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CHAPTER ONE

INTRODUCTION

Background

Adaptation by natural selection is considered a driving force for generating biodiversity.
A long-held goal in evolutionary biology is to identify the drivers of selection in the environment
and the phenotypic traits that are targets of selection and confer adaptation (Leinonen et al.,
2013). Often, studies of adaptation focus on a limited number of individuals from populations
that are already significantly diverged to identify the mechanisms of local adaptation (Belinda &
Sgro, 2017). Despite plausible connections between trait variation and potential agents of
selection in the environment, many investigators assume differentiated traits are adaptations
without demonstrating a role for selection on the trait or impacts on fitness (Leinonen, 2007).
However, phenotypic variation among populations does not solely arise due to divergent natural
selection, but results from a combination of evolutionary forces including neutral processes such
as isolation by distance and genetic drift, which vary across geographic scales (Borsa et al.,
1997; Hutchison & Templeton, 1999). In order for populations to adapt to local environmental
conditions there must be mechanisms that limit the homogenizing effects of gene flow among
populations. Thus, a comprehensive understanding of adaptation requires a spatially explicit
population level approach that encompasses local selective forces and the extent of gene flow, in

order to identify key adaptive traits.



Detecting Traits Under Selection

One way to assess the relative contribution of natural selection and neutral processes on
shaping phenotypic variation, within and among natural populations, is to compare quantitative
trait (Qst or Pst) and neutral genetic (Fst) variation (Leinonen et al., 2013). Qst examines the
guantitative phenotypic variation between populations, compared to the total variation within and
between populations. Qst can be calculated by the following equation, where o2 is the variance
between populations and % is the variance within populations.

2
og
Qst =

If Qs is equal to Fsr, then the phenotypic variation is what we would expect from neutral
processes such as drift. If Qst is greater than Fsr, this indicates that phenotypic variation is
greater than patterns of genetic variation among populations, suggesting that directional selection
is driving greater divergence than we would expect from drift alone. Qs values lower than Fst
values provide evidence that traits are under stabilizing selection, even in the face of drift
(Brommer, 2011; Leinonen et al., 2013). Qst estimates typically require genetic breeding designs
under controlled conditions to limit environmental and maternal variance and estimate additive
genetic variance (c) and narrow sense heritability (h?). This approach is not feasible for many
study systems and neglects to reflect phenotypic divergence of natural populations.

Pst is a field-based proxy for Qst in which phenotypic variation is measured directly
from field specimens. While not as robust as Qst measurements, Pst measures divergence based
on phenotypic variance and can provide initial insights to the role of local adaptation on

phenotypic variation (Kauffer et al., 2012; Leinonen et al., 2006; Raetmaekers et al., 2007;



Saether et al., 2007). To estimate Psr, heritability values are obtained from relevant systems in
the literature and are also interpreted across a range of heritabilities and scalar values.

cop
2 2,2
cog + 2h%oy,

Psr =

Commonly used ratios for unknown ¢ and h? are 1 (i.e., 100% of variance among
populations is due to additive genetic variance) and 0.5 (i.e., 50% of phenotypic variation is
genetically based and due to additive genetic variance) respectively (Brommer, 2011; Leinonen
et al., 2013). A lower ratio corresponds with a more conservative comparison to Fst. However,
because heritability values are not directly measured, it is worth examining the change in Pst
across all combinations of a range of heritabilities and scalar values (from 0 to 2). By looking at
how Pst changes, we can inspect sensitivity of the mean Pst estimates, relative to mean Fsr.
How well Pst approximates Qst depends on how well the parameters ¢ and h? are estimated,
such that if the values of ¢ and h? are known, then the phenotypic divergence quantified by Pst
would equal Qsr.
Population Genomics Using RADSeq

Investigation of the genetic composition of populations has long been an area of interest
in biology (Haldane, 1932; Fisher, 1950; Wright, 1984). Recent advances in DNA sequencing
technologies make it feasible and affordable to obtain genomic information from large numbers
of individuals in non-model systems, setting the stage for applications and advances in
population genomics.

Restriction site Associated DNA Sequencing (RADSeq) is one such method that can

generate neutral loci in organisms with no reference genome (Davey and Blaxter, 2010; Andrews

etal., 2016). In the RADSeq method, genomic DNA is digested using restrictions enzymes.



Adapters with unique barcodes are ligated onto fragmented DNA and multiplexed allowing
multiple individuals to be sequenced in a single sequencing run. A common approach to process
sequencing reads is through Stacks, a bioinformatics pipeline, which was built to track a set of
loci in a population, and the alleles present at those loci (Catchen et al., 2013). The general
pipeline is to first demultiplex reads and align to one another or a reference genome to generate
loci for all individuals. Loci are then added to a single catalog and individuals are mapped to the
catalog to determine which haplotype alleles are present at every locus in each individual. SNPs
can then be filtered according to presence in proportion of individuals, presence in given
populations, SNPs per locus, and more. Methods like RADSeq allow investigators to evaluate
gene flow in closely related populations and estimate the extent to which a population has
diverged. However, RADSeq prepared data often generates many reads that are shared by only a
few individuals, preventing a comprehensive population genetic analysis for all individuals.

Alternatively, double digest RAD sequencing (ddRAD), subsamples the genome by using
two enzymes to digest genomic DNA. Using two enzymes permits for a larger percentage of
shared reads across individuals thus improving the ability to reconstruct loci in downstream
analyses (Peterson et al., 2012). The size selection interval can therefore be varied to impact the
number of reads, read coverage, and ultimately the number of resulting SNPs. This flexibility
makes ddRADseq a customizable approach for a wide range of purposes.

SNPs generated from ddRADseq can be used to examine genetic differentiation among
populations. Fixation indices (or F-statistics) have long been used to describe genetic variance
through comparison of variance in allele frequencies between populations (Wright 1984, Chesser
1991). Wright’s Fst assumes that the allele frequency per population is known. However, unless

all individuals from all populations have been sampled, allele frequencies cannot be known with
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certainty. There are several estimators for Fst including Nei’s Distance, Weir and Cockerham’s,

and Hudson’s Fst (Nei, 1973; Weir & Cockerham, 1984; Hudson et al., 1992). Here, | evaluate
Nei’s genetic distance for population pairwise estimates and Weir & Cockerham’s Fst. Values
for fixation indices will provide insight to A. lentiginosus population structure and the scale of
gene flow occurring between A. lentiginosus populations. Characterization of population
structure will allow me to investigate correlations between genetic structure and morphological
varieties. | will also compare genetic and geographic distances to observe correlations between

population structure and location and signatures for isolation by distance.

Astragalus: The Most Species Rich Plant Genus

Astragalus is the most species-rich plant genus on Earth, encompassing nearly 3,000
species. For context, most plant families contain far fewer than 3,000 species. Astragalus is
particularly diverse across temperate regions of southwest Asia (ca. 2,000 spp.), the Sino-
Himalayas (ca. 400 spp.), western North America (ca. 400 spp.; Linnaeus, 1799), and the Andes
(ca.100 spp.; Wojciechowski, 2005; Podlech & Zarre, 2013). Many Astragalus species are found
in restricted habitats or those requiring edaphic specializations (Wojciechowski et al., 1999). Not
only is Astragalus strikingly diverse but it has important cultural, agronomic and ecological
importance. One species, A. membranaceous is used in traditional Chinese medicine for immune
system support. Other species of Astragalus, termed “Locoweeds”, produce or accumulate toxic
compounds that are lethal to grazing livestock, costing millions of dollars in economic losses in
the United States alone (Cook et al., 2009).

Originating in Eurasia, Astragalus has radiated globally since diverging from its sister
taxa Oxytropis approximately 16 million years ago (Ma) (Azani et al., 2013; Wojciechowski,

2005; Su et al., 2021). Furthermore, phylogenetic analyses suggest that the majority of
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Astragalus is monophyletic (Wojciechowski et al., 1999). Astragalus has been delineated into

136 old-world (Podlech & Zarre, 2013) and 93 new-world (Barneby, 1964) taxonomic sections.
It is estimated that the new world species migrated from Asia as recently as 2.63 million years
ago (Su et al. 2021).

Reproductive isolating barriers restrict the homogenizing effect of gene flow, making it
an essential process leading to speciation. There are several mechanisms that may serve as
reproductive isolating barriers in plants including habitat specialization, ecogeographic isolation,
plant-pollinator interactions, mating system differentiation, and temporal isolation. For example,
in Mimulus, another diverse western North America plant genera, plant pollinators shifts are a
strong diversifying mechanism among closely related sister taxa (e.g., Species or ecotypes)
(Schemske & Bradshaw, 1999; Peter & Johnson, 2014; Byers & Bradshaw, 2021). This does not
seem to be the case in Astragalus. Astragalus flowers, like many Papilionoid legumes, are
predominately pollinated by mid-size bees (Cronk, 2006). In fact, of the approximately 400
species of Astragalus in western NA, only one is pollinated by hummingbirds (A. coccineus).
Similarly, shifts in plant mating system from outcrossing to selfing can generate reproductive
isolation and promote diversification. For example, two subspecies of Clarkia, one primarily
outcrossing and the other primarily self-fertilized, occur in sympatry, however, hybrids are rarely
observed. While some species of Astragalus have been documented to be partially self-
compatible (Karron, 1989), reproduction depends primarily on cross-pollination. Thus, unlike
other diverse plant groups (e.g., Mimulus, Aquilegia, etc.), mating systems and pollinator-shifts
do not stand out as obvious drivers of diversification in Astragalus.

Astragalus is renowned for its striking diversity in fruit morphology as noted by

systematist Rupert Barnaby (1964), “No other genus of flowering plants exhibits greater variety
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in the form of the fruit”. The diversity in Astragalus is highly noticeable in the different shapes

and characteristics of the fruits of different species and varieties, and fruit morphology is often a
diagnostic character for delineating taxa (Barneby, 1964). Astragalus fruits are pods that are
often inflated, one or two chambered, sometimes mottled or possess trichomes, dry with ripening
age, and may fall from the plant when dehiscing seeds. The adaptive significance of Astragalus
fruit morphological distinction is not immediately clear. Unlike plant-pollinator interactions
there is not an evident direct link between fruit morphological variation and reproductive
isolation. Thus, it remains unknown whether fruit morphological variation is a driver of
diversification in Astragalus or if it is shaped by underlying neutral genetic processes.

Beyond the remarkable species diversity throughout the Astragalus genus, there is also
considerable variation observed within species. One species in particular, A. lentiginosus, is the
most taxonomically diverse species in the North American flora with over 40 recognized
varieties, many of which are distinguished based upon fruit morphological differentiation (Isely,
1998; Barneby, 1964; Knaus, 2010) albeit somewhat arbitrarily, as there are differences in
classification depending on the systematist (Barneby, 1964, 1989; Isely, 1998; Welsh, 2007,
Knaus, 2010). A few differentiating fruit traits among varieties include pod inflation, pod width,
pod thickness, leaf morphology and flower color (Knaus, 2010).

Varieties of A. lentiginosus are morphologically distinct when surveyed at geographically
distant locations but may become indistinguishable the closer populations are to one another
(Barneby, 1964, p. 922). Varieties of A. lentiginosus vary considerably in the size of their
geographic ranges. For example, var. piscinensis occupies approximately six square kilometers
whereas var. fremontii and var. salinus have a range encompassing 25,000 square kilometers and

over 50,000 square kilometers respectively (Harrison et al., 2019). This variation in range size
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among varieties is also observed among species of Astragalus. One hypothesis is that taxa with

broad range sizes represent generalists whereas narrowly distributed taxa are likely habitat
specialists. While varieties of A. lentiginosus appear to be morphologically distinct, they still
belong to a single species and thus are likely in the earliest stages of divergence. A. lentiginsous
is therefore a strong model for studying the drivers of rapid diversification. Furthermore, trait
variation within A. lentiginosus is also observed throughout the genus (e.g., variation in range
size, fruit morphology, etc.), making A. lentiginosus an insightful system for understanding the
microevolutionary mechanisms of broader evolutionary trends across Astragalus.

Although varieties are defined by morphological characteristics, little is known about the
actual genetic population structure of A. lentiginosus. Preliminary research suggests genetic
structure exists between varieties but the extent of the distinction across all varieties isn’t known
(Knaus et al., 2005; Harrison et al., 2019). These studies are often limited in scope by the number
of varieties investigated, the geographic area under study, or the number of loci used to
determine genetic structure. A study by Knaus et al. (2005) examined genetic structure between
3 different varieties of A. lentiginosus sampled over six sites using AFLPs. Two of these
varieties occupied ranges that overlapped (var. lentiginosus and var. salinus) and one variety
occupied a range that was geographically distinct from the other two (var. variablis). A principal
coordinates analysis based on Dice’s genetic distances revealed patterns of distinction between
varieties but also suggested patterns of distinction based on sampling location. While patterns of
genetic structure were found, only 184 loci were generated across just three varieties and six sites
(Knaus et al., 2005). Another study characterized genetic structure of a single, very narrowly
distributed A. lentiginosus variety (var. piscinensis) at different sampling locations around an 8

square km area of the Nevada Fish Slough (Harrison et al., 2019). This study adapted a
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RADSeq/GBS protocol to generate 7274 SNPs for 117 individuals. Not only was structure found

at the site level, but there was evidence that structure correlated with abiotic factors. While these
studies provide promising insights, it remains unclear whether taxonomic varieties of A.
lentiginosus represent discrete genetic units and the underlying population genetic structure in
this system.
Adaptive Significance of Fruit Morphology

Despite the profound diversity in fruit morphology throughout the genus and within
species, the potential adaptive significance of Astragalus fruit morphological variation remains
unknown. In many plant systems, fruits serve as a means for animal dispersal (Pijl, 1982; Mazer
& Wheelright, 1993), however to my knowledge there is no evidence for animal dispersal of
fruits or seeds in Astragalus. Many Astragalus species in western North America have dry
inflated fruits, which are likely dispersed by wind in the open environments that they inhabit
(Houghton et al. 2020). Abiotic dispersal agents such as wind are expected to function uniformly
across populations and are unlikely to select for distinct fruit morphologies. A more likely
adaptive role for fruit morphological variation is as a physical defense against insect herbivores.

Pre-dispersal seed herbivory by insects has been documented to have profound impacts
on fitness in Astragalus (Green & Palmbald, 1975; Martin & Menke, 2012). In Astragalus,
specialist seed beetles (Acanthoscelides) have been documented to have drastic effects on
Astragalus fitness with seed mortality rates of 74% (Green & Palmbald, 1975) and even as much
as 93% (G. Morse pers. comm.). Herbivory and seed predation are not unique to Astragalus but
are common agents of selection among plants (Althoff, 2014, Agrawal et al., 2018). Ehrlich and
Raven (1964) famously proposed that antagonistic coevolution between plants and herbivorous

insects is responsible for generating much of the plant diversity on Earth. Common fruit
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adaptations known to make feeding more difficult for insect herbivores include waxes,

trichomes, husk hardness, sclerophylly, latex deposition and lactiferous structures (Janzen 1971;
Firstenberg- Héagg et al. 2013; Dalin and Bjérkman 2003; War et al. 2018). In some Astragalus
species such as A. cibarius, Green and Palmbald (1975) hypothesize that pubescent pods may
prevent beetles from depositing eggs within fruits. It is important to note that insect population
size and levels of herbivory often vary across the landscape, establishing variable selection

across space and time (Thompson 1994 & 2005; Whitney & Stanton, 2004; Althoff et al., 2014).

Heritability of Fruit Traits

Because of unknown values for ¢ and h?, Pst values can often be misinterpreted.
Therefore, when utilizing Pst estimates there must be careful considerations when making
assumptions about for ¢ and h? Brommer,2011). The null assumption is that ¢ = h?, however,
since one cannot be sure that a system follows the null assumption, Pst should be evaluated
across a range of values. One such study that implements this practice in natural populations is
by Seymour et al. (2019) where various phenotypic traits in stickleback are observed across a
variety of scalar and narrow sense heritability values. For several of their traits, interpretation of
the Pst - Fst comparisons depended on which values of ¢ and h? were used. Only one trait,
defense, showed higher values of Pst compared to Fst for all values of ¢ and h?. Another study
by Mota et al. (2020), looked at fruit shape characteristics in 25 subpopulations of Dipteryx alata
(Fabaceae). Pst values for these traits were generally low, ranging from 0.22-0.24 but were not
compared to Fst values.

Phenotypic heritability for fruit traits in legumes ranges with some species estimated to
have low-moderate phenotypic heritability ranging from 0.28-0.55 (chickpeas: Karami, 2011;

Petrova, 2021) and other species have moderate-high phenotypic heritability ranging from 0.68-
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0.97 (pea, common bean and faba bean: Gomez & Ligarreto, 2012; Delfini et al., 2021; Bora et

al., 1998) (Kuzbakova et al., 2022). Pod heritability in the common bean has been shown to have
relatively high heritabilities ranging from 0.31-0.91 (Garcia-Fernandez et al., 2021). Pod length
has also been documented to have high narrow sense heritability in yardlong beans (Kusmiyati et
al., 2021). Fruit shape in other families like pecans and tomatoes have shown moderate to high
heritabilities with tomatoes having heritability estimates as high as 0.97 (Bhattarai et al., 2022;
Zorb et al., 2020). Even though estimates for fruit shapes tend to be moderate to high, it is

important to observe Pst across a range of heritabilities.

Analyzing Fruit Shape with Geometric Morphometrics

While fruits have been identified as a delineating characteristic for species and varieties
of Astragalus, little has been done to quantify fruit phenotypic variation. One study by Knaus
(2010) evaluated floral, fruit and vegetative characteristics of fourteen A. lentiginosus varieties to
determine how well plant characteristics described taxonomic varieties. With relation to fruit
shape, pod beak length was identified as the most influential shape trait when delineating
varieties. This study evaluated fruit shape with four linear measurements, however these
measurements fail to preserve the overall pod shape configurations of the fruit.

Landmark-based geometric morphometrics is now the standard approach to quantify
shape and shape variation in a system (Mitteroecker & Gunz, 2009). Homologous landmarks are
used for conserved points in a model that can be found in all individuals. However, traditional
homologous landmarks are insufficient in capturing curved shapes that lack distinct homologous
points. Semilandmarks are used to capture curves and surfaces across individuals that share
homologous geometric patterns. Semilandmarking allows shape to be captured in more detail

and thus provides insight to shape variation at a finer scale. For example, semilandmarks have
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been used to document shape differences between plant varieties in leaf morphologies (Nery et

al., 2019; Marquez et al., 2022). Here, | use a Procrustes based approach in which coordinates
are aligned based off the centroid and semilandmarks slide are adjusted in relation to their
surrounding landmarks (Adams et al., 2022).

Scope

Astragalus lentiginosus is an extremely diverse species and may serve as an important
evolutionary model for other plant systems. This study will serve to characterize the population
genetic structure of A. lentiginosus across the Southwest United States and determine the amount
of gene flow occurring between populations of A. lentiginosus. Understanding the scale of gene
flow is necessary to provide insight to the potential for local adaptation to occur in A.
lentiginosus. If considerable population structure and reduced gene flow is identified across the
landscape, this could allow populations to readily adapt to local selective pressures, like
herbivory, and also for neutral genetic differentiation among populations. Profound levels of
genetic differentiation between certain varieties could be indicative of distinct species within A.
lentiginosus, which may be likely given the high degree of fruit morphological variation. These
findings will also be of applied significance as numerous morphological varieties are given
special conservation status.

Additionally, patterns of morphological variation will be determined across A.
lentiginosus varieties. Determining the amount of variation across populations of A. lentiginosus
not only provides insight for how discrete morphological varieties actually are, but also allows us
to correlate how much genetic structure varies in comparison to morphological structure. This
analysis will provide insight into the variables that may influence fruit morphological variation.

Mechanisms such as local adaptation and genetic drift may depend on variables examined here
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such as scale of gene flow and sampling location. Comparing Pst to Fst will provide the first

evidence as to whether fruit morphological variation in A. lentiginosus is adaptive or is driven by
neutral evolutionary processes.

This study aims to address the following questions. 1) What is the scale of gene flow and
resulting population genetic structure of Astragalus lentiginosus? 2) Do morphological varieties
represent population genetic structure of Astragalus lentiginosus? 3) Do varieties with narrowly
distributed range sizes have reduced genetic diversity compared to broadly distributed ranges?
Are there correlations between genetic and geographic distances? 4) Does fruit shape variation
explain taxonomic varieties? 5) Is there a signature for selection based on comparison of fruit

shape variation and genetic variation?
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CHAPTER TWO

METHODS

A. lentiginosus Fruit Collections and Seed Germination

In the summer of 2019, A. lentiginosus was collected by the Grillo lab from 86 sites in
Arizona, California, Nevada, and Utah (Figure 1). This region encompasses approximately 1/3 of
the A. lentiginosus range in the United States. Field collections consisted of harvesting numerous
ripe fruits from up to 20 plants at each site, to be used for morphometric analysis and DNA
extraction from seedlings. Most sampled populations of A. lentiginosus were identified through
online georeferenced herbarium records (e.g., Jepson’s eflora; Intermountain Biota etc.). When
ripe fruits were not available leaf tissue was collected for DNA extraction. From the 86 sites, 853
A. lentiginosus specimens were collected from 18 taxonomic varieties. Fruits from the Summer
2019 collections were imaged for morphometric analysis. Pictures for up to ten fruits per plant
were taken from both the top and side view. In total there were 2,505 fruit images that were
landmarked for each view. These images represented 288 plants, 35 sites and 14 varieties.

Seeds were harvested from fruit collections and grown in the Loyola greenhouse until
they were large enough to extract DNA. Seeds were first scarified by nicking the seed coat with a
razor blade. Seeds were then surface sterilized in 30% bleach for 10 minutes and were rinsed
three times in sterile DI water. On the final rinse, seeds were imbibed in water for approximately

30 minutes. After imbibing, seeds were placed on a wet kimwipe in a petri dish and incubated at
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30°C. Once seeds germinated, they were planted in small pots with up to 8 seedlings from each

plant collected in the field.

Double Digest RADSeq Library Preparation and Sequence Processing

DNA was extracted from young A. lentiginosus leaves using Quick-DNA Plant/Seed
Miniprep Kit (Zymo Research Group, California, USA) and eluted in 55uL of MilliQ water.
Leaves were collected from a single plant so as not to introduce false heterozygosity. DNA
concentration was measured with a Qubit 2.0 Fluorometer using a Qubit HS DNA Assay Kit
(Life Technologies, Thermo Fisher Scientific) and kept in -20°C until library preparation.

Here, | utilize double digested RADSeq (ddRAD), an adaptation of RADSeq (Peterson et
al. ,2012), to generate SNPs and evaluate the population genetic structure of A. lentiginosus.
Prior to preparing a complete library for sequencing, an in-silico digestion simulation was
completed to estimate the number of fragments to be expected after digestion and size selection.
Because Astragalus does not have a reference genome, the R package SIimRAD was used to run a
simulated digest of Glycine max, a well sequenced legume with a similar estimated genome size
to Astragalus at ~1Gb (Lepais & Weir, 2014). Simulated digestions were run on a single
chromosome of each species and those results were then multiplied to represent the entire
genome (Table 1). A simulated digest informs decisions for size selection and allows to estimate
sequencing coverage based on the number of individuals (Table 1). Coverage was estimated by
taking the expected number of reads from the sequencer and dividing by the number of
individuals times the number of expected fragments. The expected coverage for 192 individuals
on a NovaSeq instrument with a size selection between 300-700bp is: 1,300,000,000 reads / (192

individuals * 64,000 fragments) = 105X.
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Table 1. Summary of Simulated Digest and Size Selection of Glycine max. “A” represents a
cutsite by the first enzyme and “B” represents a cutsite by the second enzyme. ddRAD only
utilizes fragments with one cutsite from both enzymes.

Values for one | Values for entire
chromosome | genome (x20)
Number of restriction sites for the first enzyme 16530 330600
(Ecorl)
Number of restriction sites for the second enzyme 31986 639720
(Msel)
Number of type AB and BA fragments 16362 327240
Number of type AA fragments 8322 166440
Number of type BB fragments 23729 474580
Fragments between 300 and 700 bp 3211 64220
Fragments between 400 and 600 bp 1483 29660

A modified version of the original ddRAD-Seq method (Peterson et al., 2012) was used
for reduced representation genomic library construction (Diaz-Martin et al., 2023). Adapters are
oligonucleotides designed to ligate to the sticky ends of the restriction cut sites of genomic DNA
and contain sequencing primer binding sites that initiate sequencing. Additionally, adapters serve
to identify individuals with a unique 5bp barcode so that all individuals with unique adapters
may be multiplexed and run on a single sequencing lane. Adapters were designed following
Peterson et al. (2012) with 48 adapters with a unique barcode designed to ligate to the EcoRI cut
site and 1 common adapter designed to ligate to the Mspl cut site. Adapters are ordered single-
stranded and were annealed by combining equal amount of forward and reverse primer in a 96-
well plate and heating them to 97.5°C and cooling slowly until 21°C was reached. PCR primers
were also ordered according to Peterson et al. (2012) and are used for PCR amplification and

also contain complementary sequences for Illumina sequencing. PCR primers can also be used in
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combination with adapters for further multiplexing by incorporating a standard Illumina

multiplexing read index.

All samples were diluted to a normalized DNA concentration of approximately 30ng/uL.
A total of 192 samples in four libraries were digested using enzymes EcoRI-HF (New England
Biolabs, Ipswich, MA. USA) and Mspl (New England Biolabs, Ipswich, MA. USA) for 12-18
hours at 37.5°C in a thermocycler to ensure complete digestion. Adapters containing custom
barcodes were ligated onto sticky ends of digested product with T4 DNA ligase (New England
Biolabs, Ipswich, MA. USA) in a thermocycler at room temperature for 3 hours with a 10-minute
heat kill step to denature ligase activity. Following ligation, samples were pooled by library and
size selected using AmpureXP beads (Beckman Coulter, Indianapolis, IN). A double-sided size
selection was performed following Diaz-Martin et al. (2023) by first adding AmpureXP beads to
bind to very large fragments and leave behind fragments less than 700bp in supernatant. The
supernatant containing fragments 700bp and under is then transferred and beads are added to
attach fragments larger than 300bp. The supernatant is discarded, and DNA is eluted from the
beads in 20uL of MilliQ water. Libraries were PCR amplified with 14 cycles and cleaned with
AmpureXP beads. After measuring library concentrations, each library was normalized at
40ng/uL and combined in equal volumes. In total, four reduced representation genomic libraries
containing 175 individuals were sequenced on an Illumina NovaSeq 6000 at Michigan State

University at the MSU Genomics Technology Support Facility for 150bp paired end sequencing.

Assembling Loci and Collecting SNPs
Sequenced libraries were first evaluated with fastQC reports. Upon initial inspection, cut
sites in the forward reads and reverse reads failed to be resolved, however the remainder of the

read was high quality. This is a common issue with NovaSeq instruments as there is no
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nucleotide diversity at the restriction cut site which leads to low quality reads at the cut site

position. As a result of these findings, reads were demultiplexed and filtered considering paired
end reads and forward reads separately. Stacks is a program that takes raw sequencing reads from
individuals and aligns reads into “stacks” to generate loci (Catchen et al., 2013). This program
was designed for systems that have no reference genome. Ustacks aligns identical reads in
individuals to build a “stack” and then merges stacks together to create a locus and detect SNPs
at that locus. cstacks adds the loci that were built in ustacks into a catalog and merges shared loci
across individuals. sstacks maps the loci from individuals in ustacks to a catalog locus. tsv2bam
transposes data to orient it by locus rather than by individual and gstacks identifies SNPs for the
meta-population at each locus and then genotype each individual at each identified SNP and
phase the SNPs into a set of haplotypes.

Libraries were demultiplexed by individual and reads with uncalled bases and low-
quality scores were removed using process_radtags from Stacks. This command takes a map of
individuals and their associated barcodes and demultiplexes based on identification of those
sequences. Additionally, it checks for restriction enzyme cut sites in the forward and reverse
reads and removes reads where the restriction site cannot be found. A. lentiginosus does not have
a reference genome, therefore the denovo pipeline was used for loci assembly. A subset of 66
samples was taken to test the parameters for M/n = 1-9 prior to running the full dataset. One
individual was chosen per sample site so that the catalog would have full representation of all
individuals. During parameter testing, individuals with more than 60% missing data were
removed from the final dataset so as not to limit the number of SNPs for final consideration.

Only four specimens were removed from downstream analyses for this reason.
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After loci were built and SNPs were mapped for each individual, loci were filtered using

populations. Loci that were not present in at least 80% of all individuals were removed following
Paris et al. (2017). Additionally, SNPs were removed that had a minor allele frequency (MAF) <
0.05 and a maximum observed heterozygosity of 0.7. Only one SNP per locus was exported for
downstream analyses to filter out SNPs that are linked.
Comparative Analysis of Genetic Variation across A. lentiginosus Varieties

SNPs generated through the stacks pipeline were used to assess population genetic
structure among A. lentiginosus specimens. Here, SNPs were used as input for STRUCTURE,
and adegenet and were run to evaluate admixture proportions for individuals assigned to
different genetic populations (K). STRUCTURE uses a naive Bayesian clustering approach to
sort individuals into K different populations based off SNPs at each locus (Pritchard et al., 2000).
The more SNPs that are available, the easier it is to differentiate individuals as well as evaluate
the amount of admixture across populations. To estimate the ideal number of K populations |
used the Evanno’s delta K method for which three independent runs for each K = 1-9 was run
with a burn-in period of 10,000 followed by 50,000 MCMC steps (Evanno, 2005) using the
program Structure Harvester (Earl & vonHoldt, 2012). The Evanno method uses the second rate
of change of the log likelihood of K (Ln(K)) to determine the most likely number of genetic
populations (Evanno, 2005). Once the Evanno method indicated the optimal level of K,
STRUCTURE was rerun with a burn-in period of 50,000 followed by 100,000 MCMC steps.

Fixation indices (or F-statistics) have long been used to describe genetic variance through
comparison of variance in allele frequencies between populations (Wright, 1984; Chesser, 1991).

| use several estimators of Wright’s F-statistics to evaluate the population structure of A.
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lentiginosus including Nei’s D, Weir and Cockerham’s Fst, and Hudson’s Fst (Nei, 1973; Weir

& Cockerham, 1984; Hudson et al., 1992).

adegenet is an R package used to evaluate population statistics and is used primarily as
verification for our clustering-based approaches detailed above (Jombart, 2008; Jombart &
Ahmed, 2011). Genetic variation was modeled and visualized with a principal component
analysis (PCA). Additionally, this package was used to evaluate isolation by distance between
sites through regression of genetic distance to geographical distance. For this, | converted all
distances between sampling site coordinates to kilometers to generate a matrix of geographic
distances. For the matrix of genetic distances, pairwise genetic distances were calculated for each
sampling site using Nei’s D and normalized those genetic distances with the equation: Fst /(1-
Fst). A mantel test was then utilized to compare these two distance matrices with 999
permutations. All samples at a single sampling site were assigned the same GPS coordinates and
therefore isolation by distance was evaluated primarily at the site level.
Landmarked based Analysis of A. lentiginosus Fruits

Landmark-based geometric morphometrics is a common approach to quantify shape and
shape variation in a system (Adams et al., 2013). Homologous landmarks are used for conserved
points in a model such as joints. However, traditional homologous landmarks are insufficient in
capturing curved shapes. Semilandmarks are used to capture curves and surfaces across
individuals that share homologous geometric patterns. The number of semilandmarks used to
capture a shape depends on the complexity of that shape and the scale of shape variation across
the system. Rather than using equidistance as a method of semilandmarking, | utilize sliding

semilandmark which orients points according to the mean Procrustes shape (Gunz &
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Mitteroecker, 2013). Semilandmarking allows shape to be captured in more detail and thus

provides insight to shape variation at a finer scale.

A. lentiginosus fruits are curved pods with two chambers. Due to its curved nature, there
are few points on the fruit that are conserved across all individuals. The landmarking protocol
used here was developed to consider the shape of both chambers with equal weight. There are
four homologous landmarks from the top view occur along the division between the two
chambers with one at the base of the fruit and the other three representing the beak opening at the
top. An equal amount of landmarks were assigned for each half of the fruit. In total, thirty
landmarks were used to represent the fruit from the top view with twenty-six landmarks being
sliding semilandmarks and four being homologous. From the side view, the tip of the beak is the
only homologous point on the shape and thus there is only one homologous landmark. Again,
thirty total landmarks were used with twenty-nine being sliding semilandmarks and one
homologous.

There are several programs designed to produce landmarks for multiple types of imaging
analysis. In this study, ImageJ is used to mark and generate landmarks from images captured.
While many programs have the capability to produce automatic landmarks with machine
learning techniques, due to the nature of the quality of images, landmarks were placed
individually by myself and several undergraduate students at Loyola University Chicago. Work
produced by undergraduates was checked to ensure consistent landmarking. Additionally, images
for a given site were only landmarked by one student so that variation at the site level was
minimized. Prior to landmarking, each image the scale was set at 500 pixels per 1 cm to account
for size variation. Upon landmarking completion, landmarks were exported as XY coordinates in

CSV files.
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Characterizing Fruit Shape Variation Between A. lentiginosus Groups

Landmark data was read into R and analyzed using the geometric morphometric analysis
package geomorph (Adams et al., 2022). geomorph was designed to provide all standard tools
used in geometric morphometric analyses in a single package. One such tool is a generalized
Procrustes analysis (GPA: Gower 1975; Rohlf & Slice 1990) which superimposes the individuals
to a common coordinate system by holding constant variation in their position, size and
orientation and slides semilandmarks with reference to their neighboring points. Transformed
shape variables from the procrustes alignment can be used downstream in multivariate statistical
analyses. In geomorph, a procrustes transformation also calculates centroid sizes of each shape
variable which can be used for downstream analyses in multiple linear regression and allometry.
Size variation is a common indicator of evolutionary diversification and often informs variation
in morphological traits (Klingenberg, 2016). Allometry is the relationship of how size and a
morphological trait covary. In the field of geometric morphometrics allometry can be evaluated
by multivariate regression of shape on centroid size (Klingenberg, 2016). This indicates how
well we may predict morphological traits based on the size characteristics. Allometry was tested
in this system by investigating the relationship between fruit size and shape using plot.allometry
(Adams et al., 2022). Multivariate regression is also utilized to examine how well collection sites
and variety explain fruit shape variation. Not only are predictors of shape variation examined,
but I also explore the morphological disparity between the amount of variation across population
identifiers (i.e., sites and varieties).

Landmark data was assessed using a hierarchical analysis in which variation was
evaluated at the plant, site, and variety level. To limit the amount of variation occurring within a

single plant and also account for differences in the number of fruits representing a single plant,
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the average procrustes transformed fruit shape per plant was used for downstream analyses. In

each scenario, landmarks were aligned and transformed with a generalized procrustes analysis,
and a principal component analysis was then run to evaluate how individuals varied with respect
to one another. To determine significance of variation, an ANOVA was performed to evaluate
which groups varied significantly. Pairwise tests were done to determine which groups differed
from one another. Initial observation of fruit images indicated that a primary source of variation
between fruits was in the beak region. For that reason, landmarks 15-17 for each fruit were used
to do a standalone measurement of beak opening width and beak opening depth for each fruit.
Variation of these measurements between varieties was evaluated using a Tukey test.
Comparative Analysis of Morphological and Genetic Variation in A. lentiginosus
Comparison of differentiation in quantitative traits and neutral genetic markers is a
common way to discern the relative importance of selective and neutral processes (Leinonen et
al., 2013). Pst is an estimation of quantitative trait variation (Qst) for which we can evaluate
phenotypic differentiation in naturally occurring populations (Pujol et al., 2008). Here I utilize R
package Pstat to calculate Pst (Da Silva & Da Silva, 2018). It is important to note that the two
variables that primarily affect Pst values are the ratio of ¢ and h?. One of the primary advantages
of using Pstat is that the package accounts for population size in its Pst calculations and allows
the user to specify the range of values to test c/h?. Pst values were calculated using c/h? ratio
ranging from 0-2 however, it is worth noting that most studies focus on c¢/h? values ranging from
0.5-1 (Brommer, 2011; Lopez et al., 2020). Therefore, this analysis will primarily focus on
comparison in this range. Robustness of p-values was checked through bootstrapping and using a
95% confidence interval for all values as suggested by Brommer (2011). Pst was calculated for

the first three principal components of the PCA of landmarked coordinates, the beak opening
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measurements and the beak depth measurements. Comparison of Pst and Fst was evaluated for

sites, varieties and K populations.
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CHAPTER THREE

RESULTS

Processing NovaSeq Reads

Sequencing ddRAD libraries of 192 A. lentiginosus individuals on one lane of NovaSeq
resulted in a total of ~805 million paired end reads. FastQC reports indicate a failure to capture
restriction cut sites for both Ecorl and Mspl (Figure 2) due to the low diversity at these sites.

However, read quality for all other bases, including those at the end, was high.
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Figure 2. FastQC. Per base sequence quality and per base sequence content for forward and
reverse reads in Library 1.
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Recognition of cut sites are required for demultiplexing in STACKS. Given the inability

to recognize cut sites, | troubleshooted demultiplexing using various pipeline settings involving

single or paired end reads (Table 2). For each demultiplexing run, there was a relatively low

number of barcodes not found and low-quality reads which is in agreement with the FastQC

report. For all runs that did not check for the restriction cut site, over 99% of reads were retained.

There are two reasons for why restriction cut sites are unable to be found; the first as previously

mentioned, is that read quality at the cut site is extremely low and unable to be resolved and the

second is that there was either incomplete digestion and/or non-specific ligation. Retained reads

were used to evaluate SNPs produced by the default pipeline (Table 3).

Table 2. Summary of Output from process_radtags. Bolded pipelines were evaluated in

downstream analyses.

Total Barcode not | Low Cut site not Retained
Pipeline Sequences found Qualit found reads

Paired, -r -c —q, check
for both cut sites

Paired, -r -c -q, only
check for Ecorl

Paired, -r -c -q,
--disable-rad-check
Single, -r -c —q, check
for both cut sites
Single, -r—c —q,
--disable-rad-check

805,821,086

805,821,086

805,821,086

402,910,543

402,910,543

4,439,476

4,439,476

4,439,476

2,219,738

2,219,738

154,063

265,563

539,673

152,431

426,541

546,926,834

211,801,001

0

211,801,001

0

254,300,713

589,315,046

800,841,937

188,737,373

400,264,264
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Table 3. Summary of Output from denovo_map. Bolded pipelines were evaluated in downstream
analyses.

# reads after
Process radtags | denovo map process radtags populations | popmap # loci/SNPs

254,300,713 out of
Paired, -r -c -q -M3-m3-n3 805,821,086 -r80 1 population
Paired, -r -c -q, 589,315,046 out of
only check Ecorl -M3-m3-n3 805,821,086 -r80 1 population 5965
Paired, -r -c -q, -- 800,841,937 out of
disable-rad-check -M3-m3-n3 805,821,086 -r80 1 population 11
Single, -r—c —q, -- 400,264,264 out of
disable-rad-check -M3-m3-n3 402,910,543 -r80 1 population 8

Evaluation of SNPs produced from the denovo pipeline with different sets of reads
coming from the demultiplexing stage indicate that using paired reads and only checking for the
cut site on the forward read produces the largest number of SNPs (Table 3). Parameter testing of
the subset of 66 individuals indicates that parameters where M/n = 4 maximizes the number of
total loci (Figure 2). It is worth noting that there is a relatively high number of heterozygous loci
which typically results in reduced SNP counts after filtering. After rerunning stacks at the
optimized parameters and filtering based on minor allele frequency and maximum observed

heterozygosity, a total of 5047 SNPs were used for downstream analyses.
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Figure 3. Total Number of Loci and Polymorphic Loci. Evaluated for each STACKS parameter
where M = n = 1-9. The total number of loci generated is maximized with the parameter of M=4.

Population Genomic Structure of A. lentiginosus

Using the 5047 SNPs from STACKS, population structure was estimated among all A.
lentiginosus specimens. Initial investigation of population structure using a PCA revealed three
major clusters between the first two principal components. The first two PCs explain 24.5% of
genetic variation (Figure 3). Along PC1 (15%) there is a distinction between six varieties
(positive values: var. nigricalycis, var. yuccanus, var. borreganus, var. variablis, var. antonius &
var. australis) and the remaining ten. Along PC2 (9.5%), there is a distinction between the
remaining ten varieties with five varieties (positive: var. fremontii, var. salinus, var. kennedyi,
var. lentiginosus & var. floribundus) distinguishing themselves from four (negative: var.
wilsonii, var. maricopae, var. vitreus & var. araneosus). One variety, var. palans, spans both the

positive and negative area of the second principal component. By and large, individuals from the
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same variety cluster together, even when collected from different sampling sites. This is case for

fourteen out of sixteen of the varieties.
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Figure 4. Genetic Principal Component Analysis. PCA of 5047 SNPs for 173 A. lentiginosus
samples. Points and ellipses are colored by variety. PC1 explains 15% of the variation and PC2
explains 9.5% of the variation.

Genetic structure was further evaluated by bayesian clustering using STRUCTURE
(Pritchard et al., 2000). The Evanno method indicates that the most likely K groups for the 5047

SNPs was K = 4 (Figure 4). Interestingly, there are no other values of K that indicated other

possible genetic groupings.
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Figure 5. Delta K. Delta K for structure groups where K = 1-9. Created using Structure Harvester
(Earl & vonHoldt, 2012). The highest value for Delta K occurs at K = 4, indicating that
individuals can be best split into 4 genetic groupings.

STRUCTURE was run for values of K = 2, 4, and 16 (Figure 6). Base levels of variation
for K = 2 indicates that of the sixteen varieties, six separate from the other ten varieties.
Variation at K=4 indicates that var. borreganus and var. yuccanus as well as var. australis
distinguish themselves from other varieties which also holds true for larger values of K.
Evaluating STRUCTURE groups for K = 16, the number of taxonomic varieties investigated
here, shows that taxonomic varieties are not all genetically distinct from one another. However,
for K = 16 there are several varieties that do appear distinct from others including var. antonius,
var. kennedyi, and var. nigricalycis. Additionally, there are several varieties that appear to be
genetically indistinguishable including var. australis and var. yuccanus, var. wilsonii and var.

maricopae, and var. araneosus and var. vitreus.
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Figure 6. Stacked Structure Plots. Structure plot for K = 2 (top), K = 4 (middle) and K = 16 (bottom). Bars are grouped by
variety and labeled by individual. Colors denote assigned K group.
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Figure 7. Structure Plots for each Variety at K = 4. Bars are grouped by site and labeled by
individual. An asterisk (*) indicates the sample is an outlier.

Varieties explain much of the genetic variation occurring for K = 4 groups, however, |
also investigated genetic structure at the site level. Most varieties do not exhibit variation across
sites, that is, all sites are in the same genetic cluster, with the exception of var. borreganus and
var. variablis. Sites 17 and 8 from var. borreganus show unique levels of admixture compared to
other sites within var. borreganus (Figure 7). Sites 25 and 27 also show unique levels of
admixture compared to other sites within var. variablis (Figure 7).

Pairwise Fst was calculated at the variety, site and K level according to Weir and
Cockerham (1984). Average Fst between sites is 0.43 excluding Fst values for sites with only
one plant. The minimum Fst value was —0.15 between sites 8 and 21 and a maximum Fst value

of 0.83 between sites 54 and 9 (Table 4). Average Fst between varieties was slightly lower at
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0.38 with a minimum pairwise Fst value of 0.11 between var. maricopae and var. wilsonii and a

maximum Fst value of 0.69 between var. australis and var. lentiginosus (Table 5). Lastly,
average pairwise Fst between K groups was the lowest at a value of 0.29 with the minimum Fst
value of 0.23 between K2 and K3 and a maximum Fst value of 0.36 between K1 and K2 (Table

6).
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Table 4. Pairwise FST between A. lentiginosus sites according to Weir and Cockerham (1984).

u - onwa

17036 049 029NA

H
2=
-
sz
28
4
JE
§

H

1 031 06 045 03 035 DSINA
0 067 0 DEE 036 044 006 053N

21 D46 06 03 009 018 0S? 033 O0ONA

22 06s 066 085 044 051 011 086 011  O0S4NA

2 060 061 061 03 042 03 050 04 043 O19NA

2% 048 053 046 O 026 046 043 033 025 042 OJINA

27 057 081 057 034 038 053 045 045 041 049 042

29 DS ose 0Ss 02 027 D6l 048 053 034 058 0S1

2 63 06 050 03 030 060 007 000 000 056 044

30 057 063 053 034 033 060 051 056 039 057 052 248N

33 043 054 034 02 020 053 039 035 012 049 039 025 00ZNA

M 03 04 032 O 009 045 033 028 005 042 OM 016 024 OIINA

35 043 060 0AZ 020 045 057 043 049 022 055 047 037 037 023 OJINA

3 053 062 048 030 027 059 049 055 033 058 052 046 043 031 025 025NA

37 061 060 057 036 035 066 054 065 045 064 060 056 043 040 031 036 022NA

39 053 062 048 02 025 059 047 055 033 057 052 044 041 031 02 023 010 OJ9NA

3 062 012 06 O 043 059 052 045 038 055 046 041 054 041 08 048 054 062 OSINA

40 030 062 044 030 035 059 007 052 030 056 048 006 050 034 028 040 047 054 045 OSINA

41 03¢ 064 047 030 035 080 006 051 028 057 049 004 050 033 026 041 048 056 046 051 O00INA

43 059 060 059 034 041 044 049 036 042 041 030 045 052 041 031 047 051 059 051 045 045 O4INA

44 059 045 038 036 041 057 049 049 042 053 046 045 052 039 026 045 051 058 050 028 048 048 OA4NA

45 080 046 0S8 030 037 036 047 024 017 052 040 915 051 033 017 042 OA% 059 048 048 045 044 040 OO7NA

45 059 042 059 036 042 057 050 052 045 054 047 045 052 041 028 047 051 058 051 027 049 050 045 012 OIINA

47 085 017 065 045 050 063 057 080 053 060 056 057 059 049 038 054 058 064 057 007 057 058 053 033 029 029MA

48 086 019 065 04 047 063 055 058 050 060 054 053 058 045 03 05 057 064 056 005 055 055 052 031 027 030 O0INA

43 Des 021 0Es 045 050 063 057 061 063 081 0SE 055 059 045 039 0S4 OS5 06S 0S8 010 0S5 0S8 O0S3 035 032 D033 005 OOINA

4 064 012 063 03 040 06l QS0 000 000 087 046 000 083 038 023 045 052 06l 051 00% 048 047 047 028 003 028 006 004 OLINA

51 058 037 055 0 043 056 050 049 042 053 046 046 053 043 031 047 053 0S8 052 023 049 049 044 02 014 020 027 026 029 O2INA

84 059 040 057 O3 037 083 047 047 037 050 041 043 050 03 018 042 048 057 047 030 046 046 039 02 016 02 037 035 03 030 OXNA

55 0S8 048 057 O3 035 053 046 039 031 049 039 035 049 031 017 041 048 057 047 027 044 044 037 02 016 025 037 034 038 0M 021 OO7NA

S 07 07 07 0¥ 048 0S8 0S54 078 073 053 0S1 072 0S4 043 031 0SS 0S4 06S 054 059 0S5 0 044 083 OBt 0S1 OE) OES 06 07 04 081 OSINA

57 078 078 078 043 055 064 062 089 085 082 063 08S 062 053 043 064 060 071 062 071 06 073 0S5 063 076 06 00 075 00 088 056 06 086 0INA

58 057 049 057 03 038 0S4 047 045 037 050 042 043 050 038 023 043 049 056 048 031 086 047 03 027 02 02 039 03 041 03 02 017 014 041 OESNA

53 039 053 055 030 035 0S4 047 040 032 050 039 036 049 034 0I5 042 049 058 048 031 045 046 037 025 019 028 040 039 042 027 04 017 013 05 067 GOONA

5 027 06 045 032 036 059 Ol 049 027 056 047 001 051 035 029 041 048 055 046 049 005 007 045 045 042 049 056 053 057 046 049 045 04 056 067 046 OMNA

61 058 050 057 O3 036 053 047 043 036 049 040 040 049 035 019 042 046 056 047 029 045 045 035 026 020 02 039 037 041 02 0M 07 O 05 06 A0 003 OMNA

62 056 048 055 031 037 051 046 045 039 047 039 048 048 036 021 042 048 055 046 031 045 045 036 025 02 D026 038 03 039 0B 0OM 0 015 041 052 008 012 045 OAINA

63 0S8 040 057 031 035 053 047 041 035 049 039 040 050 035 0J8 042 048 057 048 029 045 045 037 023 OIS D24 037 035 039 02 021 007 006 052 06 014 015 OM 014 OISNA

65 057 050 057 032 039 039 047 030 038 036 023 041 050 038 027 045 050 058 049 042 046 046 010 041 035 043 051 049 051 042 041 035 032 041 OS2 035 033 045 034 033 OIINA

6 060 061 06l 03 040 03 048 024 041 030 018 041 051 037 02 046 051 059 050 043 047 048 026 042 036 044 053 051 05 04 047 036 OM 045 059 0 OM 046 035 0M 036 OI9NA

68 064 065 065 OB 043 047 051 043 049 043 035 051 052 039 028 049 052 061 052 047 051 053 O3 047 046 D045 057 056 058 051 D046 04 040 057 070 041 042 050 042 039 042 028 O2INA

69 062 064 063 09 035 045 048 028 032 041 031 035 048 033 021 045 050 060 049 038 046 046 030 040 029 D042 053 051 054 030 039 036 031 05 073 03 033 04 033 033 033 02 018 0K

6 02 63 04 0% 037 060 QI 054 033 057 050 007 051 03 030 042 048 055 047 052 009 010 049 049 047 051 058 056 058 050 050 047 046 059 067 04 047 004 046 047 047 047 043 051 043NA

T 06l 061 02 03 042 047 050 044 048 042 035 950 050 040 030 048 052 059 051 046 049 051 03 044 044 D045 054 05) 055 049 044 040 039 043 055 039 039 050 039 036 04 029 024 0M 00 DSINA

71 062 064 083 O3 042 048 050 04 048 043 035 949 051 038 028 048 052 060 052 046 050 051 035 045 042 D0 055 054 055 049 04 04l 033 054 065 040 041 0% 040 037 04 0M 02 02 005 051 00INA

72 057 059 05F 033 041 038 048 928 042 032 od 043 049 038 029 045 051 057 050 043 047 047 026 042 038 043 052 050 052 043 047 036 034 037 049 036 035 04 03 033 03 018 01 017 O D48 018 DIENA

7 08 067 067 O3 045 049 054 045 052 045 037 053 054 042 032 05 055 084 055 050 054 056 037 050 045 051 059 058 080 054 049 047 044 059 071 045 044 053 045 041 04 030 06 013 030 055 031 02 OmENA

74 074 07 07 03 050 06l 058 089 084 058 057 084 058 047 036 05 057 068 058 067 062 063 049 058 074 056 05 071 086 08 051 05 061 079 O 04 06 08 057 046 059 086 052 065 0D 063 049 060 042 067NA
75 06 065 06 028 035 045 047 000 000 039 026 900 048 029 0J8 043 049 060 048 033 045 044 026 041 017 0&4 053 051 055 000 04 037 09 066 083 033 0B 04 032 033 033 0 014 008 005 048 03 0@ 010 003 OSINA
7 047 @68 022 0 035 065 041 084 029 083 089 044 051 031 030 040 046 0S5 046 059 040 042 057 056 0SS 0S) 063 O£ 063 059 056 0S5 0S4 067 075 054 05 041 0S5 053 0S4 0S5 0S8 062 060 042 088 06 087 064 071 QEONA
& 02 03 014 017 017 048 028 020 015 044 02 405 03 017 010 019 036 041 033 010 020 016 031 02 O 025 027 01 02 001 02 07 0 032 047 024 0§ 019 047 022 013 029 0F 029 048 02 034 02 032 032 03 011 QONA
§ 012 o 050 OB 039 064 036 081 038 082 086 938 0S4 03 030 045 050 059 050 0S8 034 026 0S4 055 053 056 08 06 08 05 05 0S5 05} 072 081 054 05 018 06 052 0S4 052 0S5 062 086 022 0S8 088 0S4 063 077 056 043 OI6NA



36
Table 5. Pairwise Fst between A. lentiginosus Varieties. Fsr is calculated according to Weir and
Cockerham (1984).

antonius NA

araneousus  0.43798606 NA

australis 0.48883146 0.4863798 NA

borreganus 027986989 0.30813799 0.26323031NA

floribundus  0.49516157 0.33500094 0.60792109 0.35478537NA
fremontii 0.47085163 0.31477467 0.49078302 0.36744821 0.19511552NA

kennedyi 0.49325796 0.32727953 0.57816836 0.36579555 0.22864267 0.23002309 NA

lentiginosus  0.53709025 0.33337625 0.69449787 0.39624658 0.53718869 0.31800848 0.43229821NA

maricopae 0.5649774 0.34988167 0.64081471 0.42613979 0.57230816 0.48093899 0.54755765 0.6420168 NA

nigricalycis ~ 0.36104315 0.4221986 0.48980421 0.27926301 0.46124122 0.44369811 0.46146316 0.52513484 0.55156425NA

dus liremontii _lkennedyi _llentiginosus [maricopas _|nigricalycis_lpalans ___lsalinus __|yariablis __lvitreus __[wilsonii __huccanus |

palans 0.41662357 0.12642337 0.4358407 0.27404327 0.22063306 0.22737775 0.2550997 0.29787728 0.28600933 0.38863225NA

salinus 0.49283732 0.28455628 0.59100691 0.34890696 0.13309626 0.20702735 0.25101398 0.17946141 0.54744047 0.46414943 0.20319045NA

variablis 0.20865325 0.23069713 0.32246056 0.14884143 0.21018176 0.26500472 0.22977113 0.28289214 0.37913974 0.18933351 0.19249126 0.21926474NA

yitreus 0.45211887 0.1273139 0.50003539 0.31498696 0.38531725 0.3541304 0.37458794 0.41189722 0.29586244  0.437405 0.11782879 0.34929363 0.25273366NA

wilsonii 0.55777746 0.33294445 0.62534165 0.42588435 0.55897744 0.48009913 0.53613905 0.6012413 0.10991408 0.54836639 0.27220387 0.52987919 0.38121589 0.26012418NA

yuccanus 0.43803992 0.41411736 0.20641323 0.25553007 0.46625157 0.44029137 0.46227524 0.51399164 0.53906268 0.43262986 0.38064473 0.46561719 0.29456436 0.42772445 0.535321NA

Table 6. Pairwise Fst between K = 4 Structure Groups. Fsr is calculated according to Weir and
Cockerham (1984).

K1 NA

K2 0.36335449 NA

K3 0.30774151 0.23072812 NA

K4 0.26149 0.34667982 0.26822225 NA

Nei’s genetic distance was calculated between sites and used to evaluate isolation by
distance across all sites of A. lentiginosus. Genetic distances between varieties were used to build
a neighbor joining tree which highlighted similarities between closely related varieties. A
neighbor joining tree indicates that varieties occupying the same geographic area tend to be more
genetically similar (Figure 8). Comparison of matrices resulted in a mantel statistic of r = 0.491
(p-value < 0.001) indicating a positive correlation between genetic and geographic distance.
Plants found at sites in closer proximity were more likely to be genetically similar (Figure 9).
The spatial scale of population genetic structure across the landscape is depicted in Figure 10. A.

lentiginosus populations from northern collection sites group within a large cohesive genetic
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structure whereas A. lentiginosus populations from southern collection sites are divided into

three structure groups from east to west (Figure 10).
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Figure 8. Neighbor Joining Tree between A. lentiginosus varieties using Nei’s Genetic Distance.
Varieties group closest with the varieties found in close proximity.
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Figure 9. Isolation by Distance Model. Transformed Nei’s genetic distance against geographic
distance in km.
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Figure 10. Geographic Map of Population Structure. Population structure of A. lentiginosus Sites
across southwest United States. Colors correspond to K clusters described in Figure 6.

Lastly, an AMOVA was performed to determine at which level variation is best

explained with regards to site and variety. The AMOVA revealed that the majority of genetic
variation occurred among varieties (36.12%), and 12.92% at the site level within varieties, 8.5%

among samples within site and 42.48% within individuals in the total population (Table 7).



Table 7. A Hierarchical Analysis of Molecular VVariance (AMOVA).

39

Variance % Variation
(sigma)

Between Varieties 79.18 36.10

Between sites within 43 12697 28.34 12.92 0.20
varieties

Between samples 118 15396 18.64 8.50 0.17
within site

Within samples 177 16492 93.18 42.48 0.58
Total 353 75029 219.35 100.00 -

Fruit Morphometric Architecture of A. lentiginosus

0.001

0.001

0.001

is borreganus floribundus  fremontii  kennedyi maricopae nigricalycis  palans salinus semotus

é‘%) boddo)dddd

variablis  vitreus  wilsonii yuccanus

Figure 11. A. lentiginosus Fruits. Top and side views of representative fruits for each A.

lentiginosus variety. Fruits are not scaled to size.

A. lentiginosus fruit shape variation was assessed from top and side view images

separately. For the top view, there was a total of 2,505 fruit images from 288 plants and 14

varieties and for the side view, there was a total of 2,365 fruit images from 267 plants and 14

varieties. Examples of fruit morphologies across varieties are depicted in Figure 11. Plots of the

procrustes shape variation show four primary regions of variation across plants, two at the top

view for beak opening and overall length and two at the side view for beak curvature and pod

width (Figure 12).
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Figure 12. Procrustes Superimposition. (a.) Procrustes superimposition of the top view for all
2,505 fruits and (b.) all 288 plants. (c.) Procrustes superimposition of the top view for all 2,365
fruits and (d.) all 267 plants. Gray dots represent procrustes transformed coordinates of all fruits
or plants. Black dots represent the average procrustes transformed shape.
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Figure 13. Shape Principal Component Analysis -Top View. PCA of the top view for 288 A.
lentiginosus plants. Shapes along each axis indicate the maximum and minimum shape for the
associated principal component.
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A PCA of procrustes transformed coordinates for plants was performed to visualize

patterns in shape variation in the top and side view. Over 90% of shape variation of the top view

can be explained by the first two principal components. PC1 accounts for 78.84% of shape

variation and PC2 accounts for 14.27% of shape variation (Figure 13). Variation along PC1 is

attributed to primarily in the pod beak opening whereas variation along PC2 can be attributed to

the length and width of the pod. Clustering of varieties according to fruit shape variation on the

PCA indicates that only three varieties, var. borreganus, var. maricopae and var. wilsonii,

separate from the eleven other varieties. Fruits from these varieties tend to be narrower with deep

beak openings (Figure 11).

PC2:17.91%
-0.1 0.0 0.2 0.3
Cd
.
.
5 )
4 ©
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PC 1:61.23%

0.6
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kennedyi
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vitreus

® wilsonii
yuccanus

Figure 14. Shape Principal Component Analysis - Side View. PCA of the side view for 267 A.
lentiginosus plants. Shapes along each axis indicate the maximum and minimum shape for the

associated principal component.

Approximately 79% of shape variation in the side view can be explained by the first two

principal components. PC1 accounts for 61.23% of shape variation and PC2 accounts for 17.91%

of shape variation (Figure 14). Variation along PC1 can be attributed to pod width and length as
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well as a little bit of beak curvature whereas variation along PC2 can be seen in beak and pod

curvature. Clustering of varieties according to fruit shape variation on the PCA indicates that
four varieties, var. borreganus, var. maricopae, var. salinus and var. wilsonii, separate from the
10 other varieties by the first principal component. Fruits from these varieties tend to be
narrower with less prominent inflation in the lower half of the fruit (Figure 11). Variety australis
also appears to have some clustering in the upper right quadrant of the PCA.

Table 8. A Hierarchical Analysis of Variance for Shape —Top and Side View. An ANOVA

examining correlation between variety and sites within variety to fruit shape using randomized
residuals in a permutation procedure (RRPP).

------ ion |

variety 16.2348 1.24883 0.63435 39.5928 13.135 0.001 **

variety:site 29 1.6301 0.05621 0.06369 1.7821 2.9984 0.001 **

Residuals 245  7.7278 0.03154 0.30195

Total 25.5927
--------

variety 6.1703  0.47464 059287 355182 11.8292 0.001 i

variety:site 28 1.2439 0.04443 0.11952  3.3245 7.0957 0.001 **

Residuals 224 2.9934  0.01336 0.28761

Total 265 10.4076

A nested ANOVA was performed to understand how well varieties and sites explain
shape variation (Table 8). The ANOVA for the top view indicates that average fruit shape
between at least two varieties differ and that average fruit shape between at least two sites within
a variety differ significantly. While both independent variables are significant, the R square
value for varieties is much larger than the R square value for sites indicating that variety plays a
more prominent role in explaining variation of fruit shape. The ANOVA for the side view has

similar results to that of the top view. Results indicate that average fruit shape between at least
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two varieties differ and that average fruit shape between at least two sites in one variety differ.

The R square value for varieties and sites within varieties explains 59.3% and 12.0% of fruit

shape variation (Table 8).

Table 9. Shape Pairwise Differences between Varieties — Top and Side View. Pairwise

differences between average fruit shape of A. lentiginosus varieties (lower diagonal) and the

associated P-value (upper diagonal) for the top view (top) and side view (bottom). Significant

distances are bolded.

—mmmmmmmmmmmm

araneosus
australis
borreganus
floribundus
fremontii
kennedyi
maricopae
nigricalycis
palans
salinus
variabilis
vitreus
wilsonii
yuccanus

araneosus
australis
borreganus
floribundus
fremontii
kennedyi
maricopae
nigricalycis
palans
salinus
variabilis
vitreus
wilsonii

0.245
0.214
0.404
0.177
0.231
0.863
0.076
0.079
0.216
0.229
0.091
0.648
0.146

0.171
0.204
0.059
0.045
0.093
0.097
0.086
0.159
0.228
0.112
0.325
0.054
0.039

0321
0.214
0.001
0.108
0.631
0.047
0.001
0.352
0.163
0.108
0.165
0.517
0.001

0971
0.004
0.001
0.854
0.533
0.261
0.065
0.177
0.001
0.001
0.048
0.001
0.349

0.109 0112 0.054 0.188 0.001 0.807 0.759 0.120 0114 0.696 0.001
0.010 0.423 0373 o 815 0.001 0.135 0.039 0.904 0911 0.188 0.001
0.286 0013 0.001 0.001 0.001 0.025 0.002 0.001 0.003 0010 0.001
0.180 0.434 0.159 0318 0.002 0.069 0.025 0.283 0371 0071 0.037
0.104 0.292 0238 0.109 0.001 0.164 0.062 0.194 0270 0279 0.001
0056 0.260 0.190 0.107 0.001 0.052 0.003 0821 0.981 0.065 0.001
0646 0777 0.543 0738 0.656 0.001 0.001 0.001 0.001 0.001 0.010
0.184 0213 0.337 0.120 0172 0.799 0.535 0.088 0.095 0.868 0.001
0231 0275 0375 0143 0.225 0.860 0079 0010 0.026 0456 0.001
0.044 0.259 0.200 0.089 0.039 0.663 0153 0.206 0.943 0.126 0.001
0051 0.265 0190 0.102 0.025 0.657 0170 0.221 0.037 0.158 0.001
0.163 0.235 0319 0.091 0.155 0.793 0.044 0.082 0.137 0.151 0.001
0434 0.564 0.356 0529 0441 0234 0.587 0.649 0.451 0442 0580
0136 0.282 0.273 0.042 0.136 0.766 0.090 0.107 0115 0.130 0.065 0.558
[ larancosus _laustralis __lborreganus lfloribundus ffremontii _lkennedvi _lmaricopae _Inigricalveis lpatans __ksalinus ___lvariabitis _lvitreus __lwilsonii__luccanus |
0.115 0.033 0.953 0.937 0.614 0.489 0607 0.13 0.022 0.365 0002 0876
0.431 0.151 0.002 0270 0.020 0.001 0.254 0.023 0.093 0.001 0.039
0079 0.064 0.001 0.067 0.001 0.001 0177 0.026 0.043 0.001 0.002
0.172 0.199 0.947 0.724 0.344 0428 0.134 0.039 0399 0002 0729
0.181 0.206 0.049 0273 0.045 006 0.001 0.001 0.048 0.001 0.133
0.112 0.149 0.088 0.09 0.248 0043 0217 0.030 0.471 0.001 0.663
0.156 0.185 0.124 0.097 0.099 0006 0.034 0.010 0.475 0.001 0205
0.238 0276 0.113 0.098 0.157 0.153 0.001 0.001 0.004 0.001 0.047
0.092 0.086 0.159 0.152 0.104 0.115 0232 0.136 0412 0.001 0011
0.187 0.157 0.228 0211 0.180 0.173 0298 0.107 0.085 0015 0,001
0.127 0.137 0.120 0.101 0.082 0.063 0182 0.065 0.125 0.001 0.140
0233 0213 0334 0320 0278 0.244 0392 0.189 0.166 0.222 0.001
0.136 0.180 0.079 0.067 0.060 0.076 0110 0131 0.209 0.091 0.29
0.178 0210 0.062 0.036 0.093 0.095 0079 0159 0.228 0.111 0326 0.054

yuccanus

Because the ANOVA indicates significant variation at the variety level for both the top

and side view, a pairwise comparison of mean fruit shape between varieties was made. Pairwise

distances between fruit shape means of the top view indicates that there are three varieties that

consistently differ in shape compared to the remaining eleven varieties, var. borreganus, var.

maricopae and var. wilsonii (Table 9). These findings agree with the observations from the PCA.

Another variety that shows some significant differences of shape mean between other varieties is

var. palans. While var. maricopae and var. wilsonii have significantly different shape means, the

distance between their shape means is the smallest when comparing each of them to other
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varieties. The largest significant difference in shape mean was 0.863 between var. maricopae and

var. araneosus.
Pairwise comparisons of fruit shape means of the side view indicate more significant
differences between varieties than found in differences of shape from the top view. Four varieties
stood out as being distinct from the others (significantly different from >8 varieties), var.
australis, var. borreganus, var. nigricalycis, and var. vitreus. The maximum significant difference
between fruit shapes was 0.392 between var. vitreus and var. nigricalycis.
Table 10. Shape Variance Pairwise Differences between Varieties — Top and Side View.
Pairwise differences between variances of the side view of A. lentiginosus varieties (lower

diagonal) and the associated P-value (upper diagonal) for the top view (top) and side view
(bottom). Significant distances are bolded.

araneosus 0.013 0.001 0.854 0.952 0.955 0.770 0.823 0910 0.039 0.776 0.002 0073 0.628
australis 0.050 0.028 0.038 0.001 0.001 0.001 0.003 0.001 0.164 0.001 0223 0.085 0.001
borreganus 0.080 0.030 0.006 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.208 0.001 0.001
floribundus 0.004 0.046 0.076 0.807 0.795 0.633 0.964 0.894 0.108 0.677 0.011 0.205 0.560
fremontii 0.001 0.051 0.081 0.005 0.998 0.689 0.690 0.750 0.001 0.684 0.001 0.001 0.394
kennedyi 0.001 0.051 0.081 0.005 0.000 0.708 0.695 0.793 0.002 0.698 0.001 0.004 0472
maricopae 0.004 0.055 0.084 0.009 0.004 0.004 0.487 0.534 0.001 0.992 0.001 0.003 0.816
nigricalycis 0.003 0.047 0.077 0.001 0.004 0.004 0.008 0.914 0.004 0.503 0.001 0.019 0.302
palans 0.002 0.049 0.078 0.002 0.002 0.002 0.006 0.001 0.001 0.586 0.001 0.008 0327
salinus 0.034 0.017 0.046 0.030 0.034 0.034 0.038 0.031 0.032 0.003 0.002 0.525 0.001
variabilis 0.005 0.055 0.085 0.009 0.004 0.004 0.000 0.008 0.006 0.038 0.001 0.012 0.854
vitreus 0.067 0.017 0.013 0.063 0.067 0.067 0.071 0.064 0.065 0.033 0.071 0.002 0.001
wilsonii 0.028 0.022 0.052 0.024 0.029 0.029 0.032 0.025 0.026 0.006 0.032 0.039 0.001
yuccanus 0.007 0.057 0.087 0.011 0.002 0.010 0.008 0.041 0.002 0.074 0.035

—mmmmmmmmm—mmm—m—m
arancosus 0.780 0820 0.601 0977 0.798 0905 0141 0556 0184 0354 0.085 0281
australis 0.005 0.503 0.795 0.719 0991 oonz 0639 002 029 0057 0134 0014 0.066
borrcganus 0004 0009 0.463 0.662 0.549 0.016 0867 0054 0612 0114 0331 0.022 0.183
floribundus 0009 0004 0.013 0.642 0.795 0.042 0518 0071 0270 0.091 0.179 0.043 0.117
fremontii 0001 0004 0.004 0.009 0777 0.002 0.7m 0005 0332 0019 0083 0.001 0.013
kennedyi 0.005 0.000 0.008 0.005 0.004 0.019 0.648 0.051 0.321 0.065 0.180 0.018 0.096
maricopac 0032 0037 0.028 0.041 0.032 0.036 0009 0477 0095 0419 0128 0.807 0.094
nigricalycis 0002 0007 0.002 0011 0.002 0.006 0.030 0033 0495 0079 0246 0011 0.141
palans 0025 0.029 0.021 0.034 0.025 0.029 0.007 0.023 0279 0849 0325 0610 0340
salinus 0.010 0.015 0.007 0.020 0.011 0.015 0.021 0.009 0.014 0.342 0.714 0.131 0.600
variabilis 002 0027 0.018 0,032 0.023 0.027 0.010 0020 0002 0012 0523 0515 0.544
vitreus 0.015 0.019 0.011 0.024 0.015 0.019 0.017 0.013 0.010 0.004 0.008 0.166 0.846
wilsonii 0029 0.034 0.025 0.039 0.030 0.034 0.003 0027 0005 0019 0007 0015 0.130
yuccanus 0016 0021 0,013 0.026 0.017 0.021 0015 0014 0008  0.006 0006 0002 0013

Morphological disparity was tested to evaluate differences between the amount of
variance between varieties. For the top view, there are five varieties, var. australis, var.
borreganus, var. salinus, var. vitreus and var. wilsonii, that show consistent significant difference

between variances compared to other varieties (Table 10). The average variances for these
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varieties are 0.099, 0.128, 0.082, 0.115, and 0.076 respectively. These variances are higher

compared to the remaining 9 varieties that have variances closer to 0.045. For the side view,
there are two varieties- var. maricopae and var. wilsonii- that show consistent significant
difference between variances compared to other varieties (Table 10). The average variances for
these varieties are 0.047 and 0.044 respectively. Var. palans also showed some significant
differences in variance and had the next largest variance at 0.039. These variances are higher
compared to the remaining eleven varieties that have variances ranging from 0.005 to 0.031.

Table 11. Regression between Size and Shape — Top and Side View.

log(Csize) 1 0.201 0.201 0.008 2.266 1.244 0.117

Residuals 25.392 0.089 0.992
-------

log(Csize) 1 0.075 0.075 0.007 1.889 1.190 0.124

Residuals 265 10.457 0.039 0.993

Total 266 10.531

A linear model was also used to test how well shape variation is explained by size. Tests
were insignificant for both the top view and the side view suggesting there is no significant
correlation between fruit size and shape (Table 11). Not only is the model insignificant, but Rsq
values indicate that centroid size poorly explains fruit shape. These results suggest that size does
not play a role in fruit shape variation.

Because it was noted that variation in beak opening, and beak depth was a defining
characteristic of variation in PC1, | evaluated differences in beak opening and beak depth
without influence of overall shape using Tukey tests. Both var. maricopae and var. wilsonii are
significantly larger in both beak opening and beak depth than other varieties (Figure 15). While

var. borreganus shares the narrow fruit shape similar to var. wilsonii and var. maricopae, it
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differentiates from both varieties in its beak characteristics. Other patterns indicate var.

araneosus has smaller beak opening and depth than several varieties (Figure 15). Many varieties
have enough variation within beak opening and beak depth to be indistinguishable from other

varieties in beak characteristics.
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Figure 15. Differences in Beak Opening and Depth. Tukey test to evaluate differences between
fruit beak opening width and fruit beak opening depth between varieties of A. lentiginosus.
Significance groups are denoted by color and letters above bars.

Comparative Analysis between Fruit Shape Variation and Genetic Variation

Mean Pst among sites was calculated for shape variables for each view of the A.

lentiginosus fruits. Pst was evaluated using a ratio of 1 for additive genetic variance to narrow
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sense heritability as recommended by Brommer (2011). Mean Pst values of shape variables are

all larger than mean Fst for both the top view and the side (Figure 16).

Pst variations: Pst variations: Pst variations:
PC1 PC2 PC3
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Figure 16. Mean Pst and Pst variation. Mean Pst and Fst for each top view shape variables (top
left), side view shape variables (bottom left) among sites of A. lentiginosus and Pst variations
across c/h?ratios of 0-2 for top view (top right) and side view (bottom right).

Robustness of Pst estimates was tested for ¢/h? ratios ranging from 0.0-2.0 and was found
to be greater than mean Fst for all values of c/h? higher than 0.38 (Figure 16). When removing

PC3, all Pst estimates were greater than Fst for all ¢/h? values greater than 0.2.
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CHAPTER FOUR
DISCUSSION
A long-held goal in evolutionary biology is to understand the forces that shape
phenotypic variation. The interaction of evolutionary forces like natural selection and neutral
processes like isolation by distance across a wide heterogeneous landscape provides insight on
how phenotypic variation in a system arises (Borsa et al., 1997; Hutchison & Templeton, 1999).
As the most taxonomically diverse species in North American flora, A. lentiginosus and its
corresponding varieties offer a unique opportunity to investigate mechanisms that support
differentiation among widespread populations. In this study, population genomic analyses using
over 5000 neutral genetic markers has identified four primary genetic clusters and significant
isolation by distance. Moreover, much of the genetic variation occurs among varieties and there
is evidence that a majority of the taxonomic varieties represent discrete genetic entities. Key
morphological characteristics relating to pod inflation and beak opening can distinguish several
taxonomic varieties from one another. Comparison of genetic and fruit morphological variation
suggests that A. lentiginosus fruit morphological variation is likely driven by selection.
Population Genomic Structure of A. lentiginosus
The overall genetic structure of A. lentiginosus was best described by four genetic
groupings according to STRUCTURE. There was considerable agreement between how the PCA
and STRUCTURE identified groups, with PC1 explaining divisions for all structure groups. The
existence of genetic structure in this system is unsurprising as similar studies have found

structure across large and fine scale populations of A. lentiginosus (Knaus et al., 2005; Harrison
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et al., 2019). AMOVA partitioned most of the genetic variance occurring among varieties,

indicating that taxonomic varieties are genetically distinct entities on at least some level. Indeed,
for fourteen of the sixteen varieties investigated, individuals within a taxonomic variety clustered
with one another for both PCA and STRUCTURE results. Results here agree with findings from
Knaus et al. (2005) which found that taxonomic varieties of A. lentiginosus have unique genetic
structure. Knaus examined three varieties, var. salinus, var. lentiginosus and var. variablis with
populations coming from two sites per variety. There, it was found that each variety was
genetically distinct from one another, even for var. salinus and var lentiginosus for which
distributions overlap. Interestingly, although var. salinus and var. lentiginosus are geographically
close to one another, var. salinus was more genetically differentiated from the other two
varieties. In contrast with Knaus, in the present study, individuals from var. salinus and var.
lentiginosus clustered more closely together with respect to each other than when compared to
individuals from var. variablis. Structure for these three varieties was also not found to be unique
in that individuals could not be assigned into a taxonomic variety based on the STRUCTURE
results.

While individuals within a variety cluster with one another, those clusters sometimes
overlap with individuals from another variety, indicating that not all varieties are unique in their
genetic structure. This study included sixteen varieties of A. lentiginosus, when examining
sixteen levels of K in STRUCTURE several, but not all varieties, correspond to structure groups,
indicating that while many varieties are distinct entities there is still considerable gene flow
among several varieties. At K=16, there are two patterns that emerge across varieties; Varieties
can be described as distinct meaning all individuals within the variety are assigned to the same

cluster. If all individuals in a variety are assigned to a single cluster and there are no other
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varieties assigned to that cluster, the variety may also be considered unique to other varieties.

These patterns are supported by results from the neighbor joining tree.

There are two varieties, var. antonius and var. nigricalycis, that are both genetically
distinct and unique. These varieties are assigned distinct clusters when run in STRUCTURE and
have consistently high Fst values when compared with other varieties. These varieties also
appear to be further separated from most other varieties according to the neighbor joining tree.
Var. nigralycis is documented to have yellow flowers whereas var. antonius has light pink
flowers. Interestingly, these varieties are close in geographic distance to one another, separated
by less than 200km. Even so, they are distinct from one another, likely because var. antonius is
found at a much higher elevation than var. nigricalycis. This is supported by research from
Harrison et al. (2019) which suggests that genetic variation and abiotic variation are linked to
one another.

There are many varieties that are genetically distinct from other varieties but not unique
in their genetic structure. For example, var. maricopae and var. wilsonii are assigned to the same
cluster when K=16 and have low Fst values between each other, however, Fst values between
other varieties are high and no other varieties are assigned to their cluster in STRUCTURE.
These two varieties are only 100km apart and group together in the neighbor joining tree more
closely than with any other variety. fruit shape characteristics for var. maricopae and var.
wilsonii are highly similar, with both having narrower pods and wider beak openings than all
other varieties. It is recommended to combine these two taxonomic varieties into a single merged
variety.

Another pair of varieties that appear to be highly similar to one another are var. australis

and var. yuccanus. Not only do the varieties share the same assigned cluster for K=16 but they
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are two varieties that separate from the remaining fourteen varieties at K=4. These two varieties

are further apart in geographic distance than previously mentioned varieties, however there is
evidence for sufficient gene flow despite this distance. Neighbor joining tree also these two
varieties to be separate from other distinct varieties. These two varieties share similar
morphological characteristics with both having inflated pods. Again, it is recommended that
these two varieties likely belong to a single genetic group and should therefore be merged into
one taxonomic variety.

Variety araneousus and var. vitreus are another pair of varieties that appear to cluster
closely together. The neighbor joining tree indicates that these two varieties are closely related to
var. maricopae, var. wilsonii and var. palans. These varieties may be considered similar enough
to one another to be categorized as a single taxonomic variety. Additionally, var. floribundus and
var. kennedyi are highly similar to one another and may also be considered as a single taxonomic
variety.

The remaining six varieties showed inconsistent genetic structure at the variety level for
K=16 and tended to have lower Fst values when compared to other varieties. Further
investigation of some of these varieties like var. lentiginosus and var. salinus may provide
evidence for new taxonomic classifications. Alternatively, other varieties like var. borreganus
and var variablis may not be actual genetic entities. Both varieties contain very high levels of
admixture unlike other varieties and sites for each variety grouped with different genetic clusters
in STRUCTURE and PCA. Both varieties are adjacent to multiple other varieties with no clear
geographic barriers between them. These varieties also span larger geographic ranges compared
to other varieties indicating that geographic location may play a more important role in

underlying genetic structure than prescribed taxonomic variety. It is thus recommended that
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classification for these varieties is abandoned. This also demonstrates that isolation by distance

may play a prominent role in shaping the genetic structure of A. lentiginosus. Similar patterns of
population structure according to geographic location were found for the diverse widespread
Californian species Mimulus guttatus (Twyford et al., 2020). However, clustering programs like
STRUCTURE that do not incorporate a spatial component may detect artificial genetic clusters
when rather, spatial correlation from IBD better characterizes genetic structure (Guillot et al.,
2009). However, when investigated for a variety with a restricted range, Harrison et al. (2019)
demonstrated that there is considerable structure at the site level, even in close proximity.
Isolation by distance models indicate geographic distance significantly explains variation
among A. lentiginosus sites. For example, sampling site 3 and 11, both identified as var.
maricopae, are only three kilometers apart and Nei’s distance between the two is 0.12 whereas
sites 11 (var. maricopae) and 57 (var. lentiginosus) are 1047 kilometers apart and Nei’s distance
between the two is 0.80. There are some exceptions to this trend, such as sites 30 (var.
nigricalycis) and 37 (var. antonius) are only 186 kilometers apart but they have a genetic distance
of 0.49 whereas sites 25 (var. variablis) and 66 (var. fremontii) are 197 kilometers apart and have
a genetic distance of 0.29. Sites 19 (var. fremontii) and 72 (var. fremontii) are over 500km apart
but have a relatively low genetic distance of 0.37. In cases where genetic distance and
geographic distances do not correlate, there is reason to believe there may be some barriers to
gene flow. For example, site 37 (var. antonius) is found at a much higher elevation than site 30
(var. nigricalycis), even though they are geographically close to one another. It is important to
note that genetic distances at the site level may be artificially inflated due to low sample size at

all sites therefore minimizing the variation found within sites (Willing et al., 2012).
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Characterization of population structure is of particular importance for conservation

studies. Of the varieties sampled in this study, var. antonius is the only one listed as endangered.
We confirm that this is likely a genetically unigue variety of A. lentignosus and thus should
maintain its endangered conservation status.
Fruit Shape Architecture of A. lentiginosus

This study evaluates morphometric architecture of A. lentiginosus fruits from both the top
and side view. The primary components of shape variation are related to beak opening (top
view), pod inflation (top and side view) and pod curvature (side view). Beak opening, and depth
were confirmed to be defining morphological characteristics for a few varieties (Figure 13). It is
of note that for all fruits that have very wide beak openings, none also have an inflated pod
(Figure 11). | predict this is due to differing mechanisms of seed dispersal. It is thought that
fruits with inflated pods also have papery thin shells and thus disperse seeds by the fruit blowing
in the wind and eventually breaking down to release seeds (Augspurger, 1989). This is the case
with other legumes like Crotalaria where inflated pods act as balloons and are likely dispersed
by wind (Le Roux et al., 2011). In contrast, for fruits with wide beak openings, the “wings”
formed by the opening may act as a sail, allowing fruits to be blown further distances by wind
(Houghton et al., 2020). This has been investigated as an adaptive dispersal mechanism in other
Astragalus species (Houghton et al., 2020). One explanation for this, termed “informed
dispersal”, is that plants adapt to changes in local environmental conditions by modifying
dispersal strategy (Clobert et al., 2009). It is currently unclear whether morphological variation
in beak opening in A. lentiginosus is a result of informed dispersal or the rather the result of other
adaptive pressures. Nonetheless, Pst-Fst analysis indicates that beak opening is under selection

in A. lentiginosus (see below).
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For both the top and side view, shape alone cannot distinguish between all fourteen

taxonomic varieties. Rather, shape appears to be a good predictor for some varieties such as var.
maricopae, var. wilsonii, var. borrreganus and var. vitreus. Other varieties appear to have
morphometric variation that overlaps with one another. These results are similar to findings from
Knaus (2010) which suggested that morphometric shape PCs do not discreetly describe
Barneby’s varieties of A. lentiginosus but rather describe trends within varieties and between
similarly classified varieties. Based on observations during field collections and information
from other researchers, it would be worthwhile to investigate additional A. lentiginosus fruit
characteristics such as pod thickness and pod color patterns as well as evaluate fruit shape from a
three-dimensional perspective to learn how characteristics of the top and side view combined
may further elucidate patterns of morphological differentiation.

Population Genetic Signature of Selection Shaping Fruit Morphology in A. lentiginosus

Comparison of Pst to Fst indicates high potential for local adaptation, supporting the
hypothesis that fruit shape may be an adaptive trait in A. lentiginosus. Pst values were
consistently higher than Fst across all ranges of ¢/h? and for all population stratifications.

Fruit shape has been demonstrated to be an adaptive trait in other species. Common fruit
adaptations known to make feeding more difficult for insect herbivores include waxes,
trichomes, husk hardness, sclerophylly, latex deposition and lactiferous structures (Janzen, 1971;
Firstenberg-Hagg et al., 2013; Dalin & Bjoérkman, 2003; War et al., 2018). Insect herbivores
have been documented to have profound impacts on fitness in Astragalus (Green & Palmbald,
1975; Martin and Menke 2012). Insect population size and levels of herbivory often vary across
the landscape, establishing variable selection across space and time (Thompson 1994 & 2005;

Whitney & Stanton, 2004; Althoff et al., 2014). Correlation between insect populations and



55
herbivory in A. lentiginosus populations to the genetic and morphological variation may further

elucidate whether insects shape their structure.

Specific to legumes, pod shattering is a frequent selective trait of agronomic interest
(Bandillo et al., 2017; Ogutcen et al., 2018). One study found several SNPs associated with pod
shattering in soybeans, indicating that shattering was more strongly selected for in particularly
arid regions (Bandillo et al., 2017). This may also be the case for var. maricopae and var.
wilsonii for which we noted considerably large beak openings. Environmental variables have
been documented to have a correlation with genetic and morphological variation (Harrison et al.,
2019; Knaus 2010) although it has not yet been verified for these varieties.

This study investigates the population structure of A. lentiginosus and directly compares
it to the morphological variation found. Further research on morphological variation in
Astragalus lentiginosus populations, and how it correlates with environmental differences, can

provide a deeper understanding of factors driving Astragalus diversification.
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