406 4.28x 10°
11 5737046  1.41x10°* 0.122 4.04x10°
11 5738705  1.24x10°* 0.1406  4.08 x 10°
11 5740048  1.53x10°* 0.1582 5.61x 10°
11 14045132 8.76 x 10 0.0254 5.16x 107



N
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12 16716982 9.48x10° 0.00178 3.96x 10
12 17792839 1.56x 107 0.00178 6.40x 10°
Widest leaf 95% threshold = 7.27 x 10°® Widest leaf 90% threshold = 1.36 x 107
LG position inbred p Fip combined p LG position inbred p Fip combined p
14 6800858  3.39x10° 0.1579 1.07x 107

Table 4: Significant polymorphisms following permutation tests to establish significance thresholds from just inbred lines.

These sites do not have genome-wide significance as part of combined p values. Sites included in the 19 significant site set are in grey.

Stamen length 90% threshold = 1.07 x 10

Height at flowering node 90% threshold = 2.62 x 10°

LG
17

position
658195

inbred p
8.20x 107

LG position inbred p

10 7345225  2.47x10°
2 17225742 1.77x 107
2 17226316 1.82x 107
2 17233178 1.29x 107
2 3557894  1.73x10°
4 517319 1.89x 107



Linkage and possible site function

We identified 2,336 sites that were associated (r? > 0.8) with the 38 genome-wide
significant sites. Of these, 1,440 were on the same linkage group as their associated site.
To focus on potentially the most relevant associated sites, we further narrowed this
group to 601 associated sites (representing 622 variants, as some sites have multiple
variants). Annotation of these 601 sites and the initial 38 sites showed that most (354)
were found in intergenic regions, while another 133 sites were found to be less than 5kb
upstream of genes and 50 were less than 5kb downstream. According to the effect
classification system imposed by SnpEff, only site 5_22925357 was predicted to be of
high effect (a deletion causing a frameshift). This site is not among the identified sites,
but is linked to 5_22885632 (r? = 0.82), which is significant at the 90% combined p value
threshold for corolla width. A further seven sites were predicted to be of moderate
effect, with three causing conservative in-frame deletions, three causing missense
mutations, and one causing a disruptive in-frame insertion. Six of these seven were
found on LG2, with one of the missense substitutions occurring on LG5. Twenty-four
sites were predicted to have a low effect. Twenty of these were synonymous
substitutions, and all were found on LG2, LG4, or LG12. Splice region variants were
found on LG2, LG10, and LG12. A low effect 5 UTR premature start codon gain was

found on LG2. The remaining analyzed variants were “modifiers.”
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Broad pleiotropy across significant sites

Four sites were found to be significantly associated with more than one trait at
either the 90% or 95% genome-wide threshold, and all but two sites were found to be
significantly associated with at least one other trait at p < 0.05 (see Fig. 1). As with
correlations between traits, the majority of identified sites were found to be significantly
associated with a wide range of traits based on p values from either the inbred or F1
lines, or the combined p value. Identified sites were least likely to be significantly

associated with flowering node, with only five sites having a p value <0.05

days to germination

days to flower

node

corolla width
corolla length
tube length
throat width
flower size, PC1
flower size, PC2

pistil length
stamen length
height
widest leaf
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Figure 1: Significant GWA study MLM p values for all traits across 19 significant sites.
Dark purple indicates a site is significant at the 95% threshold for that trait, light purple
indicates significance at the 90% threshold. Dark green indicates a p values below 0.05
in at least two tests (inbred, F1, or combined) for a site, while light green indicates
significance for at least one test. Asterisks indicate sites that were only present in the
inbred GWA study MLM.
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Figure 2: Relationship between minor allele frequency and allelic effect
for traits significantly associated to 19 significant sites in inbred lines.
Trait effects are expressed in trait standard deviations.

Population allele frequencies and allelic effects

For each significant site, population allele frequency was calculated, along with
allelic effect for each significantly associated trait (p < 0.05). Overall, allele frequency and
allelic effect were calculated for 174 site-trait combinations. The vast majority of minor
frequency alleles (165 vs 9) were trait increasing (see Fig. 2). This is consistent with
previous predictions that rare alleles within the IM population will primarily work to

increase flower size (Kelly 2008).

Impact of drive / inversion alleles

Within the inbred lines, 111 were found to have the non-drive (d) allele and 48
had the drive (D) allele. No support was found for a significant relationship between
allele at the meiotic drive locus and phenotypic trait variance in the inbred lines (see

Appendix Tables 9 and 10). Within the F1 lines, 21 were homozygous for the non-drive
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allele, 5 for the drive allele, and 22 were heterozygous. Again there was little support for
significant relationships between drive allele status and phenotypic traits, with the
exception being days to flower (r2=0.193, F(2, 46) = 5.497, p = 0.007).

Of the three inversions segregating between IM and another population, each
was significantly associated with one trait (see Appendix Table 11). inv5 and inv8 were
significantly associated with height (r2=0.034, p = 0.017 and r2=0.031, p = 0.03,
respectively). inv10 was significantly associated with floral throat width (r?>= 0.029, p =
0.28). In all three cases, there was a positive relationship between similarity to typical

annual alleles and increased trait size. No other associations were significant.

Discussion

Quantitative geneticists have long emphasized the role of small allele frequency
changes across many loci (Falconer 1996). The advent of accessible sequencing
technology led to increased enthusiasm for detecting the tell-tale signature of selective
sweeps (Barrett and Schluter 2008, Pritchard and Di Rienzo 2010). However, clear cases
of novel mutations being swept to fixation seem relatively uncommon (Coop, Pickrell et
al. 2009, Pritchard, Pickrell et al. 2010). An alternative to the (hard) sweep model is
polygenic adaptation, wherein many loci exhibit allele frequency changes (Pritchard and
Di Rienzo 2010). Support for this model of phenotypic evolution has been found across

human and non-human populations (Turchin, Chiang et al. 2012, Anderson, Lee et al.
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Figure 3: Significant site allelic effects on flower size PC1 and height relative to days to flower.
Alleles increasing days to flower also increase flower size and height.

2013, Berg and Coop 2014). Turchin et al. (2012) showed that weak selection acting on
standing variation could lead to significant differences between Northern and Southern
European populations in the frequencies of alleles that contribute to increased height,
with shorter Southern European populations demonstrating a dearth of “tall” alleles.
Here, we identify 38 genomic sites associated with phenotypic traits within a single
population of M. guttatus and show that, taken together, the major allele at these sites

promote a “small and fast” life history strategy.

Minor alleles typically increase trait values

Flower size, size at flowering, and flowering time are broadly correlated at both
the phenotypic and genomic level. At the phenotypic level, nearly all traits were
correlated within the inbred and F1 lines, with the main exception being days to
germination in the F1 lines. The inbred lines are notably smaller and tend to be weaker
than the F1s, and the negative correlation between days to germination and almost all
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other traits in the inbred lines likely reflect weak lines that are slow to germinate, and
take longer to produce smaller flowers.

Genetic causes for the significant relationships between traits can be found in the
genomic data. Of the 19 significant sites found, five were significant at genome-wide
thresholds for more than one trait. Within the inbred lines alone, most sites were
significantly associated (p < 0.05) with at least seven traits in addition to any traits to
which it was significantly associated at a genome-wide threshold. Sites were on average
significantly associated with 8 additional traits beyond those found by genome-wide
significance thresholds. Positive pleiotropic relationships were found across traits, as
alleles promoting increased days to flower also caused plants to have larger overall

flowers and be taller at the flowering node (see Fig. 3).
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Figure 4: Minor allele frequency vs effect for flower size PC1.

All sites associated with flower size PC1 at a p value < 0.00001
were included. Frequency is depicted on a log scale.
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That alleles promoting larger, slower plants are in the minority is consistent with
previous research. Using a combination of artificial selection experiments and modeling,
Kelly (2008) showed that selection for larger flowers increased genetic variance, while
selection for smaller flowers decreased genetic variance. This is in line with theoretical
expectations that when rare alleles (less than 50% of the population) have a consistent
direction of effect, the genetic variance will change in different directions with the
direction of selection. Selection for smaller flowers has also been shown to decrease
inbreeding load for corolla width, and inbreeding only slightly increases the genetic
variance for corolla width (Kelly and Willis 2001, Kelly 2003, Kelly and Arathi 2003).
These studies paint a picture of a population wherein minor alleles mainly increase
phenotypic values, both in terms of development time and trait size. However, this
characterization was reliant on indirect measures of individual allelic effects and
frequencies. Even successful efforts at QTL mapping provided limited insight, as
individual nucleotides were still impossible to trace. Here we confirm the long-standing
prediction that minor alleles typically increase flowering time and flower size within the
IM population of M. guttatus. Examining the relationship between minor allele effect
and frequency for all sites significant associated with flower size PC1 (p <0.00001) makes

this evident (see Fig. 4).
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Multiple forces at work maintaining genetic variation

Multiple forces are likely working together to maintain variation within the IM
population of M. guttatus. Of the nineteen significant polymorphisms described here, six
have minor allele frequencies between one and three percent, seven between three and
six percent, and six have a minor allele frequency between six and eleven percent. One
site has a minor allele frequency of 15.3%. While a previous GWA study in a single
population of Capsella grandiflora by Josephs et al. (2015) found evidence of purifying
selection, our allele frequencies are inconsistent with mutation-selection balance.
Variation is likely maintained by various forms of balancing selection, and big, slow
alleles may come from nearby perennial populations, consistent with previous genomic
studies (Puzey, Willis et al. 2017).

Over the course of two years, Monnahan and Kelly (2015) demonstrated that
naturally-segregating IM QTL alleles that increase fecundity (measured by seed set) also
decreased viability. This relationship was driven primarily by the effects of loci on
flowering node, and varied across years. If longer growing seasons occurred often
enough, the antagonistic trade-off between fecundity and viability might be enough to
maintain slow and big alleles (Mojica and Kelly 2010, Mojica, Lee et al. 2012). Similarly,
Lee et al. (2016) demonstrated how a potentially deleterious chromosomal inversion
(inv6) persists within the IM population at a frequency of roughly 8%. In greenhouse F2

mapping populations, inv6 decreased male and female fitness. Despite the fact that inv6
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also decreased pollen viability in the field, it positively contributed to seed set of carriers
across four field seasons. Especially in poor growing seasons, inv6 heterozygotes

displayed increased flower and fruit number.

Alleles identified in both inbred and F1 lines

Many of our significant sites only reached genome-wide significance thresholds
when both the inbred and F1 lines were considered. One concern for GWA studies using
inbred lines is that, instead of finding associations between phenotypic traits and alleles,
rare recessive alleles might contribute to effectively mapping inbreeding depression.
However, the importance of F1 lines for identifying significant site-trait associations
shows that the effects of those sites are meaningful both in their heterozygous form, and

in an outbred background.

Conclusion

Much like their Southern European counterparts with lower frequencies of “tall”
alleles from human studies of polygenic adaptation, members of the IM population tend
toward the smaller end of the phenotypic spectrum relative to other M. guttatus
populations. Of the 19 significant sites that we found, almost all had at high frequency
the trait-decreasing allele across significantly associated traits. Prior research has shown
that selection for smaller flower sizes in IM plants decreased inbreeding load for corolla

width (Kelly and Willis 2001), and has predicted that rare alleles mainly increase flower
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size (Kelly 2008). This is the first study to empirically confirm this. The high frequency
“small and fast” alleles that we found are likely strongly selected for at IM as plants race
to flower prior to the harsh summer drought (Mojica and Kelly 2010).

As sequencing technology and genomic analytical tools develop, classic
limitations of experimental design and sample size persist. Tight linkage and association
between our focal sites and other genomic sites, as well as limited sample size,
prevented identification of causal polymorphisms. However, by finding sites instead of
regions, we have identified clear targets for future analyses. Particularly, are the same
alleles responsible for slow, big plants in our study at higher frequency in populations
with typically larger plants, potentially even perennial populations? How do these sites
impact traits in the field, and how are these effects responsive to climatic variation? By
integrating insights across classical quantitative genetics and next generation
sequencing, and across the greenhouse and field, answers to these questions and many

more may be within reach.
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2. Shedding light on development: the impact of
circadian period length on growth and flowering

Introduction

Proper timing of vegetative and reproductive stages requires not only the ability
to adapt to current conditions, but also to anticipate future concerns. A principle task for
many plants is the careful tracking of daily and seasonal environmental conditions,
allowing for the maximization of growth and the careful timing of flowering. It has long
been suspected that a circadian clock might aid in the daily and seasonal light tracking
necessary for these endeavors (McCLung 2011). Though it had previously been noted
that plant leaves move over time, it wasn’t until 1832 that Swiss botanist Augustin
Pyramus de Candolle, observing the leaf movements of Mimosa pudica, showed that
these movements were roughly ~24 hours in length (de Candolle 1832), while Darwin
and Darwin later proposed that these movements could be heritable (Darwin 1880).
Predictions of both the existence of an endogenous circadian clock and its heritability
were later shown to be accurate (Sulzman, Ellman et al. 1984, reviewed in McCLung
2011). While ongoing work has revealed the plant circadian clock’s molecular structure
and contributions to other regulatory pathways, much remains unknown about how
variation in circadian function impacts fitness in natural populations.

An endogenous circadian clock has been confirmed across the bacteria, archaea,
and eukaryotes (Edgar, Green et al. 2012), but the specific molecular regulation of the

plant circadian clock is distinct and independently evolved. The central oscillator of the
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plant circadian clock is made up of many genes that together create an endogenous
circadian period, typically ~24 hours in length, that is then entrained by external
environmental cues, including light and temperature (Hayama and Coupland 2004,
Harmer 2009). Without daily entrainment, the endogenous period will continue to run,
modulating the plant’s physiology (reviewed in McCLung 2011). Importantly, it has
been clearly shown that the circadian clock pathways have as direct outputs known
upstream regulators of floral induction (Suarez-Lopez, Wheatley et al. 2001, Sawa and
Kay 2011), and are key regulators of the photoperiodic pathway of flowering (Glover
2007). Early theoretical work proposed that the circadian clock would set a light-
sensitive phase, and that floral induction would occur under a day length that exposes
plants to light during that light-sensitive phase (Baurle and Dean 2006). The floral
induction gene CONSTANS (CO) is an important mediator between the circadian clock
and flowering (Suarez-Lopez, Wheatley et al. 2001), and is also directly regulated by the
circadian clock. Only under long days do plants experience light when CO is expressed
and stable (Hayama and Coupland 2004), leading to expression of the important
downstream floral inducer FLOWERING LOCUS T (FT). Starting with light as an
environmental input, through the circadian clock, and ultimately to floral induction and
flowering, multiple studies in Arabidopsis thaliana and other plants have demonstrated
the importance of the connection between the circadian clock and flowering time

(reviewed in Johansson and Staiger 2015).
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The circadian clock has also been implicated in regulating numerous important
physiological functions by setting the endogenous circadian period length. While it may
seem counterintuitive that endogenous period length has been shown to be adaptively
significant (as period is reset every day), it is clear that a mismatch between endogenous
period length and the environment can be harmful. Working in A. thaliana, Graf et al.
(2010) demonstrated that plants optimize nightly starch use based on endogenous
period length. A mismatch between endogenous period and night duration led to
inefficient night-time starch utilization, with early-dawn predicting plants experiencing
mild starvation and lowered biomass, and those predicting a later dawn not using all
possible starch reserves (Graf, Schlereth et al. 2010). Inappropriate timing can lead to
further negative consequences, including reduced chlorophyll, reduced carbon fixation,
and slowed growth (Dodd, Salathia et al. 2005).

Beyond proper resource utilization and growth, numerous studies have begun to
show connections between period length, fitness outcomes, and local adaptation.
Yerushalmi et al. (2011) convincingly demonstrated the positive impact of a plant’s
endogenous period length matching environmental conditions using a large F2 A.
thaliana population segregating both wildtype and null alleles for two important period
length genes. Under a competition scenario, F2 plants with an endogenous period better
aligned to their conditions were shown to contribute more to the next generation in

terms of seed set (Yerushalmi, Yakir et al. 2011). Moving beyond mutant strains in the
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lab, recent work in tomatoes has shown that a slowed circadian clocked likely
contributed to a successful move from the Andes to more northern climes (Miiller,
Wijnen et al. 2016), consistent with previous predictions that plants with longer period
lengths will better “track dawn” in northern latitudes (Pittendrigh and Takamura 1989).
More broadly, Michael et al. (2003) showed that variation in period length tracked with
latitude across 150 successions of A. thaliana. Trait variation across a geographic gradient
is often seen as a hallmark of natural selection (Mitchell-Olds, Willis et al. 2007).

Recent work in M. guttatus synthesizes many previous findings about the
relationship between variation in period length, local adaptation, and potentially life
history traits. Surveying low-elevation annual and perennial populations collected from
southern California to British Columbia, Greenham et al. (2017) showed a clear
relationship between latitude and period length in annual populations, with northern
populations typically having longer period lengths. The authors hypothesized that the
more variable adverse environmental conditions experienced by annual populations,
including greater susceptibility to drought, could lead to greater inter-population
variation in period length as populations try to meet local conditions. Close associations
with local precipitation levels supported this hypothesis. However, the same latitudinal
cline was not found in perennial populations, which typically experience more constant

moisture conditions. Perennial populations instead tend to have a longer average period
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than annuals, one potential cause for later flowering (Lowry and Willis 2010, Greenham,
Lou et al. 2017).

In this study, we investigate endogenous period length variation within the Iron
Mountain (IM) population of M. guttatus, and how that variation correlates to growth
and flowering traits. By measuring period length in a set of fully sequenced inbred lines,
we take advantage of previously described sequence data to perform genome-wide
association (GWA) studies. Working within these inbred lines we ask whether there is
endogenous period length variation within the IM lines. What are the genetic
correlations between period length and various flowering time, flower size, and growth
phenotypes? Is there evidence of enrichment of genomic sites significant for both period

length and other growth traits?

Materials and Methods

Endogenous period length measurement

IM inbred lines were generated and phenotyped for growth, flowering time, and
flower size traits as described in Chapter One. Briefly, inbred lines were generated from
the IM population on two separate occasions. Roughly 1200 inbred lines were created
from a single collection of plants in the mid 1990s (Willis 1999), while another 500 inbred
lines were created from four years of sampling across the late 1990s (Arathi and Kelly

2004).
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Figure 5: Rhythmic leaf “flapping” in individual M.
guttatus plants from a multi-plant image (from K.
Greenham).

Working with Dr. Katie Greenham, period length was determined for 187 inbred
lines using facilities at Dartmouth College. This was done by taking advantage of the
rhythmic leaf movements associated with the circadian clock (see Fig. 5). To determine
average period length per line, plants were grown according to the methods in
Greenham et al. (2017). Briefly, seeds were cold-treated for seven days at 4 °C and then
planted in Sunshine Redi-earth soil in 1.27 cm pvc coupling tubes. Plants were grown in
12 h ~90 umol s'm light at 20 °C and 12 h dark at 16 °C. Lines were grown in ~1000
plant cohorts for ease of growth, and individuals in each cohort were randomized. Three
cohorts were grown, two in November and December of 2015, and one in March of 2017.
All cohorts were grown under identical conditions.

Upon emergence of the first true leaves, plants were kept at 20 °C under
continuous light conditions and imaged every 20 minutes for five days. Images were
analyzed using TRiP (Tracking Rhythms in Plants) (Greenham, Lou et al. 2015), a
program that applied a motion estimation algorithm to model the motion across the

image series. Period length was estimated using a Fourier transform nonlinear
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minimization with a linear modulation of amplitude over time. Any traces with a period
length above 32 hours and below 18 hours were removed as these represent non-
physiological lengths due to poor images. Lines previously identified by sequence data
as contaminants were left out of further analyses, for a total of 162 inbred lines with
period length phenotypes. Between 4 and 29 plants were successfully phenotyped per
line, with an average n of 16.24 (4 <n <29, std dev = 6.13). A model was fit for individual
plants for period length with cohort and line as random factors using the “model fit”
tool in JMP v. 13 (SAS Institute Inc., Cary, NC). Cohort was not found to be a significant

factor, so the model was refit with only line as a random factor.

Inbred line generation and phenotyping

338 inbred lines were grown across six cohorts in the early spring of 2015 and
2017 in the Duke University Biology Greenhouse. Seeds for each line were kept on wet
soil in a cold room for seven days, then transferred to greenhouse benches that remained
flooded for ten days. Plants typically began germinating after two to three days, at
which point they were transplanted to their own 2.5 inch pot, and randomized into flats.
Day of germination was recorded for each plant. Plants that died due to transplant
shock within the first ten days were replaced. Following ten days, normal watering and
fertilization resumed, and thereafter flats were reorganized weekly to minimize flat

effects.
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On the day of first flower, each plant was measured for corolla width, corolla
length, floral tube length, floral throat width, pistil length, stamen length, height of the
flowering node, and width of the widest leaf (Fishman, Kelly et al. 2002). Flowering
node and date of flower were recorded. Days to flower was calculated as the difference
between date of flower and germination date. 307 inbred lines were successfully
phenotyped, with an average of 13 plants per line, and a minimum of three plants per

line.

Sequencing, alignment and genotype filtering

The set of 187 sequenced inbred lines used here and described in Chapter One
were the product of multiple rounds of sequencing. Sequence data was compiled from
35 previously described lines, and 152 new lines that were sequenced at Duke University
and the University of Kansas (Flagel, Willis et al. 2014, Puzey, Willis et al. 2017).
Compiled sequence data was mapped to the M. guttatus v2 genome build using BWA,
and SNPs were called using the GATK UnifiedGenotyper (DePristo, Banks et al. 2011).
As previously, all sites were required to have a minimum mapping quality of 30 and be
called in at least 100 lines. Excessively divergent lines were again removed. For this
analysis we required more calls of the minor alleles at each site, and only included sites
where the minor allele had a frequency above 5% and fewer than 10% of calls were

heterozygous. Only sites on the first 14 linkage groups were included. This created a set
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of 7,969,376 sites with a median read depth of 6.5. A more restrictive minor allele

frequency threshold was used here to reduce the number of sites to be tested.

Line LSmean and principal component calculation

Inbred line least square means (LSmeans) were calculated from period length
phenotypic data for subsequent analysis using a mixed linear model with cohort and
line as random effects. Greenhouse trait LSmeans were calculated from phenotypic data
using mixed linear models with cohort, flat, and line as random effects. Lines that were
found to be contaminants from sequencing were left out of these analyses. Principal
components analyses were also performed on the four major flower size traits (corolla
width, corolla length, tube length, and throat width) from the greenhouse. The first and
second principal components of flower size were used to calculate line LSmeans that
represented overall measures of flower size. All models were fit using the “fit model”
function in JMP v. 13.

The Pearson correlation coefficients and correlation probabilities were

determined for all pairs of LSmeans for greenhouse traits and period length.

GWA study and permutation analysis

A GWA analysis for inbred line period LSmeans was carried out using the
methods outlined in Chapter One, but using the smaller polymorphism set described
above. Briefly, GWA analyses were carried out using a mixed linear model (MLM) that

incorporated a kinship matrix calculated from all inbred lines (Endelman and Jannink
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2012). Of the 162 inbred lines with period LSmeans, 134 had available sequence data.
The vector of observed phenotypes (y) was calculated as y = X + Zu + e, where f is an
unknown vector of fixed effects (including all tested SNPs), u is an unknown vector of
random additive genetic effects, and e is an unobserved vector of residuals. X and Z are
the known design matrices, relating y to 8, and y to u, respectively. K is incorporated
into the MM as part of the variance of random effects: Var(u) = 2KV,, with K as the n
x n kinship matrix and Vj; as the genetic variance (Yu, Pressoir et al. 2006, Bradbury,
Zhang et al. 2007). Association analyses were carried out using TASSEL v 5.0 (Bradbury,
Zhang et al. 2007)

To determine genome-wide significance thresholds we again performed
permutation analyses. Inbred line period LSmeans were shuffled within inbred lines 100
times. Data was then analyzed using the TASSEL method described above, and 95* and

90" percentile significance thresholds were determined.

Previously identified genome-wide significant sites

Previously identified genome-wide significant sites for greenhouse traits were
investigated for their relationship to period length. Because many of the previously
identified sites were not in the smaller polymorphism set used for GWA analysis of
period length, we also carried out GWA analysis using the larger polymorphism set
described in Chapter One. This set contained 10,199,239 polymorphisms, and included

sites where the minor allele was present in only two lines. Period length was analyzed
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using the TASSEL methods described above, and information relevant to the 38 sites
described previously was extracted. A period length MLM p value < 0.05 for a
previously identified significant site would indicate possible pleiotropy. For all other

analyses, the reduced polymorphism set GWA analysis was considered.

“Period-related” vs “non-period” site comparison

Association between genomic sites and period length variation was further
analyzed by separating the 7,969,376 sites considered in the MLM into those thought to
be associated with the circadian clock and period length regulation and those not. An
inclusive list of putative circadian rhythm genes in M. guttatus was generated by
downloading all clock-related A. thaliana gene IDs from The Arabidopsis Information

Resource (TAIR) (arabidopsis.org). All genes for GO keywords “circadian rhythm,”

7o 7o

“regulation of circadian rhythm,” “positive regulation of circadian rhythm,” “negative

i

regulation of circadian rhythm,” “entrainment of circadian clock,” and “entrainment of
circadian clock by photoperiod” were included. Gene IDs were aligned to the M.
guttatus gene location database described in Colicchio et al. (2014). The authors
previously established a comprehensive list of putative gene positions within the v2 M.
guttatus genome, complete with annotations from various functional and gene ontology
databases, including PANTHER and best hit Arabidopsis thaliana genes using BLAST2GO

(Colicchio, Monnahan et al. 2014). Of 412 gene IDs from TAIR, 126 aligned to genomic

locations in M. guttatus. All genomic sites found within the 126 identified genes were
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pulled and constituted the “period-related” polymorphism set. All other sites went into
the “non-period” site list. As created, the list of period-related polymorphisms only

includes sites between the start and stop codon of genes of interest.

Comparison of “period” and “non-period” site p values

The distribution of the MLM p values of the 26,840 identified “period-related”
polymorphisms was compared to the MLM p value distribution of the remaining
7,942,536 “non-period” polymorphisms via Kolmogorov-Smirnov test using the
ks_2samp test from the SciPy Python library (Jones 2001). A significant p value from this

test is consistent with two distinct distributions.

Enrichment of sites significant (p < 0.05) for both period length and greenhouse traits

To determine whether there was enrichment for significant sites between period
length and any of the greenhouse traits, we performed a series of chi-square tests of
independence. For each greenhouse trait, we calculated the number of sites that were
significant (p < 0.05) for both period length and that trait, the number of sites that were
significant for only the greenhouse trait or period length, and the number of sites that
were not significant for either trait to create a two-by-two contingency table (see
example in Table 5). Chi-square tests were performed using the chisq.test function in R

3.4.0. A significant p value is consistent with non-independent significant p values.
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Table 5: Example of a two-by-two table to test for enrichment of sites
significant for both days to germination and period length.

Days to germination

p<0.05 | p=0.05 total
S | p<0.05 | 184417 |347,056 |365,473
5
3
= | p=0.05 | 305,287 | 7,298,375 | 7,603,662
o
total 323,704 | 7,645,431 | 7,969,135

Results

Period length variation and correlation with other traits across lines

IM line ID was significantly associated with period length variation across the
2,631 individuals phenotyped (r* = 0.202, p < 0.0001). Line LSmean period length varied
from 22.9 hours to 27.2 hours, with nearly continuous variation between 23 and 25 hours
(see Fig. 6) (see complete model stats in Appendix Table 8). Period length LSmeans were
significantly positively correlated with line LSmeans for days to germination and flower
size PC2 (r =0.214, p = 0.0067 and r = 0.203, p = 0.0084, respectively), and were
significantly negatively correlated with height and widest leaf (r =-0.199, p = 0.0118, and
r =-0.207, p = 0.0088, respectively), demonstrating genetic correlations for these traits

and period length.
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Figure 6: LSmeans for endogenous period length across 162 IM inbred lines.
Error bars represent the standard error of the mean for each line.

Genome-wide test for significant sites and previously identified
significant site

Following permutation analysis to determine genome-wide significance
thresholds for period length, the 95% p value threshold was 8.09 x 10%, and the 90% p
value threshold was 1.40 x 10”7. No sites met these thresholds, as the lowest p value was
5.25 x 107.

None of the 38 genome-wide significant sites identified previously identified in

Chapter One were significantly associated with period length (p < 0.05).

Relationship between period length and greenhouse trait associated
sites

As we were unable to determine sites associated with period length variation at

genome-wide significance thresholds, we wanted to investigate the relationship between
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sites significantly associated with circadian regulation and period length at p <0.05 and

those not.
Comparison of period and non-period site p value distributions

Based on a two sample Kolmogorov-Smirnov test, the distributions of period and
non-period site p values were significantly different (D = 0.0125, p = 1.606 x 107). There
appears to be an abundance of period sites with a p value < 0.1 relative to the non-period

sites, and sites associated with period length seem to have overall lower p values than

their non-period counterparts (see Fig. 7).
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Figure 7: p value distributions from putative period and non-period polymorphisms.

The period site p value distribution is shown in black, while the non-period site p
value distribution is shown in grey.
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Enrichment of sites significant (p < 0.05) for both period length and greenhouse traits

Enrichment for sites significant for both period length and greenhouse traits is
consistent with shared genetic control of these traits. For almost all greenhouse traits,
there was enrichment for sites significant for both period and the greenhouse trait of
interest (see table 6). Of the four greenhouse traits previously correlated with period
length, three traits (germination date, flower size PC2, and height) showed a clear
relationship between period significant sites and trait significant sites. Sites significantly
associate with the fourth trait, widest leaf, were marginally significantly enriched among
period significant sites. Germination date, throat width, flower size PC2 (which largely

explains flower width), and height had the greatest difference between observed and

Greenhouse trait trai? X 2 | pvalue observed
period X / expected
germination date 938.44 <0.0001 | 1.241
days to flower 36.985 <0.0001 | 1.048
flowering node 91.74 <0.0001 | 0.927
corolla width 4.7898 0.0286 0.982
corolla length 2.656 0.1032 0.986
tube length 16.348 <0.0001 | 0.966
throat width 264.73 <0.0001 | 1.125
flower size PC1 5.4367 0.0197 0.980
flower size PC2 1044.4 <0.0001 | 1.241
pistil length 9.0932 0.00257 | 0.975
stamen length 4.8121 0.02826 | 0.982
height 155.45 <0.0001 | 0893
widest leaf 3.8012 0.0512 0.984

Table 6: Enrichment among sites for significant associations with
period and most other greenhouse traits.

50



expected values of significant site overlap. For both germination and height, there were
24% more sites significantly associated with both the trait and period length than were

expected under the null hypothesis (observed / expected).

Discussion

Given the large number of studies demonstrating growth and flowering
phenotypes in period length mutants, there has been growing enthusiasm to discover
how variation in period length relates to growth traits in natural populations. To this
end, several studies have now clearly shown a relationship between latitudinal clines
and variation in endogenous period length, including in M. guttatus (Michael, Salome et
al. 2003, Greenham, Lou et al. 2017). However, few have considered the connection
between endogenous period length and various aspects of flowering time and flower
size within a single population. That an evolutionarily important relationship might
exist between these traits seems apparent from the contribution of the circadian clock to

the floral induction pathways.

Significant intra-population variation for period length

Within the IM population of M. guttatus, period length varies between 22.9 and
27.2 hours in the surveyed lines. Greenham et al. (2017) found overall period length
variation across M. guttatus annual populations to vary between 21.75 + 0.028 hours
(Sonoma, CA) and 27.22 + 0.55 hours (Green Point, BC). That the variation existing

within populations is nearly as extreme as that between populations is consistent with a
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more geographically focused study of four populations of Boechera stricta from
southeastern Wyoming (Salmela, Greenham et al. 2016).

Unlike the broad genetic correlations across traits we found previously,
endogenous period length was correlated with few greenhouse traits. We found a
significant correlation with flower size PC2, but not with the flowering time traits of
days to flower and node. We did find significant negative correlations with height at the
flowering node and width of the widest leaf, which can both be seen as proxies for
overall plant size at flowering. Similarly, we found a significant positive correlation
between endogenous period length and days to germinate. These correlations can be
seen broadly as longer period length leading to slowed or reduced germination and
growth, consistent with previous research showing that long endogenous period lengths
can lead to inefficient resource use and diminished growth (Graf, Schlereth et al. 2010).

Though we did not find any polymorphisms that were significantly associated
with period length genome-wide, we did find that the distribution of p values associated
with period polymorphisms was significantly different from that of non-period
polymorphisms. This appeared true across the p value distributions, and there was a
notable peak of period p values around 0.1. While there were no genome-wide
significant associations between period length and genomic polymorphisms, sites
believed to play a role in period-related did tend to have lower p values than their non-

period counterparts. This gives weight to both our method of defining genomic sites as
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either period-related or not, and to our ability to detect sites significantly associated with
period length variation.

Similarly, genomic sites significantly associated with period were often over-
represented among significant greenhouse trait sites. Of particular note, there was a 24%
enrichment for sites significant for period and days to germination and period and
flower size PC2. There was also a 12.5% enrichment for sites significant for period and
throat width, a major component of flower size PC2. For all 13 flowering time, flower
size, and growth traits measured, we found either a significant or nearly significant
enrichment of sites significant for both the trait and period length. This is consistent with
clear overlap between the genomic sites important for period length and all measured
traits, and shows a deep interrelationship between the circadian period and the rest of
development. Previous studies have shown that well over a third of the A. thaliana
transcriptome is regulated by the clock, with intimate relationships between clock, light,
temperature, and hormonal pathways (reviewed in Harmer 2009). While the clock itself
is composed of a core central oscillator, it has clear outputs to many important

developmental and regulatory pathways.

Endogenous period length impacts growth and fitness

A handful of studies are beginning to examine the relationship between period
length, environmental factors, and growth and fitness phenotypes in natural

populations. Using a combination of mutant lines, recombinant inbred lines (RILs), and
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near-isogenic lines (NILs), Rubin et al. (2017) showed that natural variation for period
can have field fitness outcomes in A. thaliana. The authors first confirmed that growth
phenotypes previously found for period length mutants were also present in field-
grown mutants (Dodd, Salathia et al. 2005). While these represented extreme period
length phenotypes (20 or 28-hour period lengths), naturally occurring period length
alleles in NILs were also linked to field phenotypes. As expected from prior predictions,
NILs with period lengths slightly longer than 24 hours were shown to have greater seed
set and longer lifespan than their shorter period counterparts. Finally, using multiple
sets of RILs created from parental pairs with known differences in period length, the
authors demonstrated a clear relationship between period length and an overall score
for plant performance (plant size, reproductive time, and fecundity) in the field.

While Rubin et al. characterized mutant and derived lines in the field, Salmela et
al. (2016) demonstrated how period varied both across and within populations of B.
stricta, and how that variation associated with early growth phenotypes in controlled
chambers. Four nearby but distinct populations of B. stricta were found to vary for
period length, and period length variation within the most variable population was
found to positively correlated with growth, and negatively correlated with root-to-shoot
ratio. As in the study by Rubin et al., the authors used PCA to reduce growth

phenotypes and focused on the first two principal components. A similar PCA-based
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approach was attempted with our data, but no additional significant relationships
between growth phenotypes and period length were found.

It is unclear why we found limited correlations with growth phenotypes
predicted to be intertwined with period length. In contrast to Salmela et al. (2016), who
focused on early-life growth phenotypes, we used measurements associated with
flowering. However, Rubin et al. (2017) found significant correlations between period
length and seed set, and between period length and overall growth in the field. Both
studies likely benefitted from temperature variation, an environmental cue known to
have a strong impact on period entrainment (McClung 2006). Numerous studies have
shown that in addition to the centrally important role of light in entraining daily
rhythms to period length, temperature and even light radiance play a crucial role in
daily responses to circadian regulation (McClung 2006, McCLung 2011). The studies by
Salmela et al. and Rubin et al. were able to either plan for temperature explicitly (setting
growth chambers to relevant range) or implicitly (natural variation in the field), and
plants experienced temperature variation typical for the day length they experienced.
Our study may have been hampered by unconsidered temperature, and day length,
variation. The growth phenotypes gathered in the greenhouse were from cohorts serially
grown over six weeks, from late January through March. Typical variation in
temperature and external daylight in the greenhouse may have had unknown effects on

growth phenotypes that would have otherwise shown a correlation with period length.
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In contrast, plants measured for circadian period were grown under growth chamber
conditions, with a light source different from the greenhouse and controlled constant

temperature.

Conclusion

Independently-evolved circadian clocks are known to contribute to fitness across
the three domains of life (Harmer 2009). While multiple studies have shown
relationships between period variation of various growth traits, these studies typically
rely on lab-generated mutant strains with period length phenotypes far beyond the
range of natural variation. Here, we look at natural variation to understand how period
length varies in a single population, and how that variation relates to growth and
flowering phenotypes. We find compelling evidence for genetic relationships between
period length and germination, flower size PC2, height, and widest leaf. We also find
evidence of enrichment of sites significant for period length and most other greenhouse
traits. However, we were unable to find any genomic sites significantly associated with
period length, either genome-wide or looking at previously identified significant sites.

To better understand how period length variation associates with growth traits,
future studies may benefit from more tightly controlled growth conditions that better
approximate the typical flowering growth season at IM. Similarly, measuring additional

early growth phenotypes, and overall biomass where possible, would help shed light on
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how period length variation impacts various stages of growth. The circadian clock plays
a central role in many aspects of plant development and regulation and presents many
interesting opportunities for future research. However, the very thing that can make the
clock so enticing — the fascinating interplay between endogenous period length and
daily entrainment — also means that special care must be given to environmental
conditions and broader experimental design. Even given these constraints, much

promising research remains to be done.
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3. Nucleotides in the field: contributions of previously-
identified polymorphisms to field growth and fithess
traits

Introduction

From the early common garden experiments of Claussen, Keck, and Hiesey
(reviewed in Nunez-Farfan and Schlichting 2001), a central endeavor of evolutionary
biology has been to understand the role of genetic variation in a natural context. Many
studies have successfully demonstrated natural selection between divergent population
or species, first at the level of individual QTL (Hall, Lowry et al. 2010, Anderson, Lee et
al. 2011), and more recently at individual nucleotide polymorphisms (Hopkins and
Rausher 2011, Prasad, Song et al. 2012). While such studies provide insight into the
nature of inter-population genetic variation, it is unclear how appropriate it is to
generalize findings to intra-population variation, especially when intra-population
alleles may have smaller effects than their inter-populations counterparts. Studies at the
level of QTL and individuals SNPs, such as those by Anderson et al. (2013) and
Fournier-Level et al. (2013), respectively, have clearly demonstrated genome-wide
polygenic selection on adaptive inter-population polymorphisms in the field. Their
intra-population counterparts have been less forthcoming.

Mojica and Kelly (2012) clearly demonstrated how variable selection can
maintain variation within a single population of Mimulus guttatus found near Iron

Mountain (IM) in the Cascade mountains of Oregon. During the short six to ten weeks
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between snowmelt and drought each summer, individuals must race to germinate,
flower, and set seed. Using two previously identified IM QTLs with high and low effects
on corolla width (Lee 2009), the authors created nearly isogenic lines containing all four
possible combinations introgressed into a standard IM background. Over the course of
three field seasons, all four genotypes were grown at a field site near IM, and flowering
time, corolla width, and seed set data were collected. While large flowered alleles
reduced survivorship by as much as seven-fold, surviving large flowered-individuals
consistently had higher fecundity. In two of three years, fecundity selection was
opposite viability selection. Of particular interest, phenotypic differences between QTL
lines were actually greater in the field than predicted from previous greenhouse work
(Scoville, Lee et al. 2011). The authors proposed that the nearly four-fold increase in
allele additive effect they saw in some years might arise from harsh field conditions, as
compared to the permissive conditions experienced in the greenhouse.

Flower size is known to be highly polygenic within the IM population of M.
guttatus (Lee 2009), and Mojica and Kelly (2012) provided explicit evidence that
antagonistic pleiotropy in conjunction with spatially and temporally varying selection in
the field might maintain genetic variation within a single population. The maintenance
of variation by spatially varying selection was described in 1953 by Howard Levene in a
brief letter to the editors of the American Naturalist (Levene 1953, Hedrick 2006), while

Everett Dempster and others determined parameters for the maintenance of variation
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under temporally varying selection pressures (Dempster 1955). It is likely easier for
spatial, rather than temporal, heterogeneity to maintain variation (Hedrick 2006).
Models showing either the maintenance of variation or fixation of alleles in quantitative
traits have also been detailed (Via and Lande 1987, Gillespie and Turelli 1989). Working
within the same population, Monnahan and Kelly (2015) demonstrated that variation for
fitness may also be maintained by epistatic effects of loci on fitness.

While previous studies have demonstrated the role of greenhouse-identified
QTLs in the field, few have examined the contribution of individual nucleotide
polymorphisms to intra-population variation. Here, we describe results from three
consecutive field seasons. A core set of sequenced F1 lines was grown near the original
IM population, and flowering time, flower size, growth, and fitness traits were scored.
We ask whether genomic sites previously associated with traits in the greenhouse have
impacts on field traits. To what degree do previously identified sites impact fitness

traits? And how do sites identified in the field relate to greenhouse traits?

Materials and Methods
Field seasons

IM F1 lines were generated and phenotyped for growth, flowering time, and
flower size traits as described in Chapter One. Briefly, inbred lines were generated from

the IM population on two separate occasions. Roughly 1200 inbred lines were created
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from a single collection of plants in the mid 1990s (Willis 1999), and 500 inbred lines
were created from four years of sampling across the late 1990s (Arathi and Kelly 2004).
F1 seed was generated each year by crossing inbred lines grown in the Duke greenhouse
and germinated at the University of Oregon greenhouse in 2014, 2015, and 2016. Each F1
line had two unique parents, and was always created with the same maternal and
paternal line. Seeds were cold treated for five days in 2015 and 2016 to synchronize
germination. Germination began approximately 5/6/14, 5/2/15, and 4/18/16. Earlier
germination dates reflected earlier snow melt at the native site. Two weeks following
germination, seedlings were transplanted into Hummert Jiffy Strips arranged into 98
well flats and filled with a mixture of soil from the transplant site (44.373238 N,
122.130675 W) and potting soil. The transplant site was the old Browder Ridge (BR)
trailhead near IM, which has been used extensively as an alternative to planting directly
at IM. Planting into the original IM site has been avoided due to concerns of
contaminating the focal IM population. Previous studies have found nearly identical
conditions at IM and BR (Hall and Willis 2006). Flats were placed flush with the
surrounding soil in four transects of roughly equal length. Similar germination and
transplant protocols have been used previously at this field site (Monnahan and Kelly
2015). Seedlings that died or were flushed from their cells within the first seven days
were replaced. Subsequently lost seedlings were removed from further analyses. 2014

was a smaller trial year with fewer F1 lines (roughly six individuals per line and 79
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lines). Roughly 40 individuals per line across 99 and 102 lines were grown in 2015 and
2016, respectively. Plants were watered for part of the pre-flowering period in 2015 to
prevent death due to desiccation.

On the day of first flower for each plant, day of flower, corolla width, corolla
length, floral tube length, floral throat width, widest leaf, height at flowering, and
flowering node were recorded (Fishman, Kelly et al. 2002). Following senescence, all
plants were collected. For 2014 and 2015, total number of flowers and number of seeds
from the first flower were recorded. For 2016, total flower count and seed per flower

were recorded as proxies for fitness.

Inbred line generation and greenhouse phenotyping

As previously described, F1 lines were grown across six cohorts in the early
springs of 2015 and 2017 in the Duke University Biology Greenhouse. Seeds for each line
were kept on wet soil in a cold room for seven days, then transferred to flooded
greenhouse benches for ten days. Following germination, plants were transplanted to
their own 2.5 inch pot and randomized. Day of germination was recorded for each plant.
Plants that died due to transplant shock within the first ten days were replaced.
Following ten days, normal watering and fertilization resumed, and thereafter flats were
reorganized weekly to minimize flat effects.

On the day of first flower, each plant was measured for corolla width, corolla

length, floral tube length, floral throat width, pistil length, stamen length, height of the
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flowering node, and width of the widest leaf (Fishman, Kelly et al. 2002). Flowering
node and date of flower were recorded. Days to flower was calculated as the difference
between date of flower and germination date. Ninety-four F1 lines were phenotyped,

with an average of 11 plants per line (5 <n <20, mean =11).

Sequencing, alignment and genotype filtering

The set of 187 sequenced inbred lines used here and described in Chapter One
were the product of multiple rounds of sequencing. Sequence data was compiled from
previously described inbred lines, and 152 lines newly sequenced at Duke University
and the University of Kansas (Flagel, Willis et al. 2014, Puzey, Willis et al. 2017).
Sequence data was mapped to the M. guttatus v2 genome build using BWA, and SNPs
were called using the GATK UnifiedGenotyper (DePristo, Banks et al. 2011). As
previously, all sites were required to have a minimum mapping quality of 30 and be
called in at least 100 lines. Excessively divergent lines were removed. As in Chapter
Two, for this analysis we required more calls of the minor alleles at each site, and only
included sites where the minor allele had a frequency above 5% and fewer than 10% of
calls were heterozygous. Only sites on the first 14 linkage groups were included. This
created a set of 7,969,376 sites with a median read depth of 6.5. A more restrictive minor
allele frequency threshold was used here to reduce the number of sites to be tested. F1
line genotypes were inferred from sequences of their inbred parents. In total, sequence

data was generated for 62 F1 lines, representing 124 inbred parental lines.
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Line LSmean calculation for association studies

Field F1 line least square means (LSmeans) were calculated from field
phenotypic data for subsequent analyses using mixed linear models with flat and line as
random effects. Lines identified in Chapter One as contaminants were left out of these
analyses. Each year’s line LSmeans were predicted separately. Greenhouse F1 LSmeans
were calculated from greenhouse data using a mixed linear model with flat, cohort, and
line as random effects All models were fit using the “fit model” function in JMP v. 13
(SAS Institute Inc., Cary, NC). A principal components analysis was also performed on
the four major flower size traits (corolla width, corolla length, tube length, and throat
width) for each field year’s F1 line individuals separately. This was similarly done with
the greenhouse flower size data. The first and second principal components of flower
size were used to calculate line LSmeans that represented overall measures of flower
size.

Survivorship was defined as production of at least one seed, with line
survivorship calculated as the proportion of plants producing at least one seed.
Fecundity was the LSmean of seeds per first flower per line, calculated with flat and line
as random effects. First flower seed count was used as it was the most reliably collected
seed count across seasons. Survivorship (s) and fecundity (f) were multiplied to
determine an overall seed set per line (sXf), or the number of seeds produced on the first

flower by all individuals, including those that produced no seeds.
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The Pearson correlation coefficients and correlation probabilities were
determined for all pairs of LSmeans within each field year, and for select field LSmeans

and greenhouse line LSmeans.

Field GWA studies

A GWA analysis for F1 line trait LSmeans from the 2016 field season was carried
out using the methods outlined in Chapter One, but using the smaller polymorphism set
described above. Only 2016 was analyzed using this method due to limited phenotype /
sequence data overlap in the other field years. For 2014, only 39 of the 68 phenotyped
lines were in the F1 line sequence set. In 2015, 49 of the 83 successfully phenotyped lines
had sequence data. In 2016, 60 of the 102 phenotyped lines had sequence data. Briefly,
GWA analysis for 2016 was carried out using a mixed linear model (MLM) that
incorporated a kinship matrix calculated from all F1 lines (Endelman and Jannink 2012).
The vector of observed phenotypes (y) was calculated as y = X + Zu + e, where f is an
unknown vector of fixed effects (including all tested SNPs), u is an unknown vector of
random additive genetic effects, and e is an unobserved vector of residuals. X and Z are
the known design matrices, relating y to 8, and y to u, respectively. K is incorporated as
part of the variance of random effects: Var(u) = 2KV,, with K as the n x n kinship
matrix and Vj; as the genetic variance (Yu, Pressoir et al. 2006, Bradbury, Zhang et al.

2007).
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To determine genome-wide significance thresholds for 2016 field traits we again
performed permutation analyses. F1 line trait LSmeans were shuffled within lines 100
times. Data was then analyzed using the TASSEL method described above, and 95* and
90% percentile significance thresholds were determined for each trait. Annotation and
effect prediction of significant sites was performed using SnpEff (“SNP effective”) and a
SnpEff database built from the M. guttatus v2 unmasked genome and gene annotations
(Cingolani, Platts et al. 2012).

While we were unable to use an MLM-based approach for all field years, we
successfully performed GWA analyses in all three years using a general linear model
(GLM) based approach that calculated the ordinary least square solution for each site-
trait combination (Searle 1987, Bradbury, Zhang et al. 2007). This model did not include
kinship. All association analyses were carried out using TASSEL v 5.0 (Bradbury, Zhang
et al. 2007). Fisher’s combined probability test was used to combine p values across years
from the GLM data (Fisher 1925, Sokal 1981). We compared the “most significant sites”
from the greenhouse and field by comparing sites with the lowest p values from the
inbred and F1 line greenhouse MLMs and combined p values from the F1 line field
GLMs. In both cases, this does not represent the site-trait associations with the lowest p

values, but the unique sites with the lowest p values for any trait association.
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Role of identified significant genomic sites in the field

Previously identified genome-wide significant sites for greenhouse traits were
investigated for their relationship to field traits. Many of the previously identified sites
were not in the smaller polymorphism set used for GWA analysis of field traits. We
instead tested for trait differences due to genotype at a significant locus using Welch’s
ANOVA. We used this variant of the ANOVA due to small, uneven sample sizes
(typically there were only a few heterozygotes for each site, with the remainder being
one homozygote) and uneven variances. This test does not assume equal variances, and
can therefore be more accurate than ANOVA when variances are unequal (McDonald
2014). This is especially useful for reducing the rate of type 1 errors. We calculated
relative fitness as the genotypic mean / highest genotypic mean for each fitness trait

(proportion surviving to set seed, first flower seed count, or overall fitness).

Results
Field growth and correlations across traits

Following removal of individuals from “contaminant” lines, 355 individuals
representing 59 F1 lines were grown in 2014, 3,110 individuals representing 79 F1 lines
were grown in 2015, and 3,171 individuals representing 83 F1 lines were grown in 2016.
Survival to flowering and seed set varied widely across years due to environmental
conditions. 2014 represented an environmentally intermediate year, with 54.9% of plants

surviving to flower, and 48.2% producing at least one seed. There was little snow
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accumulation between 2014 and 2015, and a short period of unusually warm, clear days
in late June killed many plants, even with supplemental watering (A. Troth, personal
observation). Only 19.4% of the plants in 2015 survived to flower, and only 13.9% made
at least one seed. Despite little snowpack between 2015 and 2016 (as evidence by the
earlier spring planting date), 2016 stayed cool and wet for most of the growing season,
and 78.9% of the plants flowered, with 60.6% overall producing at least one seed.
Numbers could well have been higher, but the field season was cut short due to time
constraints. For more information, see model fit statistics in Appendix Table 14.

Days to flower was positively correlated with flowering node in all years, but
typically not correlated with many flower size traits. Flowering node was positively
correlated with at least one flower size trait in all three years, meaning that plants that
flowered at later nodes typically had larger flowers. In all three years, days to flower
and node were negatively correlated with proportion producing at least one seed. The
lack of significant relationships between days to flower and flower size traits in the field
was likely due to the degrading environment individuals experienced. As the season
progresses, conditions grow steadily worse, such that plants flowering toward the end
of the season experience harsh conditions that might prevent production of otherwise
large flowers. A full accounting of intra-year trait correlations can be found in Appendix
Tables 15-17. Across years, the proportion surviving to produce at least one seed was

significantly correlated. Greenhouse trait measurements were seldom correlated with
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field fitness data. The exception to this was greenhouse flower size PC1 and 2014 first

flower seed count (r = 0.328, p = 0.048) (Appendix Table 18).

2016 field genome-wide significant sites

Many site-trait associations neared genome-wide significance thresholds, and
one site (1_7439128) was significantly associated with proportion surviving to produce
one seed (F(1, 35) =28.77, p = 5.33 x 10, 90% trait threshold = 5.47 x 10°). The minor
allele at this site was present in 7.14% of the sequenced inbred lines. Looking across
greenhouse inbred line MLM data, 1_ 7439128 was also associated with greenhouse
flowering node (F(1, 125) = 5.10, p = 0.0257). In the field in 2016, the major allele was
expected to increase the proportion surviving to produce one seed by 0.24, and in the
greenhouse to increase the flowering node by 0.21. Annotation using snpEff described

1_7439128 as a modifier in an intergenic region.

Role of greenhouse significant sites in the field

Initial analysis of associations between greenhouse significant sites and field
traits was performed using standard ANOVAs and yielded many significant
associations. Re-analysis using the Welch’'s ANOVA added one significant relationship,
but overall reduced the number of significant site-trait associations across all three field
years from 107 to 29. We believe this reduction was largely of nearly significant site-trait
associations. For heteroscedastic data such as was analyzed here, Welch’'s ANOVA

reduces the rate of type 1 errors relative to a traditional ANOVA (McDonald 2014).
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There were seven significant greenhouse site - field trait associations in 2014, six
in 2015 and 17 in 2016. Across the 19 significant sites from the greenhouse, 12 were
found to be significantly associated with a trait in any field year, and seven were found
to be associated with fitness traits. Five sites were found to be associated with field traits
in multiple years. All five sites were also associated with fitness traits. No site was
associated with fitness traits in multiple years (see Table 7).

In two instances, a site was significantly associated with the same trait in
multiple years. For both cases, the years were 2014 (a relatively average year
environmentally) and 2016 (a benign year), and the trait was overall larger in 2016 than
2014. For 11_17068946 the homozygote mean height was 34.43 mm (std error = 0.41) and
the heterozygote mean height was 37.21 mm (std error = 1.08)). In 2016, homozygote
mean height was 53.74 mm (std error = 1.84), and the heterozygote mean height was
72.02 mm (std error = 6.65)). In both years, the minor allele, present in the heterozygote,
increased the trait value, and even more so under favorable growth conditions. For
49929153, the minor allele decreased corolla length in both years, but overall corolla
length was bigger in 2016 than 2014 (see Appendix Table 19 for full results).

Across site-trait associations, in 11 cases the heterozygote had a smaller trait
mean than the homozygote, while in 18 cases the heterozygote trait mean was bigger
(see Appendix Table 19 for full results). In 2014, for five of eight site-trait associations,

the heterozygote had a greater mean, and in 2016, for 12 of 16, the heterozygote had a
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greater mean. In 2015, a warm, dry year with greatly reduced survivorship, one of five
site-trait associations had a heterozygote with a greater mean.

In two of three cases where a site was significantly associated with traits across
multiple years, including at least one fitness trait, the minor allele increased both the
fitness trait and all other associated traits. The exception was 4_9929153, for which the
minor allele decreased trait values for five traits (including first flower seed count), but
increased the value of flower size PC2. Interestingly, this site was significantly
associated with the most field traits, but was only significantly associated with days to
germination in the greenhouse. In the greenhouse, the minor allele increased values for

all traits, including days to germination.

Overlap of greenhouse and field significant sites

Of the 10,000 “most significant sites” from the greenhouse inbred lines and the
10,000 most significant for the combined field data, 41 sites were found in both sets.
Looking across greenhouse and field F1 lines, of the 7,500 most significant sites, 22 were
shared. For greenhouse site-trait associations with a p value <0.00001, there was no
clear relationship between minor allele frequency and effect. Whereas for greenhouse
site-trait relationships there was often a strong trend for minor alleles to increase trait
values, in the field, minor allele effects were responsible for both increasing and

decreasing trait values, and the distributions were centered around zero.
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Table 7: Greenhouse significant sites also associated with at least one fitness trait in the field.

Means are listed as mean (standard error). Aa —AA represents the heterozygote trait mean — homozygote trait mean. Traits are as
follows: dtf = days to flower, node = flowering node, cl = corolla length, tl = floral tube length, fs, PC1 / PC2 = flower size PC1 / PC2,
height = height at the flowering node, prop seed = proportion surviving to produce at least one seed, ff seeds = average seeds per
surviving first flower, sXf = the average number of seeds for all individuals per line (including those that produced no seed).

(44

site homozygote (AA) heterozygote (Aa) Aa - AA
year trait df F ratio p n mean w n mean w

4 9929153 (associated with days to germination)
2014 (1,5.44) 10.98 0.019 31 13.72(0.02) 4 13.6 (0.05) -0.12
2016 (1,12.03) 32.12 <0.001 49 16.05(0.13) 6 14.81(0.36) -1.24
2016 il (1,12.03) 32.24 <0.001 49 8.33(0.08) 6 7.57(0.22) -0.76
2016  fs, PC1 (1,9.05) 13.95 0.005 49 0.24(0.08) 6 -0.36(0.23) -0.60
2016  fs, PC2 (1,7.43) 21.66 0.002 49 0.05(0.04) 6 0.48(0.11) 0.43
2016  ff seeds (1,17.53) 13.1 0.002 49 33.10(10.08) 1 6 25.65(3.6) 0.78 -7.45

4_13050069 (associated with corolla width and length, tube length, throat width, flower size PC1, pistil length, stamen length,

height, widest leaf)

2014  ff seeds (1,10.89) 4.97 0.048 27 17.95(2.71) 092 3 19.44(0.73) 1 1.49

2016 height (1,2.5) 14.82 0.043 37 52.22(1.48) 3 69.82(5.18) 17.60
5_22885632 (associated with all greenhouse measured traits)

2014 prop seed (1,3.17) 12.95 0.034 26 0.45(0.29) 1 3 0.11(0.19) 0.25 -0.34

2014  sXf (1,3.28) 12.65 0.033 26 18.78 (10.15) 1 3 3.73 (6.56) 0.2 -15.05
9_2585355 (associated with all greenhouse traits except days to germination, days to flower, and flower size PC2)

2014  dtf (1,6.74) 65.67 <0.001 26 81.03 (0.58) 86.99 (2.08) 5.96

2014 node (1,5.05) 40.15 0.001 26 4.18(0.06) 2 4.7(0.22) 0.52

2016 height (1,4.66) 31.02 0.003 38 51.64(1.43) 4 699 (4.42) 18.26

2016  ff seeds (1,4.09) 23.57 0.008 38 31.65(1.37) 0.64 4 49.41(6.77) 1 17.76

2016  sXf (1,4.72) 18.57 0.009 39 20.70 (9.90) 0.58 4  35.99 (6.33) 1 15.29
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12_17792839 (associated with all greenhouse traits except days to germination and flower size PC2)
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Discussion

Numerous studies have successfully shown fitness effects of greenhouse-
described genetic variants in the field. However, most of these studies have investigated
QTLs and recently individual nucleotides that contribute to inter-population variation
(Lowry and Willis 2010, Fournier-Level, Korte et al. 2011, Anderson, Lee et al. 2013),
while only a smaller subset have tried to parse the contribution of genomic regions to
intra-population variation (Mojica, Lee et al. 2012, Monnahan and Kelly 2015). Here, we
find a new site-trait association under field growth conditions, and investigate the
contribution of previously-described polymorphisms to field growth and fitness. By
looking across multiple years, we were able to investigate the contribution of nucleotide

polymorphisms to growth and fitness under variable environmental conditions.

Contribution of genomic sites to field trait variation

There were fewer genetic correlations among traits both within and across field
years than had previously been found across traits in the greenhouse. This is to be
expected, as environmental conditions in the field are far more variable, and plants
experience degrading conditions as the season progresses. Lines that may typically have
produced larger flowers in the greenhouse may die before flowering, or produce smaller
flowers toward the end of the season as resources literally dry up. We found significant
correlations in all three field years between fitness traits and other growth traits, with

fitness traits typically negatively correlated with days to flower and flowering node, but
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positively correlated with size traits. Individuals clearly must strike a delicate balance
between optimizing survivorship and seed set by flowering slightly later, but not
compromising their ability to produce healthy flowers by flowering too late. This
relationship is further complicated in years such as 2016, when many plants produced
multiple flowers. While we focused on first flower seed set because it was the trait for
which we had the most consistent data, being lucky enough to germinate in the right
year or microsite can greatly change a plant’s reproductive fate.

Despite the greater residual variance for many traits in the field, we identified a
polymorphism on LG1 that was associated with the proportion of individuals surviving
to produce at least one seed. Surprisingly, the major allele for 1_7439128 was expected to
increase both survivorship and flowering node, counter to previous findings that larger
flowered plants (which often correlates with later flowering) often die before
successfully reproducing (Mojica and Kelly 2010, Mojica, Lee et al. 2012). This is likely to
due to the mild nature of the 2016 growing season.

We found significant associations between many of the previously identified
greenhouse significant sites and field traits across years. While previous studies have
found evidence of antagonistic pleiotropy as a means of maintaining variation within IM
(Monnahan and Kelly 2015), none of our identified sites showed contrasting effects on
survivorship and fecundity. This may have been due to the fact that significant site-trait

associations were typically found in 2016, a relatively benign year where larger flowered
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plants were able to flower and often even produce multiple flowers. However, looking
at sites that were associated with greenhouse flower size PC1 at p <0.00001, we found
that minor alleles (which typically increase greenhouse flower size) reduced
survivorship and total seed set in 2014 but increased both in 2016 (see Fig. 8). While 2015
was a harsh year where most plants died, 2014 and 2016 are a good contrast between a
normal year and a lush one. This demonstrates a clear relationship between minor

alleles that promote larger flowers in the greenhouse and variable fitness consequences

in the field.
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Figure 8: Contribution of minor alleles for sites associated with greenhouse inbred line flower
size PC1 (p< 0.00001) to field fitness traits.

Survivorship (proportion producing at least one seed), fecundity (seed set per successful
flower), and total seed (seed set across all plants) are shown for 2014 and 2016. Minor allele
frequency is depicted on a log scale.

The role of model selection in GWA studies

Due to limited samples sizes in 2014 and 2015 we were unable to perform GWA
analyses using an MLM-based approach, and had to instead use a GLM-based approach.

In addition to the MLM-based approach in 2016, we conducted GWA analysis using a
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GLM to be able to combine p values across years. The combined p values yielded 90 site-
trait associations with a p value that cleared a Bonferroni-corrected threshold of 6.27 x
10°. This number of significant site-trait relationships likely represents a high number of
false positives, largely due to the uncorrected nature of the GLM.

Working in Arabidopsis, Atwell et al. (2010) documented a stark difference in the
number of site-trait associations when using an uncorrected GLM vs MLM with kinship
or population structure-based approach (Atwell, Huang et al. 2010). Studies with
populations taken from across the world, and which are therefore highly structured, are
especially problematic. Given that there is far less structure within the single IM
population (Sweigart, Karoly et al. 1999), it might be expected that false positives might
pose less of a problem. However, we found numerous site-trait associations with very
low p values using a GLM, while in contrast, the single site identified by MLM-based
methods and permutation thresholds in 2016 had a p value of 5.33 x 10¢. The dry
conditions of 2015 and loss of power from having to reject contaminated lines greatly

reduced our sample size and hindered identification of significant sites across years.

Conclusion

GWA studies have already begun to make the jump from the lab to the field for
many agricultural plant species (Maccaferri, Zhang et al. 2015, Gao, Turner et al. 2016).

In addition to development of crops, field-based genome-wide approaches can provide a
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broader context for investigating evolutionary theories. Field studies are not without
their caveats though. In addition to previous GWA study requirements for large
genomic datasets, detection of genetic variation above the din of environmental
variability will also typically require large plant sample sizes.

While we were unable to use our preferred model for GWA studies for two of
three years, we identified a genomic site significantly associated with fitness in the field.
Furthermore, we established a link between this field genomic site and greenhouse
variation for flowering node. Sites previously identified in the greenhouse were also
shown to have meaningful effects on field traits, including fitness traits. And sites
known to be associated with greenhouse flower size clearly have variable impacts on
field fitness. Here we showed that, despite small samples sizes and occasionally harsh
field conditions, there is significant promise for genome-wide field-based approaches to

both provide context for previous findings and yield new results all their own.

78



Conclusion

Recent advances in sequencing technology have provided the raw data to test
long standing questions in evolutionary biology, including the role of various forces in
maintaining intra-population genetic variation. The frequency and effect of minor alleles
in relation to quantitative traits can provide intriguing evidence for or against
mechanisms of balancing selection. Within the Iron Mountain (IM) population of
Mimulus guttatus, flowering time and flower size have been shown to be highly
quantitative traits (Kelly and Willis 2001, Lee 2009), and it has been proposed that minor
alleles likely increase trait values (Kelly 2008). Here, we confirmed this long-standing
hypothesis.

In the first chapter, we detailed a newly-created genome-wide association
mapping panel. Using this tool, we identified multiple significant site-trait associations
within the IM population of M. guttatus, and found extensive evidence of pleiotropy and
polygenic adaptation. In the second chapter, we investigated genetic variation in
circadian clock function, a key developmental process known to contribute to variation
in flowering time (Hayama and Coupland 2004, Harmer 2009). We found extensive
variation for endogenous period length, and genetic correlations between endogenous
period length and various growth and timing traits. Finally, in the third chapter, we
investigated how genomic variants identified in the greenhouse contributed to variation

in a natural context. By planting F1 crosses of previously sequenced lines in the field, we
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confirmed significant impacts of previously identified variants on field growth and
fitness, and identified a genomic site significantly associated with survival to seed
production.

Taken together, our results confirm previous experimental work at the
nucleotide level, and identify novel genomic sites for future analysis. By integrating
insights across classical quantitative genetics and next generation sequencing, and across
the greenhouse and field, we provide evidence for polygenic adaptation across multiple

traits.
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Chapter One Appendix

Table 8: Model fit statistics for inbred line LSmeans.

Inbred line | model | model | line Wald | line % of | cohort Wald | cohort % | flat Wald | flat % of | residual %
trait r? RMSE | pvalue total p value of total p value total of total
daystogerm |0.705 |1.022 |<.0001 |60.589 |0.12 13.305 |<.0001 |0.657 | 25.449
days to flower | 0.608 |3.257 |<.0001 |23.167 |0.117 31.534 | 0.0006 | 1.491 | 43.808
node 0.519 |0.593 |<.0001 |39.828 |0.136 6.106 0.632 0.177 | 53.889
corollawidth | 0.709 |2.494 |<.0001 |65102 |0.175 2,546 0.0197 |0.735 |31.618
corollalength | 0.725 |[2.5505 |<.0001 |67.769 | 0.291 0.679 0.231 0.314 | 31.238
tube length 0.834 |12.34 |<0001 |[73.789 |0.139 3.276 0.425 0.143 | 22.793
throatwidth | 0.65 | 1.101 | <.0001 |52.824 |0.148 5.118 0.717 0 42.058
I_.',C’C"‘:er size 0.793 |0.0984 | <0001 |70.811 | 0151 3.359 0.471 0.153 | 25.677
I_.',C’C";er size 0.502 |0.439 |<.0001 |40.588 |0.161 3.548 0.868 0.066 | 55.798
pistil length 0.739 | 13.908 |<.0001 |64.124 |0.176 1.578 0.206 0.320 | 33.969
stamen length | 0.844 |1.469 |<.0001 |61.479 |0.164 1.264 0.515 0.169 | 37.088
height 0.844 |19.366 |<.0001 |72.031 |0.121 10.266 | 0.074 0.261 17.442
widest leaf 0731 | 4721 | <0001 |[70.384 |0.162 1.554 0.196 0.29 27.772
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Table 9: Model fit statistics for F1 line LSmeans.

F1 line trait model model line Wald | line % of | Cohort Wald | cohort % | flat Wald | flat % residual
r2 RMSE | pvalue total p value of total p value of total | % of total
daystogerm | 0.76 0.706 | <0001 |60.468 | 0.245 18.584 | 0.895 0.051 | 20.897
days to flower | 0.748 | 1.701 |<.0001 |20.22 | 0.229 46.551 | 0.0005 | 5577 |27.653
node 0.538 | 0.461 |<.0001 |46.257 | 0.602 2,778 0.395 1.065 | 49.9
corolla width | 0.63 1.961 | <.0001 |48.095 | 0.252 16.558 | 0.862 0 35.347
corolla length | 0.641 1.931 | <0001 |49.344 |0.273 12,687 | 0.871 0 32.98
tube length 0.762 | 094 |<0001 |65115 |0.273 12,687 | 0.441 0.353 | 21.845
throatwidth | 0.514 | 0.77 | <.0001 |44.381 | <.0001 0 0.0334 | 2.188 | 53.431
I_.',C’C"‘:er size 0.672 | 0.0167 |<.0001 |54.486 | 0.261 14.793 | 0.558 0.364 | 30.358
I_.',C’C";er size 0.617 | 0479 |<0001 |57.091 |0.520 0.878 0.801 0.211 | 41.82
pistil length 0712 | 0.885 |<0001 |60.279 |0.274 10.918 | 0.606 0.317 | 28.485
stamen length | 0.675 | 0.852 |<.0001 |51.658 | 0.252 20.407 | 0.785 0.141 | 27.795
height 0.654 | 23.226 |<.0001 |50.918 | 0.251 12,602 | 0.842 0.124 | 36.355
widest leaf 0713 | 4309 |<.0001 |48.9 0.236 25.01 0.42 0.551 | 25.539
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Table 10: Contribution of drive alleles to variance in inbred line trait LSmeans.

There are no significant relationships.

Inbred lines "d" trait mean "D"trait mean r RMSE p value
germination date | 6.21 (0.13) 6.53 (0.20) 0.013 1.354 0.156
days to flower 27.02 (0.19) 27.10 (0.29) 0 2.011 0.815
node 3.03 (0.05) 3.09 (0.07) 0.004 0.477 0.446
corolla width 18.63 (0.29) 18.34 (0.44) 0.002 3.072 0.581
corolla length 22.11 (0.28) 21.67 (0.42) 0.005 2.933 0.385
tube length 11.79 (0.17) 11.32 (0.25) 0.014 1.766 0.131
throat width 7.92 (0.10) 7.76 (0.15) 0.005 1.052 0.361
flower size PC1 -0.14 (0.14) -0.42 (0.22) 0.007 1.517 0.293
flower size PC2 0.053 (0.05) 0.066 (0.08) 0.0001 0.537 0.892
pistil length 13.60 (0.16) 13.10 (0.24) 0.02 1.655 0.076
stamen length 11.49 (0.14) 10.97 (0.22) 0.024 1.527 0.051
height 76.94 (2.71) 79.58 (4.12) 0.002 28.553 0.593
widest leaf 23.22 (0.53) 21.51 (0.80) 0.02 5.55 0.076
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Table 11: Contribution of drive alleles to variance in F1 line trait LSmeans.

F1 lines "dd" trait mean "Dd" trait mean "DD" trait mean r RMSE p value
germination date 5.58 (0.26) 5.81 (0.25) 4.78 (0.54) 0.063 1.199 0.2253
days to flower 23.53 (0.26) 24.39 (0.24) 22.75 (0.53) 0.193 1.174 0.007
node 2.76 (0.10) 2.95 (0.09) 2.52 (0.20) 0.096 0.439 0.099
corolla width 20.71 (0.39) 21.75 (0.37) 20.40 (0.80) 0.092 1.798 0.108
corolla length 23.85 (0.40) 24.10 (0.38) 23.59 (0.83) 0.009 1.845 0.815
tube length 11.79 (0.23) 11.97 (0.22) 12.11 (0.48) 0.011 1.067 0.776
throat width 8.55 (0.15) 8.69 (0.14) 8.84 (0.30) 0.02 0.667 0.636
flower size PC1 -0.69 (0.30) -0.25 (0.29) -0.54 (0.62) 0.024 1.386 0.568
flower size PC2 0.06 (0.15) 0.25 (0.15) 0.22 (0.31) 0.017 0.701 0.667
pistil length 14.60 (0.23) 14.57 (0.22) 12.87 (0.47) 0.008 1.049 0.838
stamen length 12.57 (0.20) 12.47 (0.19) 12.14 (0.40) 0.02 0.904 0.634
height 81.95 (4.08) 89.48 (3.90) 71.16 (8.37) 0.09 18.715 0.114
widest leaf 26.16 (1.05) 27.40 (1.00) 22.83 (2.15) 0.077 4.804 0.16
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Table 12: Relationship between greenhouse measured traits and “flux” of perennial DNA from three known M. guttatus

inversions.

Inbred Lines | inv5r° Ri|,\7/|V35E %ﬁg inv8 r* Ril,\’l/IVSBE %ﬁg inv10* FlirI:AV;?E i?zgfep
germination date 0.000 1.349 0.878 0.011 1.342 0.176 0.007 1.345 0.282
days to flower 0.000 20.15 0.894 0.001 2.013 0.628 0.005 2.01 0.365
node 0.028 0.472 0.0303 0.0104 0.477 0.192 0.000 0.479 0.796
corolla width 0.007 2.108 0.295 0.007 18.617 0.275 0.011 3.101 0.176
corolla length 0.009 2.922 0.238 0.001 2.932 0.64 0.005 2.927 0.364
tube length 0.000 1.762 0.886 0.000 1.762 0.841 0.012 1.751 0.16
throat width 0.000 7.891 0.707 0.000 1.059 0.828 0.0293 1.043 0.028
flower size PC1 0.000 1.154 0.966 0.002 1.153 0.53 0.009 1.149 0.219
flower size PC2 0.01 0.342 0.196 0.000 0.344 0.909 0.02 0.34 0.07
pistil length 0.006 1.646 0.334 0.001 1.65 0.696 0.003 1.649 0.492
stamen length 0.000 1.53 0.995 0.002 1.529 0.532 0.001 1.529 0.62
height 0.034 27.845 0.0173 0.031 27.893 0.024 0.01 28.196 0.208
widest leaf 0.007 5.562 0.3 0.000 5.58 0.98 0.001 5.557 0.699
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Chapter Two Appendix

Table 13: Model fit statistics for inbred line period LSmeans.

Inbred lines model | model | line Wald | line % | cohort Wald | cohort % | residual % of
r RMSE p value of total p value of total total
period length 0.203 1.611 <.0001 16.032 0.500 0.202 83.766
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Chapter Three Appendix

Table 14: Model fit statistics for each field year.

All significant p values in bold. Lack of significant relationships in 2014 (a) likely due to much lower sample sizes (~6 planter per line as

opposed to ~40 planted per line, and fewer lines: ~79 in 2014, ~100 in 2015 and 2016).

(a) 2014 | model r® g&%ﬂ Iinev‘\a/\llid P~ 1 line % of total flatv\;\ll:(lad P 1 flat % of total reSidtg?;I% of
days to flower 0.454 7.388 0.0056 24.311 0.219 16.134 59.555
node 0.369 0.577 0.0052 31.017 0.0027 0 68.983
corolla width 0.219 2.333 0.0945 12.642 0.634 1.358 86
corolla length 0.0745 3.144 0.732 1.915 0.457 3.647 94.438
tube length 0.250 1.386 0.0863 12.359 0.365 5.43 82.211
throat width 0.267 0.799 0.0662 13.466 0.334 5.28 81.254
flower size PC1 |  0.179 1.738 0.238 7.807 0.402 4.343 87.851
flower size PC2 |  0.445 0.408 0.002 35.361 0.333 0 64.639
height 0.171 11.129 0.321 7.571 0.412 4.176 88.253
widest leaf 0.0742 1.101 0.516 4.18 0.956 0 95.82
first flower 0.145 27.778 0.355 6.007 0.463 3.374 90.619

seeds
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(b) 2015 | model r? g'\c;lcé%l Iinevrllid P~ 1 line % of total ﬂatv\;\{id P | fiat % of total residtL(;?allf/o of
days to flower | 0.413 5.719 <.0001 28.793 0.977 0 71.207
node 0.350 0.771 <.0001 31.553 0.183 0 68.447
corolla width 0.226 2.365 0.0039 12.91 0.174 3.072 84.018
corolla length 0.213 2536 0.0189 8.673 0.0423 5.612 85.716
tube length 0.184 1.299 0.0973 4.839 0.0184 7.605 87.555
throat width 0.194 0.990 0.0099 10.03 0.130 3.507 86.463
I_.',C’C"‘:er size 0.192 1.714 0.028 7.344 0.064 5.102 87.554
I_.',C’C";er size 0.417 0.356 <.0001 35.528 0.046 4.097 63.375
height 0.283 10.222 0.0004 19.726 0.338 1.617 78.656
widest leaf 0.277 0.989 0.0098 10.855 0.0053 9.873 79.273
first flower 0.174 24.489 0.0483 5.748 0.0182 5.926 88.326

seeds
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(c) 2016 | model r* g'\c;lcé%l Iinevrllid p line % of total ﬂatv\;\{id P 1 flat % of total residtt(;?allf/o of
days to flower | 0.424 7.807 <.0001 38.284 0.0011 2.747 58.968
node 0.359 0.837 <.0001 32.472 0.0404 0.943 66.585
corolla width 0.307 2.153 <.0001 23.374 0.0005 4.648 71.978
corolla length 0.278 2.358 <.0001 19.392 0.0003 5.85 74.758
tube length 0.287 1.195 <.0001 21.143 0.0003 5.442 73.415
throat width 0.207 0.207 <.0001 12.378 0.0006 5.071 82.551
I_.',C’C"‘:er size 0.263 1.579 <.0001 17.30 0.0004 6.209 76.489
I_.',C’C";er size 0.413 0.435 <.0001 38.652 0.3107 0.348 61
height 0.345 15.997 <.0001 25.304 0.0002 6.424 68.273
widest leaf 0.223 1.480 <.0001 11.624 0.0001 8.036 80.34
first flower 0.157 34.187 <.0001 10.27 0.0047 2.466 87.264

seeds
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Table 15: 2014 Intra-year field correlations.
Field F1 line LSmeans correlations above the diagonal, respective p values below. All size measurements are in mm. Days to flower is
positively correlated with widest leaf and flowering node, and negatively correlated with proportion of plants that produced one seed.

. prop. f.f.
corolla | corolla tube throat f.s. f.s. . widest

2014 | flower | node | " iiin | length | length | width | PC1 | Pc2 | MeI9Nt | g S‘(f)d Se(‘?)ds s X1
days to
o 0.654 | 0.043 | 0.077 | 0.015 | -0.083 | 0.006 | 0.002 | 0.088 | 0.39 | -0.484 | -0.053 | -0.437
node <.001 0.301 | 0.239 | 0.145 | 0.18 | 0.234 | -0.119 | 0.172 | 0.446 | -0.414 | 0.036 | -0.36
Svci’é‘t’r"'a 0.766 | 0.032 0.868 | 0.663 | 0.865 | 0.943 | -0.207 | 0.489 | 0.686 | 0.004 | 0.522 | 0.134
corolla
length 0.594 | 0.092 | <.001 0.69 | 0.784 | 0.914 | -0.192 | 0.47 | 0.752 | 0.111 | 0.543 | 0.238
f‘ef:gth 0.916 | 0.311 | <.001 | <.001 0.627 | 0.833 | 0.524 | 0.564 | 0.629 | 0.02 | 0.591 | 0.17
wir;it 0.564 | 0.207 | <.001 | <.001 | <.001 0.909 | -0.196 | 0.411 | 0.593 | 0.053 | 0.563 | 0.181
Zic;V;eFE oy | 0917 [ 0087 | <001 | <001 | <001 | <001 0.007 | 0.533 | 0.737 | 0.049 | 0.611 | 0.198
flower 0.809 | 0.567 | 0.18 | 0.612 | <001 | 0.089 | 0.962 0.227 | 0.075 | -0.098 | 0.068 | -0.06
size PC2
height 0542 | 0229 | 0 0.001 | <.001 | 0.003 | <.001 | 0.119 0.421 |-0.129 | 0.271 | -0.047
}’éffeSt 0.005 | 0.001 | <.001 | <.001 | <001 | <001 | <001 | 0.849 | 0.002 -0.103 | 0.452 | 0.028
z;‘;%' (¢ | <001 |0.003 | 0981 | 0439 | 0.889 | 0.713 | 0.732 | 0492 | 0.367 | 0473 0.234 | 0.982
f.f. seeds
0 0.711 | 0.803 | <.001 | <.001 | <001 | <001 | <001 | 0.635 | 0.055 | <.001 | 0.099 0.45
s X f 0.001 | 0.01 | 035 | 0.093 | 0.233 | 0.203 | 0.164 | 0.675 | 0.745 | 0.846 | <001 | <.001
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Table 16: 2015 Intra-year field correlations.
Field F1 line LSmeans correlations above the diagonal, respective p values below. All size measurements are in mm. Days to flower is
positively correlated with flowering node and widest leaf, and negatively correlated with proportion of plants that produced one seed.

2015 | toner| noce | 08 ol e | st 12 S2, | e | S| ses | s
ﬁgb’vse:o 0.793| -0.008| -0.03 | -0.141| -0.106| -0.075| -0.078| -0.284 | 0.301 | -0.434 | -0.208 | -0.453
node <001 0.284 | 0.254 | 0.12 | 0.076 | 0.189 | -0.03 | -0.018| 0.435 | -0.306| -0.02 | -0.306
Svci’é‘t’r"'a 0.95 | 0.025 0.871 | 068 | 0.84 | 0.944 | -0217| 0.455| 057 | 0.129| 0.36 | 0.202
f;or:gt”ﬁ 0.817 | 0.046| <.001 0.846 | 0.722 | 0.928 | 0.104 | 0.478 | 0.641 | 0.108 | 0.397 | 0.202
tube length| 0.273 | 0.352| <.001 | <.001 0.553 | 0.824 | 0.411 | 0.424 | 0.499 | 0.145 | 0.306 | 0.199
throat width| 0.41 | 0.559| <.001 | <001 | <.001 0.849 | -0.464| 0.337 | 0.466 | 0.109 | 0.335 | 0.17
I_.',C’C"‘;er SiZe | 062 | 0.084| <001 | <001 | <001 | <001 -0.061| 0.471 | 0.609 | 0.168 | 0.406 | 0.256
E,C’C";erSize 0.597 | 0.952| 0.154 | 0.199 | <.001 0 | 0637 0.093 | 0.054 | -0.015| -0.014 | -0.014
height 0.025 | 0.891| 0 | <001 | 0.001 | 0.008| <001 | 0.656 0.297 | 0.402 | 0.366 | 0.474
widest leaf | 0.017 | 0 | <001 | <001 | <001 | 0 | <001| 0.605| 0.019 -0.237| 0.377 | -0.124
?Sr;’p' seed | _001| 0.016| 0.316 | 0.403| 0.261 | 0.399 | 0.191 | 091 | 0.001 | 0.064 0.239 | 0.965
I'f‘;' seeds | 4406 | 0.876| 0.004 | 0.001| 0.016 | 0.008 | 0.001 | 0.913| 0.003| 0.003 | 0.062 0.435
sXf <001 | 0.016| 0.116 | 0.116 | 0.122 | 0.187 | 0.044 | 0.917 | <001 | 0.337 | <001 | <.001
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Table 17: 2016 Intra-year field correlations.
Field F1 line LSmeans correlations above the diagonal, respective p values below. All size measurements are in mm and all day
measurements are in days. Days to flower is positively correlated with node, and negatively with production of at least one seed.

. prop. f.f.
corolla | corolla tube throat f.s. f.s. . widest

2016 | flower | node | “iun | jength | length | width | PC1 | Pc2 | MeIONt | e S‘(f)d Se(‘?)ds s X1
days to
oy 0.641 | 0.069 | 0.101 | 0.074 | -0.311 | 0.006 | -0.234 | 0.177 | 0.117 | -0.708 | -0.487 | -0.621
node <.001 0.53 | 0.495 | 0.293 | 0.079 | 0.417 | -0.082 | 0.473 | 0.39 |-0.294 | -0.088 | -0.188
Svci’é‘t’r"'a 0.534 | <.001 0.795 | 0.529 | 0.722 | 0.87 | 0.25 | 0.525 | 0.566 | 0.065 | 0.244 | 0.194
f;or:gt”ﬁ 0.364 | <.001 | <.001 0.845 | 0.639 | 0.945 | -0.286 | 0.524 | 0.687 | 0.059 | 0.373 | 0.279
f‘ef:gth 0.505 | 0.007 | <.001 | <.001 0.531 | 0.835 | -0.6 | 0.413 | 0.658 | 0.049 | 0.343 | 0.25
wir;it 0.004 | 0.479 | <001 | <001 | <.001 0.814 | 0.304 | 0.263 | 0.395 | 0.361 | 0.471 | 0.479
I_.',C’C"‘;er S1Z€ 1 0.909 | <001 | <001 | <001 | <.001 | <001 0114 | 0.499 | 0.665 | 0.138 | 0.4 | 0.329
I_.',C’C";er SIZ€ 1 0.009 | 0.435 | 0.004 | 0.059 | <.001 | <001 | 0.306 -0.075 | -0.233 | 0.159 | -0.042 | 0.046
height 0.11 | <001 | <001 | <001 | <001 | 0.016 | <001 | 0.293 0.48 | 0.118 | 0.282 | 0.247
widest leaf | 0.292 | <001 | <.001 | <001 | <001 | <001 | <001 | 0.017 | <.001 0.121 | 0.283 | 0.244
?Sr;’p' seed | _ 001 | 0.007 | 0.561 | 0.598 | 0.659 | <001 | 0.214 | 0.151 | 0.288 | 0277 0.628 | 0.843
I'f‘;' seeds | _ 501 | 0428 | 0.026 | <001 | <001 | <001 | <001 | 0.709 | 0.01 0.01 | <001 0.93
sXf <001 | 0.088 | 0.078 | 0.011 | 0.023 | <.001 | 0.002 | 0.681 | 0.025 | 0.026 | <.001 | <.001




€6

Table 18: Correlations across greenhouse and field years.

LSmeans correlations above the diagonal, respective p values below. Trait abbreviations are as follows: node = flowering node, prop.
seed = proportion surviving to produce at least one seed, f.f. seed = average number of seeds per first flower that produced seeds, sXf =
the average number of seeds for all individuals per line (including those that produced no seed).

15 16
GH GH GH_ flwr 14 14 f.1. 14 prop. 15 f.f. 15 prop. 16 f.1. 16
days to size, prop. seed seed seeds
node sXf seed sXf seed sXf
flower PC1 seed (s) (f) (f) (f)
(s) (s)

GH days - -
to flower 0.696 0.587 -0.059 | 0.161 0.027 0.209 | 0.263 | 0.278 | 0.102 | -0.128 0.029
GH node | <0.001 0.51 -0.075 | 0.038 | -0.06 | 0.098 | 0.187 | 0.102 | 0.102 | 0.057 | 0.112
GH
flower <0.001 0.001 -0.029 | 0.328 | 0.036 | 0.263 | 0.16 | 0.292 | -0.067 | 0.034 | 0.012
size PC1
14 prop. -

0.731 0.658 0.864 0.234 | 0.982 | 0.356 0.223 | 0.468 | 0.172 | 0.326
seed (s) 0.312
14 f.f. -
seed (f) 0.34 0.822 0.048 0.164 0.45 | 0.001 | 0.047 | 0.026 | -0.368 | -0.193 0.291
14s Xf 0.874 0.725 0.831 <0.001 | 0.005 0.32 0 3-02 0.196 | 0.38 0.123 | 0.252
15 prop.
seed (s) 0.214 0.565 0.116 0.03 0.994 | 0.054 0.239 | 0.965 | 0.331 0.263 | 0.326
;2;3'“) 0.115 0.269 0.344 0.06 0.782 | 0.07 | 0.155 0.435 | 0.025 | -0.002 | 0.022
15s Xf 0.096 0.55 0.079 0.185 0.878 | 0.246 <01'00 0.007 0.256 | 0.187 | 0.238
16 prop.
seed (s) 0.549 0.547 0.693 0.004 0.025 | 0.02 | 0.045 | 0.885 | 0.126 0.628 | 0.843
;Sefgl(f) 0.451 0.739 0.841 0.308 0.253 | 0.468 | 0.116 | 0.99 | 0.268 | <0.001 0.93
16s Xf 0.864 0.511 0.945 0.049 0.08 | 0.132 | 0.049 0.9 0.155 | <0.001 | <0.001
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Table 19: Significant Welch’s ANOVA test results for field year traits and 19 previously identified significant sites.

For no site were both homozygotes and the heterozygote all represented, so trait means are listed for the major allele homozygote and
heterozygote only. Trait means are listed, followed by the standard error. Trait abbreviations are as follows: cl: corolla length, ff seeds:
average seed per first flower that produced seed, prop seed: proportion of the line surviving to produce at least one seed, sXf: proportion
surviving to produce one seed multiplied by the average first flower seed (this is the same as average seeds produced taking into
account non-seed producing individuals), dtf: days to flower, node: flowering node, height: height of flowering node, tw: floral throat width,
flwrsize_PC1: flower size PC1, flwrsize_PC2: flower size PC2.

year site trait d.f. F ratio p hor:no mean w hr?t mean w
2014 | 49929153 cl (1,5.44) | 1098 | 0019 | 31 | 13.72(0.02) 4 | 13.6 (0.05)

2014 | 4_23050069 | ffseeds | (1,10.89) | 4.97 | 0.048 | 27 | 17.95(2.71) | 092 | 3 | 19.44(0.73) | 1
2014 | 5_22885632 Eézz (1,3.17) | 12.95 | 0.034 | 26 045029 | 1 | 3 | 0.11(0.19) | 0.25
2014 | 522885632 | sXf (1,3.28) | 12.65 | 0033 | 26 |18.78(10.15)| 1 | 3 | 3.73(6.56) | 0.2
2014 | 9_2585355 dtf (1,6.74) | 65.67 | <0.001 | 26 | 81.03(0.58) 2 | 86.99 (2.08)

2014 | 92585355 | node | (1,5.05) | 40.15 | 0.001 | 26 4.18 (0.06) 2 | 4.7(0.22)

2014 | 10_5948609 | node | (1,1.11) | 82.8 | <0.001 | 33 4.15 (0.05) 2 | 4.63(0.2)

2014 | 11_17068946 | height | (1,6.43) | 28.17 | 0.002 | 14 | 34.43(0.41) 2 | 37.21 (1.08)

2015 | 2201170 tw (1,3.09) | 32.78 | 0.01 42 5.23 (0.03) 3 | 4.88(0.1)

2015 | 8_8649345 tw (1,6.11) | 27.63 | 0.002 | 28 5.22 (0.04) 3 | 4.93(0.11)

2015 | 11_5725037 tw (1,6.15) | 126.98 | <0.001 | 36 5.24 (0.03) o | 4.83(0.12)

2015 | 1216716982 |  tw (1,5.06) | 6.81 | 0.047 | 37 5.23 (0.03) 5 5 (0.08)

2015 | 12_16716982 ﬂWFESéZZe (1,5.07) | 10.42 | 0023 | 36 | -0.10(0.03) 5 | 0.22(0.09)

2016 | 4_13050069 | height | (1,2.5) | 14.82 | 0.043 | 37 | 52.22(1.48) 3 | 69.82 (5.18)

2016 | 49929153 cl (1,12.03) | 3212 | <0.001 | 49 | 16.05(0.13) 6 | 14.81(0.36)




g6

year site trait d.f. F ratio p hor:no mean w hr?t mean w
2016 | 49929153 f (1,12.03) | 32.24 | <0.001 | 49 8.33 (0.08) 6 | 7.57(0.22)

2016 | 4_9929153 ﬂ"‘gé'fe’ (1,9.05) | 13.95 | 0.005 | 49 0.24 (0.08) 6 | -0.36(0.23)

flwrsize,

2016 | 49929153 boy | (1,7.43) | 21.66 | 0002 | 49 0.05 (0.04) 6 | 0.48(0.11)

2016 | 49929153 | ffseeds | (1,17.53) | 131 | 0.002 | 49 |33.10(10.08)| 1 | 6 | 25.65(3.6) | 0.78
2016 | 92585355 | height | (1,4.66) | 31.02 | 0.003 | 38 | 51.64 (1.43) 4 | 69.9 (4.42)

2016 | 9 2585355 | ffseeds | (1,4.09) | 2357 | 0.008 | 38 | 31.65(1.37) | 0.64 | 4 | 49.41 (6.77) | 1
2016 | 9_2585355 sXf (1,472) | 1857 | 0.009 | 39 | 20.70(9.90) | 058 | 4 | 35.99 (6.33) | 1
2016 | 9 383847 | height | (1,5.14) | 22.61 | 0.005 | 48 | 51.05(1.20) 5 | 67.82(3.73)

2016 | 10_5948609 | height | (1,2.36) | 15.19 | 0.046 | 49 | 51.33(1.18) 3 | 67.64 (4.77)

2016 | 11_17068946 | height | (1,1.8) | 24.42 | 0.048 | 26 | 53.74 (1.84) 2 | 72.02 (6.65)

2016 | 1217792839 | height | (1,6.9) | 6.65 | 0.037 | 27 | 50.68 (1.91) 6 | 63.08 (4.05)

2016 | 12_17792839 Eézz (1,13.85) | 6.43 | 0024 | 27 0.61(0.17) | 083 | 6 | 0.73(0.09) | 1
2016 | 1217792839 | ffseeds | (1,6.11) | 598 | 0.049 | 27 | 30.01(7.81) | 072 | 6 | 41.86(11.9) | 1
2016 | 1217792839 |  sXf (1,6.61) | 791 | 0028 | 27 | 1871(8.12) | 061 | 6 | 30.8(9.81) | 1




References

Anderson, J. T., C. R. Lee and T. Mitchell-Olds (2011). "Life history QTLs and natural
selection on flowering time in Boechera stricta, a perennial relative of Arabidopsis."
Evolution 65(3): 771-787.

Anderson, J. T., C. R. Lee, C. A. Rushworth, R. I. Colautti and T. Mitchell-Olds (2013).
"Genetic trade-offs and conditional neutrality contribute to local adaptation." Molecular
Ecology 22(3): 699-708.

Arathi, H. S. and J. K. Kelly (2004). "Corolla morphology facilitates both autogamy and
bumblebee pollination in Mimulus guttatus." International Journal of Plant Sciences
165(6): 1039-1045.

Atwell, S., Y. S. Huang, B. J. Vilhjalmsson, G. Willems, M. Horton, Y. Li, D. Z. Meng, A.
Platt, A. M. Tarone, T. T. Hu, R. Jiang, N. W. Muliyati, X. Zhang, M. A. Amer, I. Baxter,
B. Brachi, J. Chory, C. Dean, M. Debieu, J. de Meaux, J. R. Ecker, N. Faure, ]. M.
Kniskern, J. D. G. Jones, T. Michael, A. Nemri, F. Roux, D. E. Salt, C. L. Tang, M.
Todesco, M. B. Traw, D. Weigel, P. Marjoram, J. O. Borevitz, J. Bergelson and M.
Nordborg (2010). "Genome-wide association study of 107 phenotypes in Arabidopsis
thaliana inbred lines." Nature 465(7298): 627-631.

Barrett, R. D. H. and D. Schluter (2008). "Adaptation from standing genetic variation."
Trends in Ecology & Evolution 23(1): 38-44.

Baurle, I. and C. Dean (2006). "The timing of developmental transitions in plants." Cell
125(4): 655-664.

Berg, J. J. and G. Coop (2014). "A Population Genetic Signal of Polygenic Adaptation.”
Plos Genetics 10(8).

Bradbury, P.]J., Z. Zhang, D. E. Kroon, T. M. Casstevens, Y. Ramdoss and E. S. Buckler
(2007). "TASSEL: software for association mapping of complex traits in diverse samples."
Bioinformatics 23(19): 2633-2635.

Cingolani, P., A. Platts, L. L. Wang, M. Coon, T. Nguyen, L. Wang, S.J. Land, X. Y. Lu
and D. M. Ruden (2012). "A program for annotating and predicting the effects of single

96



nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain
w(1118); iso-2; iso-3." Fly 6(2): 80-92.

Colicchio, J. M., P.]J. Monnahan, J. K. Kelly and L. C. Hileman (2014). "Gene expression
plasticity resulting from parental leaf damage in Mimulus guttatus." New Phytologist
205(2): 894-906.

Coop, G., J. K. Pickrell, ]. Novembre, S. Kudaravalli, J. Li, D. Absher, R. M. Myers, L. L.
Cavalli-Sforza, M. W. Feldman and J. K. Pritchard (2009). "The Role of Geography in
Human Adaptation." Plos Genetics 5(6).

Crow, J. F. (2008). "Mid-Century Controversies in Population Genetics." Annual Review
of Genetics 42: 1-16.

Darwin, C., Darwin, F. (1880). The Power of Movement in Plants. London, John Murray.

de Candolle, A. P. (1832). Physiologie Végétale. Paris, Bechet Jeune

Delph, L. F. and ]J. K. Kelly (2014). "On the importance of balancing selection in plants."
New Phytologist 201(1): 45-56.

Dempster, E. R. (1955). "Maintenance of genetic heterogeneity." Cold Spring Harbor

Symposia on Quantitative Biology 20: 25-32.

DePristo, M. A,, E. Banks, R. Poplin, K. V. Garimella, J. R. Maguire, C. Hartl, A. A.
Philippakis, G. del Angel, M. A. Rivas, M. Hanna, A. McKenna, T. J. Fennell, A. M.
Kernytsky, A. Y. Sivachenko, K. Cibulskis, S. B. Gabriel, D. Altshuler and M. J. Daly

(2011). "A framework for variation discovery and genotyping using next-generation
DNA sequencing data." Nature Genetics 43(5): 491-498.

Dodd, A. N., N. Salathia, A. Hall, E. Kevei, R. Toth, F. Nagy, ]. M. Hibberd, A. J. Millar
and A. A. R. Webb (2005). "Plant circadian clocks increase photosynthesis, growth,
survival, and competitive advantage." Science 309(5734): 630-633.

Edgar, R. S., E. W. Green, Y. W. Zhao, G. van Ooijen, M. Olmedo, X. M. Qin, Y. Xu, M.
Pan, U. K. Valekunja, K. A. Feeney, E. 5. Maywood, M. H. Hastings, N. S. Baliga, M.
Merrow, A.J. Millar, C. H. Johnson, C. P. Kyriacou, J. S. O'Neill and A. B. Reddy (2012).

97



"Peroxiredoxins are conserved markers of circadian rhythms." Nature 485(7399): 459-
U465.

Endelman, J. B. and J. L. Jannink (2012). "Shrinkage Estimation of the Realized
Relationship Matrix." G3-Genes Genomes Genetics 2(11): 1405-1413.

Falconer, D., Mackay, T. (1996). Introduction to Quantitative Genetics. Essex, Englad,
Pearson Education Limited.

Fenster, C. B. and K. Ritland (1994). "Evidence for natural selection on mating system in
Mimulus (Scrophulariaceae)." International Journal of Plant Sciences 155(5): 588-596.

Fisher, R. A. (1925). Statistical Methods for Research Workers. Edinburgh, Oliver and
Boyd.

Fishman, L., A.J. Kelly and J. H. Willis (2002). "Minor quantitative trait loci underlie
floral traits associated with mating system divergence in Mimulus." Evolution 56(11):
2138-2155.

Fishman, L. and J. K. Kelly (2015). "Centromere-associated meiotic drive and female
fitness variation in Mimulus." Evolution 69(5): 1208-1218.

Flagel, L. E., J. H. Willis and T. J. Vision (2014). "The Standing Pool of Genomic
Structural Variation in a Natural Population of Mimulus guttatus." Genome Biology and
Evolution 6(1): 53-64.

Fournier-Level, A., A. Korte, M. D. Cooper, M. Nordborg, J. Schmitt and A. M. Wilczek
(2011). "A Map of Local Adaptation in Arabidopsis thaliana." Science 334(6052): 86-89.

Fournier-Level, A., A. M. Wilczek, M. D. Cooper, J. L. Roe, ]. Anderson, D. Eaton, B. T.
Moyers, R. H. Petipas, R. N. Schaeffer, B. Pieper, M. Reymond, M. Koornneef, S. M.
Welch, D. L. Remington and ]. Schmitt (2013). "Paths to selection on life history loci in
different natural environments across the native range of Arabidopsis thaliana."
Molecular Ecology 22(13): 3552-3566.

Gao, L. L., M. K. Turner, S. M. Chao, J. Kolmer and J. A. Anderson (2016). "Genome
Wide Association Study of Seedling and Adult Plant Leaf Rust Resistance in Elite Spring
Wheat Breeding Lines." Plos One 11(2): 25.

98



Gillespie, J. H. and M. Turelli (1989). "Genotype-environment interactions and the
maintenance of polygenic variation." Genetics 121(1): 129-138.

Glover, B. (2007). Understanding Flowers and Flowering: An Integrated Approach. New

York, Oxford University Press Inc.

Graf, A., A. Schlereth, M. Stitt and A. M. Smith (2010). "Circadian control of
carbohydrate availability for growth in Arabidopsis plants at night." Proceedings of the
National Academy of Sciences of the United States of America 107(20): 9458-9463.

Greaves, . H., Redfern, R., Ayres, P. B, Gill, J. E. (1977). "Warfarin resistance: a balanced
polymorphism in the Norway rat." Genet Res 30: 257-263.

Greenham, K., P. Lou, J. R. Puzey, G. Kumar, C. Arnevik, H. Farid, J. H. Willis and C. R.
McClung (2017). "Geographic Variation of Plant Circadian Clock Function in Natural
and Agricultural Settings." Journal of Biological Rhythms 32(1): 26-34.

Greenham, K., P. Lou, S. E. Remsen, H. Farid and C. R. McClung (2015). "TRiP: Tracking
Rhythms in Plants, an automated leaf movement analysis program for circadian period
estimation." Plant Methods 11(33).

Hall, M. C,, D. B. Lowry and J. H. Willis (2010). "Is local adaptation in Mimulus guttatus
caused by trade-offs at individual loci?" Molecular Ecology 19(13): 2739-2753.

Hall, M. C. and ]J. H. Willis (2006). "Divergent selection on flowering time contributes to
local adaptation in Mimulus guttatus populations.” Evolution 60(12): 2466-2477.

Harmer, S. L. (2009). "The Circadian System in Higher Plants." Annual Review of Plant
Biology 60: 357-377.

Hartl, D., Clark, A. (2006). Principles of Population Genetics, Fourth Edition, Sinauer
Associates, Inc.

Hayama, R. and G. Coupland (2004). "The molecular basis of diversity in the
photoperiodic flowering responses of Arabidopsis and rice." Plant Physiology 135(2): 677-
684.

99



Hedrick, P. W. (1999). "Antagonistic pleiotropy and genetic polymorphism: a
perspective." Heredity 82: 126-133.

Hedrick, P. W. (2006). "Genetic polymorphism in heterogeneous environments: The age

of genomics." Annual Review of Ecology Evolution and Systematics 37: 67-93.

Hopkins, R. and M. D. Rausher (2011). "Identification of two genes causing
reinforcement in the Texas wildflower Phlox drummondii." Nature 469(7330): 411-414.

Johansson, M. and D. Staiger (2015). "Time to flower: interplay between photoperiod
and the circadian clock." Journal of Experimental Botany 66(3): 719-730.

Johnston, S. E., J. Gratten, C. Berenos, J. G. Pilkington, T. H. Clutton-Brock, J. M.
Pemberton and J. Slate (2013). "Life history trade-offs at a single locus maintain sexually
selected genetic variation." Nature 502(7469): 93-95.

Jones, E., Oliphant, T., Peterson, P., et al. . (2001). "SciPy: Open Source Scientific Tools for
Python." from www.scipy.org.

Josephs, E. B., Y. W. Lee, J. R. Stinchcombe and S. I. Wright (2015). "Association mapping
reveals the role of purifying selection in the maintenance of genomic variation in gene

expression." Proceedings of the National Academy of Sciences of the United States of
America 112(50): 15390-15395.

Joshi, N. and J. Fass (2011). "Sickle. A sliding-window, adaptive, quality-based trimming
tool for FastQ files (Version 1.33)." See https://github/. com/najoshi/sickle.

Kelly, J. K. (2003). "Deleterious mutations and the genetic variance of male fitness
components in Mimulus guttatus." Genetics 164(3): 1071-1085.

Kelly, J. K. (2008). "Testing the rare-alleles model of quantitative variation by artificial
selection.” Genetica 132(2): 187-198.

Kelly, J. K. and H. S. Arathi (2003). "Inbreeding and the genetic variance in floral traits of
Mimulus guttatus." Heredity 90(1): 77-83.

Kelly, J. K. and J. H. Willis (2001). "Deleterious mutations and genetic variation for
flower size in Mimulus guttatus." Evolution 55(5): 937-942.

100



Kwiatkowski, D. P. (2005). "How malaria has affected the human genome and what
human genetics can teach us about malaria." American Journal of Human Genetics 77(2):
171-192.

Lee, Y. W. (2009). "Genetic analysis of standing variation for floral morphology and
fitness components in a natural population of Mimulus guttatus (common
monkeyflower)." PhD, Duke University.

Lee, Y. W,, L. Fishman, J. K. Kelly and J. H. Willis (2016). "A Segregating Inversion
Generates Fitness Variation in Yellow Monkeyflower (Mimulus guttatus)." Genetics
202(4): 1473-1484.

Lee, Y. W, B. A. Gould and J. R. Stinchcombe (2014). "Identifying the genes underlying
quantitative traits: a rationale for the QTN programme." Aob Plants 6.

Levene, H. (1953). "Genetic equilibrium when more than one ecological niche is
available." American Naturalist 87(836): 331-333.

Lewontin, R. C. (1974). The Genetic Basis of Evolutionary Change. New York and
London, Columbia University Press.

Lewontin, R. C. (1981). Introduction: The scientific work of Th. Dobzhansky.
Dobzhanksy’s Genetics of Natural Populations, I-XLIII. R. C. Lewontin, Moore, J. A.,
Provine, W. B., Wallace, B. New York, Columbia University Press: 93-119.

Lowry, D. B. and J. H. Willis (2010). "A Widespread Chromosomal Inversion
Polymorphism Contributes to a Major Life-History Transition, Local Adaptation, and
Reproductive Isolation." Plos Biology 8(9).

Maccaferri, M., J. L. Zhang, P. Bulli, Z. Abate, S. M. Chao, D. Cantu, E. Bossolini, X. M.
Chen, M. Pumphrey and J. Dubcovsky (2015). "A Genome-Wide Association Study of
Resistance to Stripe Rust (Puccinia striiformis f. sp tritici) in a Worldwide Collection of
Hexaploid Spring Wheat (Triticum aestivum L.)." G3-Genes Genomes Genetics 5(3): 449-
465.

McClung, C. R. (2006). "Plant circadian rhythms." Plant Cell 18(4): 792-803.

McCLung, C. R. (2011). "The Genetics of Plant Clocks." Advances in Genetics 74: 105-139.

101



McDonald, J. H. (2014). Handbook of Biological Statistics. Baltimore, MD, Sparky House
Publishing.

Michael, T. P., P. A. Salome, H. J. Yu, T. R. Spencer, E. L. Sharp, M. A. McPeek, J. M.
Alonso, J. R. Ecker and C. R. McClung (2003). "Enhanced fitness conferred by naturally
occurring variation in the circadian clock."” Science 302(5647): 1049-1053.

Mitchell-Olds, T., J. H. Willis and D. B. Goldstein (2007). "Which evolutionary processes
influence natural genetic variation for phenotypic traits?" Nature Reviews Genetics
8(11): 845-856.

Mojica, J. P. and J. K. Kelly (2010). "Viability selection prior to trait expression is an
essential component of natural selection." Proceedings of the Royal Society B-Biological
Sciences 277(1696): 2945-2950.

Mojica, J. P., Y. W. Lee, J. H. Willis and J. K. Kelly (2012). "Spatially and temporally
varying selection on intrapopulation quantitative trait loci for a life history trade-off in
Mimulus guttatus." Molecular Ecology 21(15): 3718-3728.

Monnahan, P. J. and J. K. Kelly (2015). "Naturally segregating loci exhibit epistasis for
fitness." Biology Letters 11(8).

Monnahan, P. J. and J. K. Kelly (2017). "The Genomic Architecture of Flowering Time
Varies Across Space and Time in Mimulus guttatus." Genetics 206(3): 1621-1635.

Miiller, N. A., C. L. Wijnen, A. Srinivasan, M. Ryngajllo, I. Ofner, T. Lin, A. Ranjan, D.
West, J. N. Maloof, N. R. Sinha, S. W. Huang, D. Zamir and ]. M. Jimenez-Gomez (2016).
"Domestication selected for deceleration of the circadian clock in cultivated tomato."
Nature Genetics 48(1): 89-93.

Nunez-Farfan, J. and C. D. Schlichting (2001). "Evolution in changing environments: The
"synthetic" work of Clausen, Keck, and Hiesey." Quarterly Review of Biology 76(4): 433-
457.

Pelz, H.]., S. Rost, M. Hunerberg, A. Fregin, A. C. Heiberg, K. Baert, A. D. MacNicoll, C.
V. Prescott, A. S. Walker, J. Oldenburg and C. R. Muller (2005). "The genetic basis of
resistance to anticoagulants in rodents." Genetics 170(4): 1839-1847.

102



Pittendrigh, C. S. and T. Takamura (1989). "Latitudinal clines in the properties of a
circadian pacemaker." Journal of Biological Rhythms 4(2): 217-235.

Prasad, K., B. H. Song, C. Olson-Manning, J. T. Anderson, C. R. Lee, M. E. Schranz, A.].
Windsor, M. J. Clauss, A. J. Manzaneda, I. Naqvi, M. Reichelt, J. Gershenzon, S. G.
Rupasinghe, M. A. Schuler and T. Mitchell-Olds (2012). "A Gain-of-Function
Polymorphism Controlling Complex Traits and Fitness in Nature." Science 337(6098):
1081-1084.

Pritchard, J. K. and A. Di Rienzo (2010). "Adaptation - not by sweeps alone." Nature
Reviews Genetics 11(10): 665-667.

Pritchard, J. K., J. K. Pickrell and G. Coop (2010). "The Genetics of Human Adaptation:
Hard Sweeps, Soft Sweeps, and Polygenic Adaptation.” Current Biology 20(4): R208-
R215.

Puzey, J. R., J. H. Willis and J. K. Kelly (2017). "Population structure and local selection
yield high genomic variation in Mimulus guttatus." Molecular Ecology 26(2): 519-535.

Rubin, M., Brock, T., Davis, A., German, Z., Knapp, M., Welch, S., Harmer, S., Maloof, J.,
Davis, S., Weinig, C. (2017). "Circadian rhythms vary over the growing season and
correlate with fitness components." Molecular Ecology 26: 5528-5540.

Salmela, M. J., K. Greenham, P. Lou, C. R. McClung, B. E. Ewers and C. Weinig (2016).
"Variation in circadian rhythms is maintained among and within populations in Boechera
stricta." Plant Cell and Environment 39(6): 1293-1303.

Sawa, M. and S. A. Kay (2011). "GIGANTEA directly activates Flowering Locus T in
Arabidopsis thaliana." Proceedings of the National Academy of Sciences of the United
States of America 108(28): 11698-11703.

Scoville, A. G., Y. W. Lee, J. H. Willis and J. K. Kelly (2011). "Explaining the heritability
of an ecologically significant trait in terms of individual quantitative trait loci." Biology
Letters 7(6): 896-898.

Searle, S. R. (1987). Linear models for unbalanced data. New York, NY, John Wiley &
Sons, Inc. .

103



Sokal, R. R., Rohlf, F. J. (1981). Biometry: The principles and practive of statistics in
biological research. San Francisco, W. H. Freeman.

Suarez-Lopez, P., K. Wheatley, F. Robson, H. Onouchi, F. Valverde and G. Coupland
(2001). "CONSTANS mediates between the circadian clock and the control of flowering
in Arabidopsis." Nature 410(6832): 1116-1120.

Subramaniam, B. and M. D. Rausher (2000). "Balancing selection on a floral
polymorphism." Evolution 54(2): 691-695.

Sulzman, F. M., D. Ellman, C. A. Fuller, M. C. Mooreede and G. Wassmer (1984).
"Neurospora circadian rhythms in space - a re-examination of the endogenous-
exogenous question." Science 225(4658): 232-234.

Sweigart, A., K. Karoly, A. Jones and J. H. Willis (1999). "The distribution of individual
inbreeding coefficients and pairwise relatedness in a population of Mimulus guttatus."
Heredity 83: 625-632.

Team, R. C. (2017). R: A language and environment for statistical computing. Vienna,
Austria, R Foundation for Statistical Computing.

Turchin, M. C., C. W. K. Chiang, C. D. Palmer, S. Sankararaman, D. Reich, J. N.
Hirschhorn and A. Genetic Invest (2012). "Evidence of widespread selection on standing
variation in Europe at height-associated SNPs." Nature Genetics 44(9): 1015-1019.

Via, S. and R. Lande (1987). "Evolution of genetic variability in a spatially heterogeneous
environment - effects of genotype-environment interaction.” Genetical Research 49(2):
147-156.

Vickery, R. A. (1964). "Barriers to gene exchange between members of the Mimulus
guttatus complex (Scrophulariaceae).” Evolution 18(1): 52-69.

Wadgymar, S. M., D. B. Lowry, B. A. Gould, C. N. Byron, R. M. Mactavish and J. T.
Anderson (2017). "Identifying targets and agents of selection: innovative methods to
evaluate the processes that contribute to local adaptation." Methods in Ecology and
Evolution 8(6): 738-749.

104



Willis, J. H. (1993). "Partial self-fertilization and inbreeding depression in two
populations of Mimulus guttatus. ." Heredity 71: 145-154.

Willis, J. H. (1996). "Measures of phenotypic selection are biased by partial inbreeding."
Evolution 50(4): 1501-1511.

Willis, J. H. (1999). "The role of genes of large effect on inbreeding depression in Mimulus
guttatus." Evolution 53(6): 1678-1691.

Yerushalmi, S., E. Yakir and R. M. Green (2011). "Circadian clocks and adaptation in
Arabidopsis." Molecular Ecology 20(6): 1155-1165.

Yu, J. M., G. Pressoir, W. H. Briggs, I. V. Bi, M. Yamasaki, J. F. Doebley, M. D. McMullen,
B. S. Gaut, D. M. Nielsen, J. B. Holland, S. Kresovich and E. S. Buckler (2006). "A unified
mixed-model method for association mapping that accounts for multiple levels of
relatedness." Nature Genetics 38(2): 203-208.

Zhang, Z. W., E. Ersoz, C. Q. Lai, R. ]J. Todhunter, H. K. Tiwari, M. A. Gore, P. ].
Bradbury, J. M. Yu, D. K. Arnett, J. M. Ordovas and E. S. Buckler (2010). "Mixed linear
model approach adapted for genome-wide association studies." Nature Genetics 42(4):
355-U118.

105



Biography

Ashley Troth was born in Midland, Michigan in 1988, and grew up in Carmel,
Indiana. She attended Indiana University (Bloomington, Indiana) where she received a
BS with Departmental Honors in Biology, and a Certificate in Animal Behavior in 2011.
She entered the Developmental and Stem Cell Biology program at Duke University in
2011, and joined the Duke University Biology Department in 2013. In her free-time she

enjoys knitting, gardening, and carousing with her dog and husband.

Publications:
Barnett L, Troth A, Willis J. Plastic mating system response to day length in the
California wildflower Mimulus douglasii. American Journal of Botany. In review.
Snell-Rood EC*, Troth A*, Moczek AP. DNA methylation as a mechanism of
nutritional plasticity: limited support from horned beetles. Journal of Experimental
Zoology Part B: Molecular and Developmental Evolution. DOI: 10.1002/jez.b.22479. (*

denotes first author)

Grants, Awards, and Fellowships:

2016, Bass Instructor of Record Fellowship, Duke University ($11,235).

106



2015, Doctoral Dissertation Improvement Grant, “Shedding Light on the Complex
Relationship Between Circadian Clock Variation and the Trade-off Between Flowering
Time and Flower Size.” National Science Foundation ($20,634).

2015, Preparing Future Faculty Fellowship Program, Duke University Graduate
School ($500).

2013, Graduate Research Fellowship Program, National Science Foundation
($96,000).

2013, Summer Institute in Statistical Genetics Tuition Scholarship, University of
Washington ($1,650).

2012, Science Education Outreach Grant, “I didn’t know plants could do that!”,

Duke Center for Science Education ($500).

107



