UCLA

UCLA Electronic Theses and Dissertations

Title
Diversification of Linanthus in western North America: Integrating genomics and chemical
ecology to study the evolution of desert plants

Permalink
https://escholarship.org/uc/item/0682w14d

Author
Anghel, loana

Publication Date
2024

Supplemental Material
@s://escholarship.orq@c/item/0682W14d#sggplementaJ

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0682w14d
https://escholarship.org/uc/item/0682w14d#supplemental
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Diversification of Linanthus in western North America: Integrating genomics and chemical

ecology to study the evolution of desert plants

A dissertation submitted in partial satisfaction of the

requirements for the degree

Doctor of Philosophy in Biology

by

loana Gabriela Anghel

2024



© Copyright by
loana Gabriela Anghel

2024



ABSTRACT OF THE DISSERTATION

Diversification of Linanthus in western North America: Integrating genomics and chemical

ecology to study the evolution of desert plants

By

loana Gabriela Anghel
Doctor of Philosophy in Biology
University of California, Los Angeles, 2024

Professor Felipe Zapata Hoyos, Chair

Speciation usually occurs in geographic isolation, with lineages accumulating differences
through time without exchanging genes. Yet how have closely related taxa speciated with
potential for gene flow? | address this question in Linanthus, a phenotypically diverse flowering
plant genus that rapidly diversified in a small geographic space. | integrated phylogenomics, trait
evolution, chemical ecology, and landscape genomics to investigate patterns of Linanthus
diversification. In Chapter 1, | reconstructed the evolutionary history across all species of
Linanthus, including an average of seven individuals per species with a third of samples co-
occurring with congeners. | found that most species were monophyletic, despite potential gene

flow. The perennial and annual night blooming clades had unresolved species relationships,



suggesting rapid speciation or cryptic diversity. Perenniality evolved once, night blooming three
times, and flower color polymorphisms were likely ancestral. Classic allopatric speciation was
likely not the only geographic mode of speciation across the genus, with young species
overlapping in range. In Chapter 2, | investigated patterns of floral scent variation across
populations and species of Linanthus. Scent is a complex and cryptic dimension of diversity that
flowering plants use to ensure reproductive success through pollinator attraction. | found
unusually high variation in scent profiles of Linanthus species. Within clades of Linanthus,
species scent profiles were differentiated, suggesting fragrance is a mechanism of reproductive
isolation in closely related species with range overlap. In Chapter 3, we assembled the reference
genome of Linanthus parryae, which serves as a genomic resource for Chapter 1 and 4, and for
understanding how biological variation originates and is maintained across Linanthus. Lastly, in
Chapter 4, | used whole genome sequencing to assess the relative role of natural selection and
genetic drift maintaining genetic variation across populations of L. parryae. | found evidence
that both isolation by distance and by environment structure genetic divergence in this species.
Precipitation and temperature variability had the highest contribution to genetic differentiation
associated with climate, reflecting previous findings that fluctuating rainfall patterns maintain
phenotypic variation. Together, this work provides integrative evidence to understanding how

Linanthus species and their phenotypic diversity has originated and persists in nature.
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Chapter 1

When the sand blossoms: phylogeny, trait evolution, and geography of

speciation in Linanthus (Polemoniaceae)

Abstract

Understanding how plants have successfully diversified in novel environments is a central
guestion in evolutionary biology. Linanthus (Polemoniaceae) occurs in arid desert and
mediterranean areas of Western North America and exhibits extensive floral trait variation,
multiple color polymorphisms, differences in blooming time, and variation in life history
strategies. Here, we reconstruct the evolutionary history of this group. We generated
restriction-site associated (ddRAD) sequences for 180 individuals and target capture (TC)
sequences for 63 individuals, with complete species sampling. Using maximum likelihood and
pseudo-coalescent approaches, we inferred phylogenies of Linanthus and used these
phylogenies to model the evolution of phenotypic traits and investigate the geographic
speciation history of this genus. More recent relationships are consistent and well supported
with both ddRAD and TC data. Most species are monophyletic despite extensive local sympatry
and range overlap, suggesting strong isolating barriers. The non-monophyly of the night-
blooming and perennial species is possibly due to rapid speciation or issues with current species
delimitation. Perenniality likely evolved from annuality, a rare shift in angiosperms. Night
blooming evolved three times independently. Flower color polymorphism is an evolutionarily

labile trait and is likely ancestral. No single geographic mode of speciation characterizes the
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radiation but most species overlap in range, suggesting they evolved in parapatry. Our results
illustrate the complexity of phylogenetic inference for recent radiations, even with multiple
sources of genomic data and extensive sampling. This analysis provides a foundation to
understand aridity adaptations, such as evolution of flower color polymorphisms, night

blooming, and perenniality, as well as speciation mechanisms.

Introduction

Desert biomes make up 17% of Earth’s land surface (Millennium Ecosystem Assessment 2005),
and appear lifeless for most of the year when lack of precipitation and high temperatures
hamper plant survival and growth. However, the desert comes alive in an explosion of color
after it rains, when dormant seeds germinate and flowers form thick brushstrokes of pigment.
This uncommon and brief outburst of life is made possible by the annual angiosperms, which
await suitable environmental cues to germinate in mass. In California, deserts make up 38% of
the area (Mooney and Zavaleta 2016), with annuals making up a large part of the species
diversity at 52% of total plant species in these deserts (Calflora 2023). This overrepresentation
of annuals in the desert and their varied adaptations make them ideal organisms to study the

patterns and processes of diversification in this harsh environment.

The deserts of California and their diversity of annual species seem to be young on a geologic
time scale, emerging less than 2 million years ago (Thorne 1986). Recent meta-analyses of

California plant diversity support that plants have recently diversified in this geographic area.



For instance, Kraft et al. (2010) showed that the California desert regions have a high
concentration of young species with restricted geographic ranges, estimating that Mojave
Desert plants originated since the late Miocene. Thornhill et al. (2017) found a significant
concentration of short phylogenetic branches (i.e., recent diversification events) restricted to
the California deserts. However, how deserts facilitate the rapid diversification of plant species
remains poorly understood. Habitat heterogeneity, large ranges with isolated populations, and a
broad diversity of adaptations to xeric landscapes have all been proposed as potential drivers of
high rates of speciation in desert species (Stebbins 1952). The evolution of the annual habit
seems to be associated with unstable environments with dry conditions and unpredictable
rainfall (Friedman 2020), which is typical in deserts. Annual plants have a fast rate of evolution
which is correlated with their short life cycle, isolated populations, and variable environment
(Smith and Donoghue 2008; Smith and Beaulieu 2009). Deserts may promote the evolution of
new annual plant species (Stebbins 1952) and provide a system to study the largely unexplored
correlation between harsh environments and plant diversification (Stebbins 1952, but see

Hernandez-Hernandez et al. 2014; Singhal et al. 2021; Lichter-Marck and Baldwin 2022).

There are few phylogenetic studies of California desert annuals. Most published studies do not
include all members of the focal clades and almost never include multiple individuals per
species, limiting understanding of the patterns and processes of intra and interspecific
diversification. Additionally, most studies have only used a handful of loci, largely resulting in

poorly resolved phylogenies (e.g., Spencer and Porter 1997; Moore and Jansen 2006; Evans et



al. 2009; Porter et al. 2010; Cacho et al. 2014; Walden et al. 2014; Azani et al. 2019; Vasile et al.
2020). More recently, a limited number of studies have used genomic approaches and more
extensive taxon sampling shedding light on species-level relationships, patterns of within-
species genetic variation, and potential drivers of diversification (Simpson et al. 2017; Mabry
and Simpson 2018; Lichter-Marck et al. 2020; Pearman et al. 2021; Rose et al. 2021; Singhal et
al. 2021). Given that California deserts are young hotspots of biodiversity (Kraft et al. 2010),
well-sampled groups are needed to assess the monophyly of lineages, elucidate species
relationships, and untangle complex evolutionary patterns, typical of recent radiations.
Thorough phylogenetic reconstructions are especially worthwhile in geographic regions where
species overlap extensively in their geographic range with ample opportunities for gene flow.
Such robust phylogenetic studies could inform our understanding of the evolution of traits,
adaptations to extreme environments, and whether aridity can be a stimulus to evolution

(Stebbins 1952).

The genus Linanthus Benth. (Polemoniaceae) is an ideal system to study species diversification
in the heterogeneous arid environments of southwestern North America. Half of the currently
recognized species co-occur in a geologic transition zone characterized by exceptional plant
endemism and environmental variation in Southern California (Kraft et al. 2010). Nineteen out
of 25 species overlap in geographic range, and at least fourteen species pairs co-flower and co-
occur at a local scale (pers. obs.). Reproducing in a span of a few weeks in the spring, sympatric

Linanthus species likely have strong reproductive isolation mechanisms to maintain their genetic



and phenotypic integrity. Linanthus species also display extensive interspecific diversity in habit,
blooming time, flower color, and floral scent. These traits attract a diverse suite of pollinators,
including beetles, moths, butterflies, hoverflies, long tongue flies, and bees (Chess et al. 2008;
Rose and Sytsma 2021; pers. obs.), which likely facilitate the reproductive differentiation of
species (Fig. 1.1). In addition, seven Linanthus species have extremely restricted geographic
ranges and are ranked as rare, threatened, or endangered in California, including L. bellus
(A.Gray) Greene, L. bernardinus N.S. Fraga & D. Bell, L. concinnus Milliken, L. jaegeri (Munz) J.M.
Porter & L.A. Johnson, L. killipii H. Mason, L. maculatus (Parish) Milliken, and L. orcuttii (Parry)
Jeps. (California Native Plant Society). The extensive sympatry of species, their diversity of
pollinator attraction strategies, and their asymmetric geographic ranges point to a complex
speciation history that may include speciation with gene flow, micro-allopatry, parapatric
speciation, and ecological isolation. However, these phenomena have not been examined in

detail.

Linanthus species also show extensive intraspecific variability in petal color and nectary
markings, with individual plants taking on different phenotypes in the same population or in
disparate areas of the species range. Eleven of the 26 species are petal color polymorphic, with
both white and colored individuals across their range (Fig. 1.1 I1&J, O&P, R&S, T&U, V&X). Seven
of these color polymorphic species exhibit within-population color variation, with both colors
present in the same population (pers. obs.). One notable example is L. parryae (A. Gray) Greene,

the purple and white polymorphic species at the center of the classic evolutionary debate



investigating whether natural selection or genetic drift maintains intraspecific polymorphisms.
Different color morphs seem to fare better in wet or dry years, a potential adaptation to the
variable desert environment (Epling and Dobzhansky 1942; Wright 1943; Schemske and
Bierzychudek 2007). Another potential strategy of several Linanthus species to survive in arid
environments is night anthesis, where flowers are only open at night and closed during the day
during the flowering season. Heat can have a suite of negative fitness repercussions on flowers,
including reduced pollen fertility and nectar evaporation (Borghi et al 2019). Flowers opening
during the cooler nights may be a strategy to avoid the adverse effects of higher temperatures.
It is not known whether these desert adaptations have facilitated the diversification of

Linanthus.

Linanthus, as currently recognized, includes 26 species (Porter and Johnson 2000; Porter and
Patterson 2015) that have likely diversified in the Miocene, and is sister to a clade that includes
the genera Leptosiphon Benth. and Phlox L. (Bell and Patterson 2000). Previous phylogenetic
work for 15 species using the nuclear ribosomal internal transcribed spacer (ITS) recovered low
support for most relationships across the group (Bell et al. 1999). Another ITS and matK
phylogeny that sampled 17 species did not provide a better resolution into the phylogenetic
relationships between species (Bell and Patterson 2000). A recent study using 14 nuclear loci for
22 species (with two samples per species) inferred a well-resolved phylogeny and found that

eight species were not monophyletic (Landis 2016). However, this study lacked complete



taxonomic and broad geographic sampling per species. A robust phylogeny is needed to provide

a backbone for tackling inter and intraspecies evolutionary questions in this group.

In this study, we present a phylogeny of Linanthus with complete species sampling and broad
intraspecific sampling, using two types of genomic data, double-digest restriction-site
associated DNA (ddRAD) sequencing (Peterson et al. 2012) and target capture (TC) of 353
nuclear angiosperm specific genes (Johnson et al. 2019). Our ddRAD data further include
multiple samples from 17 species that co-occur locally with a congener to examine the potential
for gene flow between sympatric individuals from different species. We use the resulting
phylogenies to examine the monophyly of species, reconstruct evolutionary relationships, and
investigate patterns of floral evolution and life history shifts. We also use the ddRAD data to
study the population structure within selected clades to better understand existing species
delimitations for several species. Lastly, we explore the geography of speciation across

Linanthus to determine the most likely speciation mode in this remarkable desert radiation.

Materials and Methods

Data collection and processing

We included representative samples from all currently recognized species of Linanthus (Moran
1977; Porter and Johnson 2000; Porter and Patterson 2015) and outgroups from Leptosiphon, L.

breviculus (A. Gray) J.M. Porter & L.A. Johnson, L. chrysanthus J.M. Porter & R. Patt, L.
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lemmonnii (A. Gray) J.M. Porter & L.A. Johnson, and L. nuttallii .M. Porter & L.A. Johnson, as
well as Phlox stansburyi (Torr.) A. Heller. To minimize potential bias introduced by
misidentifications we only included names at the species level, because many of the
infraspecific taxa can only be reliably identified by experts with the aid of high power
magnification. We collected 83 individuals in the field across California and Nevada and sampled
125 individuals from eight herbaria across the western United States (Appendix S1.1, see
Supplemental Data with this article). We stored the field-collected tissue in silica gel until
storage at -20C or in liquid nitrogen until storage at -80C in the laboratory at UCLA. Some
Linanthus species are minute; therefore, we carefully dissected all collections to ensure we
selected tissue from only one individual. In total, we included samples from 50 individuals that
co-occurred with a congeneric species, either observed by us in the field or when herbarium
specimens came from the exact same location. We included sympatric individuals for most
sympatric species pairs. Seventeen of the species sampled co-occurred with a congener, with a

total of 24 combinations of species pairs. See Appendix S1.1 for complete sample metadata.

We collected genomic data using two approaches, double-digest restriction-site associated
sequencing (ddRADseq) and target capture (TC). RAD sequencing generates data that has been
used to successfully address questions in both population genomics and phylogenetic
relationships in closely related species (Rubin et al. 2012; Eaton et al. 2016, Jacobs et al. 2021).
We used a double-digest RAD approach which uses two-enzymes to better recover the same

fragments of DNA across samples and reduce sequencing costs (Peterson et al. 2012). In total,



we sampled 192 individuals across the 26 currently recognized species and four outgroups in
Phlox and Leptosiphon, at an average of seven individuals sampled per species, to represent the
species’ breadth of geographic range and phenotypic diversity. The number of individuals
sampled per species ranged from 1 to 17, proportional to the species geographic range size

(Appendix S1.2, S1.3).

For TC, we use the Angiosperms353 bait set (Johnson et al. 2019). This approach can sequence
both exons and their flanking regions providing informative phylogenetic data at various
phylogenetic scales (Larridon et al. 2020; Slimp et al. 2021). We sampled 63 individuals across
all species and four Leptosiphon outgroups. We dropped one species (Linanthus uncialis
(Brandegee) Moran) because DNA extraction did not generate enough DNA. We sampled a
range of 1 - 5 individuals per species, with an average of 2.5 individuals sampled per species of

Linanthus.

DNA extraction, library preparation and sequencing

We extracted genomic DNA using a modified CTAB technique (Doyle and Doyle 1987; Cullings
1992) that includes an additional incubation step to remove pectin. We prepared sequencing
libraries at the Evolutionary Genomics Laboratory of the Museum of Vertebrate Zoology at UC

Berkeley.



ddRAD—For the RAD-seq libraries, we followed a modified version the 3RAD protocol (Bayona-
Vasquez et al. 2019) with adapters and indexing oligos provided by the Glenn lab at the
University of Georgia (https://baddna.uga.edu/). We normalized a total of 192 samples to 125
ng of DNA in 10 uL volume and used this as input for a combined digestion and ligation reaction.
We used Xbal andEcoRI-HF restriction enzymes to digest the genomic DNA, and the third
enzyme (Nhel-HF) served to digest adapter dimer produced during the ligation stages of the
reaction. Adapter-ligated samples were purified using Solid-phase reversible immobilization
(SPRI) beads (Rohland and Reich 2012; Jolivet and Foley 2015). We then amplified the adapter-
ligated libraries with indexing oligos (Glenn lab, University of Georgia) and the KAPA HiFi PCR Kit
(Roche, Indianapolis, Indiana, USA) using 16 cycles of PCR, following this with another SPRI bead
cleaning. We quantified the libraries, pooled them in equimolar amounts, and then size selected
fragments at a length of 375-525 base pairs (bp) using a Pippin Prep (Sage Science, Beverly,
Massachusetts, USA) at the Functional Genomics Laboratory at UC Berkeley. We quantified the
final size-selected library pool with the Qubit® Fluorometer with dsDNA High Sensitivity Assay
Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and checked for quality using a
Bioanalyzer DNA1000 kit (Agilent Technologies, Santa Clara, California, USA). We sequenced
libraries on one lane of lllumina NovaSeq SP 150PE at Vincent J. Coates Genomics Sequencing

Lab (GSL) at UC Berkeley (Berkeley, California, USA) for a total of 115 Gb of data at 20x coverage.

Target capture—We fragmented DNA from 63 samples, ranging from 175-1100 ng to a target

size of 350 bp using a qSonica sonicator (Newton, Connecticut, USA). We sonicated samples
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with high-quality DNA for 9 minutes at 40% amplitude with a 15s on/15s off pulse. Samples that
had a variety of fragment sizes were sonicated for three minutes, while those that were already
highly fragmented were not sonicated at all. We cleaned the sonicated DNA and size selected
with a double-sided SPRIbead cleaning using 0.525x for right-side selection and 0.675x for left-
side selection. We prepared uniquely dual-indexed libraries for Illumina sequencing using the
KAPA HyperPrep Kit (Roche, Indianapolis, Indiana, USA) using one-quarter reagent volumes,
with a custom-designed dual indexing oligo set developed at the Functional Genomics
Laboratory at UC Berkeley. For capture hybridization we enriched 4 pg pools containing equal
mass of 7-9 samples each at 62°C for forty hours using the Angiosperms353 gene set (Johnson
et al. 2019) ordered from Arbor Biosciences (“Angiosperms 353 v1”, Catalog #308108.v5) and
their myBaits Target Capture v.5 reagents and protocol (http://www.arborbiosci.com/mybaits-
manual, Arbor Bioscience, Ann Arbor, Michigan, USA). We amplified enriched products with
KAPA HiFi 2X HotStart ReadyMix PCR Kit for 10-12 cycles. We checked the resulting libraries for
guality with an Agilent Bioanalyzer DNA1000 assay (Agilent Technologies, Santa Clara, California,
USA) and quantified them with the Qubit Fluorometer with dsDNA High Sensitivity Assay Kit. We
sequenced 150 paired-end reads at QB3 Genomics on a partial lane of an lllumina NovaSeq S4

for a total of 80 Gb of data.

Assembly

ddRAD— The sequencing facility demultiplexed the raw sequence reads and quality-checked
them with FASTQC v0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
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We used ipyrad to assemble the ddRAD reads using the reference genome for Linanthus parryae
(Eaton and Overcast 2020; Anghel et al. 2022). We trimmed the variable length adapter
sequences using cutadapt (Martin 2011). We filtered low quality base calls with a phred Qscore
of 33 and allowed up to five low quality bases per read. We set the minimum length of the
reads after trimming to 35 bp, and a stricter filter for adapters at two. We set the clustering
threshold within samples to 94% and between samples to 90%. We set the minimum number of
samples per locus to four (see full parameters in Appendix S1.4). After filtering, we used 180

samples in the final assembly.

Target capture— Raw demultiplexed sequence reads were trimmed and quality filtered using
Trimmomatic version 0.39 (Bolger et al. 2014). Specifically, we used a sliding window of 5 base
pairs, cutting when the average base quality score fell below 20, removed trailing and leading
low quality base pairs when their quality was below 20, and dropped reads whose length was
below 36. We assembled sequences for using HybPiper verson 1.3 (Johnson et al. 2016) with
the mega353 target file (Mclay et al. 2021) using the -bwa option to match reads to loc.. We
assembled flanking regions using ‘intronerate.py’ in HybPiper and identified paralogs using the
‘paralog_investigator.py’ script. The output of HybPiper was exons, supercontigs, paralogs and
introns. Assembly of multiple contigs containing >75% of the length of the reference protein
were identified as paralogs. We removed sequences found to be paralogous and used
supercontigs for further analysis because they contain both exons and flanking regions, which

can provide information on both the conserved gene regions and the more variable non-coding
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regions. We used MAFFT version 7.505 to align supercontigs (Katoh et al. 2009). Trimal was used
to clean alignments using a gap threshold of 0.9 (Capella-Gutierrez

et al. 2009). We assessed the occupancy of samples in supercontig alignments with the
‘phyluce_align_get_only_loci_with_min_taxa’ function in PHYLUCE (Faircloth 2016) and kept

only supercontigs found in all samples for further analyses.

Phylogenetic inference and species trees

ddRAD—We inferred phylogenetic trees using an alignment of concatenated filtered ddRAD loci
with 98,538 variant sites. We used a maximum likelihood analysis approach in IQ-TREE with the
GTR model accounting for ascertainment bias (Minh et al. 2020). The ascertainment bias model
is used for single-nucleotide polymorphisms (SNPs) and other types of data that do not contain
constant sites, to prevent overestimation of branch lengths (Lewis 2001). We assessed support
with 1000 ultrafast bootstrap replicates. We reconstructed phylogenetic trees with a minimum
of 4,9, 18, and 36 samples per locus to assess the role of missing data in recovering topologies.
Within- and between-species relationships were consistent between these data sets. Results of
analyses with the data set using a minimum of 4 samples per locus are shown here. We inferred
species trees with SVDQuartets (Chifman and Kubatko 2014) in PAUP* (Swofford 2002). To
obtain branch lengths under the multispecies coalescent, we used the gAge command (Peng et
al. 2022). As for the concatenated analyses, we estimated species trees with matrices including
a minimum of 4, 9, 18, and 36 samples per locus. The species tree recovered with the matrix

using a minimum of 4 samples per locus is presented in the results.
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We also reassembled the data to include one sample per species to generate a species tree to
use for downstream analyses where only one tip represents the species. To do this, we chose
the sample within a species with the highest number of recovered loci. If the species was not
monophyletic (see Results), we chose the sample with the highest number of loci that belonged
to the clade including most samples for such species. We built this tree in IQ-TREE with the GTR
model accounting for ascertainment bias and assessed support with 1000 ultrafast bootstrap

replicates.

Target capture—We inferred gene trees using the most conservative data set of 219
supercontigs with 100% occupancy using IQ-TREE with 1000 bootstrap replicates and the GTR +
F default model of substitution (Minh et al. 2020). Then, we used newick utilities to collapse
poorly supported gene tree nodes (ML bootstrap support < 0.2) into polytomies (Junier and
Zdobnov 2010). We used the gene trees as input for ASTRAL-1Il v5.7.8 (Zhang et al. 2018) to
infer a species tree for all 63 taxa as well as for the 24 species by assigning taxa to species a
priori. We also estimated a phylogenetic tree with a concatenated matrix of the loci with 100%

occupancy for the 63 taxa in IQ-TREE.

Population structure

To assess population structure within certain clades where the taxonomic assignment pointed
to non-monophyletic species (see Results), we used rmaverick v1.0.5 (Verity and Nichols 2016).
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We used only the RAD data for these analyses, with an average of seven samples per species. To
prepare files for input into rmaverick, we processed the ipryrad Structure file following methods

outlined at https://github.com/zapata-lab/ms_rhizophora/blob/main/analysis code (Aburto-

Oropeza et al. 2021). We processed the vcf file output from ipyrad using vcftools (Danecek et al.
2011). We removed non-biallelic sites and filtered genotypes called below a certain threshold
across all individuals (--max-missing 0.25, 0.50, 0.75) for all the population structure analyses.
We did this to compare the effect of missing data on the genetic structure output. We also kept

only the center SNP from each locus to avoid effects of linked loci.

In rmaverick, we ran the MCMC sampling every 100 steps, with 10% burn-in, 1000 sampling
iterations, 20 rungs, and chose a K range from 1 to n + 1 where n is the number of taxonomic
assignments in the focal clade. We ran these analyses for 0.25, 0.50, 0.75 missing data sets, and
with and without the admixture model. Comparing the data sets using 0.25, 0.50, 0.75 missing
data, we found little difference in the structure cluster assignments or values of K, so we present
the 0.50 missing data sets here. Because rmaverick is more accurate than other population
clustering programs at estimating the number of subpopulations, we chose to report only the
value of K with the highest evidence shown by the largest posterior probability (Verity and

Nichols 2016). In all cases, the model without admixture was a better fit to the data.
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Ancestral state reconstruction

To model the evolution of phenotypic traits, we coded all species for annuality/perenniality,
day/night blooming, and lack/presence of corolla lobe anthocyanin pigment polymorphism
(Appendix S1.1). We gathered this phenotypic data using the Jepson eflora, the Flora of North
America, the monograph of Linanthus, and personal observations (Patterson and Porter 2021;
Patterson and Porter in prep.; Danforth 1945). While corolla lobe polymorphic species have
white, yellow, pink, lavender, purple, and/or peach forms, we focused only on the anthocyanin
pigments. Therefore, we coded species with white andyellow corolla lobes as lacking
anthocyanin pigments, and the species with pink, lavender, and purple corolla lobes as having
anthocyanin pigments (Tanaka et al. 2008). All species with anthocyanin pigments were

polymorphic, with populations or individuals within populations with white corollas.

Prior to inferring ancestral states, we calibrated the phylogeny built with ddRAD data and one
sample per species to relative time using Penalized Likelihood with the ‘chronos’ function in the
R package phytools (Revell 2012). Given uncertainty in the timing of the radiation, we applied an
arbitrary age of 1 to the root and estimated relative divergence times under a discrete clock
model with ten distinct rate categories. We then fitted a Markov-k (Mk) model for discrete
character evolution (Lewis 2001). To do this, we used the R package phytools v1.9-23 and the
function ‘fitMk’ (Revell 2012). We took an agnostic approach in choosing the model of evolution
for the perenniality and night blooming traits. For these two traits, using the Akaike Information

Criterion (AIC), we selected the best model of evolution between equal rates, all rates different,
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and irreversible rates where loss of a trait is possible while its gain is not (Appendix S1.5). We
used the irreversible model for perenniality and night blooming because it had the lowest AIC
scores (Appendix S1.5). For anthocyanin absence or polymorphism, we chose the all rates
different model because of the likely different evolutionary rates between loss and gain of
flower pigmentation (Rausher 2008), though we report stochastic character density maps with
alternate models of evolution (Appendix $1.6). We simulated stochastic character maps onto
the phylogenetic tree and 100 simulations (Huelsenbeck et al. 2003). Using the ‘densityMap’
function, we visualized the stochastic mapping posterior probability density as a color gradient
along the branches of the tree. Then, using the ‘density’ function, we calculated the relative
distribution of state changes from the stochastic mapping across the tree. To account for
potential non-identifiability of rates of character evolution and diversification, we additionally
inferred ancestral states for each character using a BiSSE model in the R package diversitree
(Maddison et al. 2007, Fitzjohn 2012) and tested for state dependent speciation using Analysis

of Variance (ANOVA).

Geography of speciation

To explore the geographic speciation history of Linanthus, we used data on species geographic
ranges and phylogenetic divergences (Barraclough and Vogler 2000). Specifically, we estimated
the relationship between phylogenetic distance and geographic range overlap between species
pairs to evaluate evidence for a predominant geographic (allopatric vs. sympatric) mode of
speciation in Linanthus. Under this approach, if allopatric speciation is the dominant process,
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geographic range overlap between young species pairs should increase from ca. 0% to random
association as species pairs become more divergent over time. By contrast, if sympatric
speciation is the dominant process, geographic range overlap should be ca. 100% between
young species pairs but decrease over time among older pairs due to post-speciation geographic
range changes (Losos and Glor 2003; Fitzpatrick and Turelli 2006; Skeels and Cardillo 2019). To
determine species geographic ranges, we downloaded species location data from

the Southwestern Environmental Information Network (SEINet 2022) and the California
Consortium of Herbaria (CCH 2022), using only records backed by herbarium collections. We
filtered the data to exclude records without precise GPS coordinates (fewer than two decimals
precision) and clear outliers in terms of known species distributions. We used these records to
create range maps for each species and estimate geographic range overlaps between species
pairs using the R package hypervolume (Blonder et al. 2014) and the approach implemented at

https://github.com/eliotmiller/ebirdr/blob/master/R/hypervolumeOverlaps.R (Miller et al.

2019). Because hypervolumes are geometric shapes with complex geometries, including the
presence of holes (Blonder 2016), they can describe species geographic ranges more faithfully
beyond simple ellipsoids or convex hulls. Areas of the species range perimeter with no
occurrence points can be excluded and ranges can have disjunctions (Blonder et al. 2014).
Consequently, this method enables estimates of range overlap in heterogeneous environments
with potential for small-scale allopatry. We calculated the Sgrenson similarity index for each
species pair and recorded the values in a similarity matrix with values of 0 representing no

range overlap and values of 1 representing complete overlap. We used the phylogeny built with
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ddRAD data and one sample per species to calculate the phylogenetic distance between all
species pairs using the ‘cophenetic’ function in the R package ape (Paradis et al. 2004). We
coded species pairs belonging to the same clade as “within clade comparisons” and to different
clades as “between clade comparisons”. To test whether phylogenetic distance is a predictor of
range overlap, we fitted a zero inflated beta regression model using the R package gamlss
(Cribari-Neto and Zeileis 2010, Rigby and Stasinopoulos 2005). Beta regressions are well-suited
for our response variable, range overlap, which is bounded between 0 and 1 (Ferrari and
Cribari-Neto 2004). We ran three regressions using all of the data, comparisons of species in the

same clade, and of species belonging to different clades.

Results

Data processing

The ddRAD sequencing yielded an average of 2,440,318 reads per sample. The assembly with
180 samples in a minimum of four individuals yielded 36,861,279 bp, 3,131,821 SNPs, and a
total of 165,943 loci with 95% missing data. An average of 7646 loci per sample were retained.
The assembly using one sample per species yielded 4,047,394 bp, 459,834 SNPs, 17,751 lociin a
minimum of four individuals, and an average of 4053 loci per sample. For the TC data, we

selected a total of 219 contigs with 100% taxon occupancy for downstream analyses.
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Phylogenetic inference

The ddRAD and the TC data sets both resulted in well-resolved phylogenies. In the concatenated
ddRAD maximum likelihood phylogeny, most nodes had a bootstrap value above 95, with only
two nodes at 73 and 76 (Fig. 1.2). With an average of seven samples per species, 17species
resolved as monophyletic, while eight were nonmonophyletic (Fig. 1.2). The TC phylogeny
inferred using IQtree (Fig. 1.3A) recovered nearly all of the same species relationships as in the
phylogeny using ddRAD (Fig. 1.2). There were two exceptions in the congruence of the ddRAD
and TC phylogenies. One is in a clade recovered with ddRAD data that included L. bellus, L.
concinnus, L. dianthiflorus (Benth.) Greene, L. orcuttii, and L. uncialis. The TC data resolves L.
dianthiflorus and L. concinnus, and L. bellus and L. orcuttii as a grade, but no samples of L.
uncialis were included in the TC analysis. The other incongruence was in a clade recovered with
ddRAD data that included L. demissus (A. Gray) Greene, L. bernardinus, L. killipii, and L. parryae.
Target capture data supports L. bernardinus, L. killipii, and L. parryae as more closely related to
the annual night blooming clade than to L. demissus. The ddRAD and TC data represent two
independent sources of data and some incongruence between the evolutionary history of these
two types of genetic data might be expected due to incomplete lineage sorting (Appendix
S$1.11). Given that our results were generally consistent across data sets, we are informally

referring to several common clades and one grade as follows.
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Early diverging grade

This grade includes the following species previously described as Gilia section Giliastrum: L.
inyoensis (1.M. Johnst.) J.M. Porter & L.A. Johnson, L. campanulatus (A. Gray) J.M. Porter & L.A.
Johnson, L. filiformis (Parry Ex. A. Gray) J.M. Porter & L.A. Johnson, and L. maculatus (Parish)
Milliken (Grant 1959, Bell et al 1999). While these species did not form a monophyletic group,
the grade relationships are well-supported and identical in the ddRAD and TC phylogenies (Figs.
2, 3). The relationships were also consistent with previous studies with limited sampling (Bell et
al. 1999, Bell and Patterson 2000). All five species in this grade were recovered as monophyletic

(Figs. 2, 3).

Perennial clade

Both the ddRAD and TC analyses support the monophyly of a group including the perennial
species L. caespitosus (Nutt.) J.M. Porter & L.A. Johnson, L. californicus (Hook. & Arn.) J.M.
Porter & L.A. Johnson, L. glaber (R. Patt & Yoder-Will) J.M. Porter & L.A. Johnson, L. jaegeri, L.
pungens (Torr.) J.M. Porter & L.A. Johnson, L. veatchii (Parry Ex. Greene) J.M. Porter & L.A.
Johnson, and L. watsonii (A.Gray) Wherry (Figs. 2, 3). These species were previously recognized
as the genus Leptodactylon Hook. & Arn. (Rydberg 1906). Although a single origin of the
perennial clade was also supported in a recent study (Landis 2016), it was inconclusive in earlier
phylogenetic analyses (Bell and Patterson 2000). The perennial clade included two nested
subclades. One subclade included L. caespitosus, L. glaber, and L. watsonii, all of which occur

outside of California in the Western United States (in Arizona, Colorado, Idaho, Montana,
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Nebraska, Nevada, Utah, Wyoming). The other subclade included L. californicus, L. jaegeri, L.
pungens, and L. veatchii, all of which are restricted to California or Baja California, with the
exception of the more widespread L. pungens, which is found throughout western North

America.

Most species in the perennial clade were not recovered as monophyletic (Figs. 2, 3). Although L.
caespitosus and L. glaber were recovered as monophyletic (however, note the small sample
size), both species were nested within a paraphyletic L. watsonii. In the other subclade, both L.
veatchii and L. californicus were recovered as monophyletic, but they were nested within a

clade that included the paraphyletic species L. pungens and L. jaegeri.

The rmaverick population structure analysis for the perennial clade showed the highest
posterior probability for three distinct genetic clusters (Verity and Nichols 2016; Fig. 1.4). One
cluster included all the samples of the species L. watsonii and L. caespitosus, which occur
outside of California, another cluster included all the samples of the Baja California endemic L.
veatchii and two samples of L. pungens from Southern California and Baja California, and a third
cluster included all samples of the species L. pungens, L. californicus, and L. jaegeri (Fig. 1.4).
The population structure results are consistent with the phylogenetic results showing a lack of

genetic cohesiveness of the currently recognized taxonomic species in this clade.
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Coastal California and Baja California annuals clade

The ddRAD phylogeny recovered a monophyletic group including L. bellus, L. concinnus, L.
dianthiflorus, L. orcuttii, and L. uncialis, all of which occur in the coastal or higher elevation
areas of Southern California and Baja California (Figs. 2,3). A recent phylogenetic study also
recovered this clade (Landis 2016). While the monophyly of this group was not fully supported
in the TC phylogeny, all species within this clade were closely related and formed a grade (Fig.
1.3). The ddRAD analysis with multiple samples per species recovered all species as
monophyletic, though we could only include one sample for L. concinnus and L. uncialis (Fig.

1.2).

Desert annuals clade

In the ddRAD phylogeny, L. bernardinus, L. demissus, L. killipii, and L. parryae formed a clade
sister to the annual night-blooming clade (see below) (Fig. 1.2). The TC species tree did not
support the monophyly of the desert annual clade (Fig. 1.3). Instead, this tree recovered L.
demissus as sister to a clade with two subclades, one including the remaining species in the
desert annual clade (L. bernardinus, L. killipii, and L. parryae) and a subclade including the
annual night-blooming species (see below) (Fig. 1.3). The broad sampling in the ddRAD
phylogeny showed that most species in the desert annual clade were recovered as
monophyletic, with the exception of L. bernardinus and L. killipii, both of which formed a clade

with intermixed samples.
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Annual night blooming clade

The annual night blooming clade included the species L. arenicola (M.E. Jones) Jeps. & L.H.
Bailey, L. bigelovii (A. Gray) Greene, L. dichotomus Benth., L. jonesii (A. Gray) Greene, L.
maricopensis J.M. Porter & R. Patt, and L. viscainensis Moran. All species in this clade are night
bloomers, with the exception of L. dichotomus where populations of L. dichotomus subsp.
meridianus flower during the day. This group was monophyletic in both the ddRAD and TC
phylogenetic analyses (Figs 2, 3). This corroborates the section Linanthus described by Grant
which included L. bigelovii, L. dichotomus and L. jonesii (Grant 1959). Linanthus viscainensis was
later added to the section Linanthus based on its morphological similarities to L. arenicola
(Moran 1977). This clade was also recovered in previous analyses with the addition of one

accession of L. filiformis (Landis 2016).

Most species in this clade were highly paraphyletic or polyphyletic (Figs. 2, 3). Linanthus
arenicola was the only monophyletic species. Six out of 11 samples of L. jonesii formed a clade,
but it was nested within a more inclusive clade with several intermixed samples of L.
dichotomus and L. bigelovii. Eight out of 11 L. bigelovii samples formed a clade, but it was
nested in a more inclusive clade with several samples of L. dichotomus and L. jonesii. The only
sample of L. viscainensis included here was nested within a more inclusive clade including
samples of L. bigelovii, L. dichotomus, and L. jonesii. Thirteen out of 17 L. dichotomus samples

and two samples of L. bigelovii formed a clade.
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The population structure analysis in the annual night blooming clade showed the highest
posterior probability for four distinct genetic clusters (Fig. 1.5). One cluster included the
majority of samples identified as L. bigelovii (8/11), some samples identified as L. jonesii (5/11),
and one sample identified as L. dichotomus (1/17). A second cluster included the majority of
samples identified as L. jonesii (6/11), some samples identified as L. dichotomus (3/17), and one
sample identified as L. bigelovii (1/11). A third cluster included only samples identified as L.
dichotomus (11/17). A fourth cluster included some samples identified as L. bigelovi (2/11) and
some samples identified as L. dichotomus (2/17) (Fig. 1.5). We did not detect any geographic

signal characterizing these genetic clusters.

Trait evolution and ancestral states

Our traits do not seem to affect diversification rates. Perenniality, night blooming, and petal
color polymorphism do not have an effect on diversification rates (P =0.52, P=0.51, P =1,
respectively) with AIC values supporting the state independent diversification model in each
trait. Mapping the distribution of phenotypic traits onto the ddRAD phylogeny shows that
perenniality is clustered in one clade, night blooming appears in the perennial clade and in the
annual night blooming clade, and petal color polymorphisms are dispersed across the phylogeny
in three of the major clades (Fig. 1.6). Stochastic character mapping showed that perenniality
evolved once with no reversals to annuality (Fig. 1.7A). Night blooming evolved three times,
once in the annual night blooming clade, and twice in the perennial clade where all but two
species have night blooming populations (Fig. 1.7B, Appendix S1.7). Corolla lobe anthocyanin
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pigment polymorphism may be ancestral in Linanthus, with several reversals to unpigmented
corolla lobes (Fig. 1.7C). The posterior probability distribution for the number of changes shows
that gain of anthocyanin polymorphism may have occurred twice and loss of anthocyanins ten

times (Appendix S1.7).

Geography of speciation

The majority of species pairs showed < 50% overlap in geographic ranges regardless of
phylogenetic distance (Fig. 1.8). Nonetheless, species range overlap varied from 0 to 80%.
Between species pairs, there was no effect of phylogenetic distance on geographic range
overlap (P = 0.93; Fig. 1.8). Young species pairs often had non-overlapping geographic ranges,
however species comparisons within clades did not show a relationship between phylogenetic
distance and range overlap (P = 0.90). Between species belonging to different clades,
phylogenetic distance was also not a good predictor of geographic range overlap (P = 0.29).
Together, these results suggest that a single geographic mode of speciation (allopatric or

sympatric) does not predominate among Linanthus species.

Discussion

Phylogenetic relationships are well-resolved and most species are monophyletic

Our phylogenetic analyses generated well-resolved phylogenies that included all of the currently
recognized species in Linanthus. The TC phylogeny (Fig. 1.3A) recovered nearly all of the same

species relationships as in our concatenated ddRAD phylogeny (Fig. 1.2), and they both were
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congruent with results from previous analyses with limited taxon and genetic sampling (Landis
2016). The species tree inferred with SVDQuartets from ddRAD data (Appendix S1.8) showed
inconclusive species relationships due to very short branches, but this method is sensitive to
large amounts of missing data common in RAD datasets (Nute et al. 2018). The species tree
inferred with ASTRAL from TC data also recovered monophyly of most species, and most recent
species relationships were congruent with the ddRAD data species trees (Appendix $1.9, $1.10).
Notably, our results showed that most species are monophyletic even when we included
multiple samples from different species co-occurring in sympatry with ample opportunities for
interspecific gene flow. This suggests that reproductive isolating barriers have likely evolved for
most species in this recent desert radiation. The lack of monophyly of some perennial and
annual night blooming species may be due to interspecific gene flow, incomplete lineage
sorting, or that current species limits are problematic. Recently, Porter and Patterson (2015)
proposed a suite of infraspecific taxa within the perennial and night-blooming clades, reflecting
the ongoing discovery of cryptic diversity in these groups. While we did not explicitly test these
taxonomic hypotheses due to the difficulty of obtaining reliable identifications at subspecific
rank for all herbarium specimens included in our study, we suspect that the non-monophyly of
species witnessed in our study may support the elevation of some of these taxa to specific rank.
Further work with more detailed study of herbarium material coupled with deeper taxon and
genomic sampling and field experiments could be useful for rigorously testing these various

hypotheses.
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Perennials evolved from annuals

The species in the perennial clade all share several synapomorphies including the subshrub
habit with a woody base, leaves that grow tightly in fascicles with sharp-tipped and filiform
lobes or entire filiform leaves, and salverform corolla. These species occur in mountainous
regions, consistent with the finding that alpine environments favor long lived species that can

persist the colder winters (Billings and Mooney 1968; Ricklefs and Renner 1994).

Shifts from annual to perennial habit are considered rare across angiosperms, with perenniality
thought to be the ancestral state in flowering plants and within most families and genera
(Friedman 2020). However, recent phylogenetic comparative work has shown examples of
transitions from annual to perennial habit (Tank and Olmstead 2008; Soltis et al. 2013). In
Polemoniaceae, transitions between annuality to perenniality in both directions are common
including in Phlox and Leptosiphon, which are two closely related genera of Linanthus (Barrett et
al. 1996). Both the ddRAD and the TC phylogenies presented here support the evolution of the
perennial species from an annual ancestor, and no reversals to annuality (Fig. 1.7A). Thus, the
transition to perenniality is unidirectional from annual ancestors. The evolution of perenniality
may have implications for diversification and evolution in Linanthus. Perennial plants generally
show a slower rate of molecular evolution than annual plants, which has been attributed to
longer generation times (Andreasen and Baldwin 2001) and larger population sizes (Bousquet et

al. 1992). Our BiSSE analysis did not support an association between perenniality and
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diversification, but the BiSSE model requires a larger data set than was used here to produce

statistically robust results (Davis et al. 2013).

Night blooming evolved three times

We found that night blooming has only evolved three times in Linanthus (Fig. 1.7B, Appendix
$1.7) with one reversal to day blooming in L. dichotomus. Night blooming has evolved multiple
times across angiosperms but it is relatively rare (Silberbauer-Gottsberger and Gottsberger
1975; Grant 1983). In Polemoniaceae, hawkmoth pollination seems to have evolved in three
genera, Linanthus, Ipomopsis Michx. and Phlox, but only Linanthus has flowers that open
exclusively at night (Grant 1983). This suggests further specialization for hawkmoth pollination

in Linanthus because there are no other pollinators available to visit the flowers at night.

Night blooming is rare and may be a mechanism of allochronic speciation

Night blooming species often occur in low densities and are spread across the landscape. This
demographic pattern of night bloomers is associated with dry habitats, where daytime anthesis
might lead to excessive water loss through transpiration (Stebbins 1970). Populations of the
annual night blooming Linanthus species show these demographic patterns. If night blooming is
indeed advantageous from a hydraulic perspective in Linanthus, the question is why more
species have not evolved this trait given their widespread distribution in the hot, dry deserts.

Detailed physiological and genomic studies could shed light on the biological mechanisms
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underpinning this phenotype. Alternatively, it is plausible that shifts in flowering time have
evolved as prezygotic isolating barriers and are linked to a more complex phenotype involved in
pollination and possibly allochronic speciation (Taylor and Friesen 2017). Night blooming
flowers are usually white, pale yellow or pale pink with strong scents emitted at night, and with
long corolla tubes (Grant 1983; Knudsen and Tollsten 1993). These traits are present in all the
annual night blooming Linanthus, with variation within and between species, making it a great
system to study the genetic basis of this complex phenotype likely involved in speciation. For
instance, this system can be used to study which suite of traits is specialized to moth pollination
and which attracts a wider variety of pollinators. Future work can also investigate how the loss
of petal pigment and specialization on night pollinators may be leading the night bloomers to a

potential evolutionary dead-end (Tripp and Manos 2008).

Our results show that populations of species in the night blooming clade co-occur in sympatry
with populations from species in other clades. Shift in blooming time could work as a temporal
isolating barrier when no geographic barriers limit interspecific gene flow. Because night
blooming species co-occur with species that have diverged at different times (Figs. 2, 8), it is
unclear if night blooming is the cause of reproductive isolation or evolved later in secondary

sympatry as a reinforcement mechanism (Taylor and Friesen 2017).

Selfing may be a mechanism of reproductive isolation between closely related species—
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Outside of night anthesis, the Linanthus species in the annual night-blooming clade are united
morphologically by their white or yellow corolla color, short or non-existing pedicel, and a
cylindrical or urn shaped calyx, with the membrane separating sepals that are wider than the
lobes. The stamens are included in the corolla tube, with the pistil at or below the stamens. This
combination of traits is often found in flowers that can self-pollinate (Ushimaru and Nakata
2002). Indeed, most Linanthus species in the annual night blooming clade can set seed without
the corolla emerging out of the calyx (pers. obs.). Self-compatibility is common in other
hawkmoth pollinated flowers (Grant 1983). For instance, L. arenicola and some populations of L.
jonesii and L. bigelovii have very short floral tubes, making hawkmoth pollination less likely.
Therefore, it is possible that some populations of these species are autogamous. Further study
is needed to determine whether these populations are facultative selfers, growing smaller
autogamous flowers in years when conditions are not favorable. The gradient from selfing to
outcrossing via hawkmoth pollination in this night blooming clade provides the opportunity to
investigate different strategies for reproductive isolation in closely related species. Similar
trends in selfing features are present in Leptosiphon, a closely related genus of Linanthus
(Goodwillie 1999, Goodwillie and Stiller 2001, Goodwillie and Ness 2005). Selfing in Leptosiphon
may have evolved to ensure reproductive success in environments with inconsistent pollinator
visitation and with range expansion to drier habitats that decouple pollinator emergence from
flowering time (Goodwillie 1997). Whether similar mechanisms operate and evolve

independently in Linanthus is unknown.
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Scent may act as a reproductive isolating mechanism, especially in night blooming species—
Night blooming species use scent to attract pollinators because visual cues are less effective at
night (Raguso and Willis 2002). Many night blooming flowers emit a heavy sweet musky scent,
which is an olfactory attractor of noctuid moths (Raguso et al., 2003). Linanthus dichotomus, the
showiest species in the night blooming clade, emits scents associated with moth attraction, and
different chemical profiles between the day and night blooming subspecies (Chess et al. 2008).
Analyzing the chemical profiles of Linanthus species will improve our understanding of the
evolution of the hawkmoth pollination syndrome. Further chemical ecology studies are needed

to explore how floral scent works as a potential isolating mechanism in Linanthus.

Color polymorphism may be ancestral

Flower anthocyanin polymorphisms in Linanthus may have evolved early in the history of the
genus, in the clade that includes most species in the genus except for L. inyoensis, L. filiformis
and L. campanulatus (Fig. 1.7C). Although these three early diverging species do not exhibit
color polymorphisms, several other genera in Polemoniaceae have color-polymorphic species
(Schemske and Bierzychudek 2007). Anthocyanin pigmentation likely evolved in the ancestor of
Linanthus or even earlier in the history of Polemoniaceae (Landis et al. 2018), but the evolution
of anthocyanin-based polymorphism has not been studied in this family. A noteworthy feature
of the anthocyanin polymorphisms in Linanthus is that no species are pigmented and
monomorphic (i.e., there are no species with only pink or purple petals), and all pigmented
species also have a non-pigmented morph (i.e., a species with pink petals also has individuals
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with white petals). The pigmented monomorphic trait may be a hidden state in the evolutionary
history of Linanthus but it is not possible to infer from our analyses whether pigmented only
species existed in the genus. Despite this, the prevalence of polymorphisms in the genus
indicates that polymorphisms are a shared derived trait in at least some of the Linanthus
lineages. It is expected that polymorphisms are rarely retained across speciation events,
because the genetic variation responsible for the polymorphism as well as the disruptive
selective pressure maintaining the polymorphism must persist through time (Jamie and Meier
2020). While polymorphisms might be a precursor to speciation, polymorphisms that persist
through a speciation event must be a result of different forces than those driving speciation
(Gray and McKinnon 2007). Small scale habitat differences or temporal fluctuations are possible
disruptive forces that do not directly lead to reproductive isolation, and have been credited with
maintaining the color polymorphism in Linanthus parryae (Schemske and Bierzychudek 2001,
2007). The prevalence of color polymorphisms across the Linanthus radiation and the potential
for its mechanism to be maintained through speciation events makes this genus an ideal subject

to investigate the dynamics between speciation and polymorphisms.

Flower pigmentation evolutionary transitions are common across the angiosperm phylogeny
(Rausher 2008, Smith and Goldberg 2015) and in Polemoniaceae (Landis et al. 2018), but the
macroevolution of color polymorphisms remains understudied. There are few documented
examples of multiple closely related species sharing flower color polymorphisms with a few

exceptions in Antirrhinum L. (Lamiaceae) and Protea L. (Proteacea, Carlson and Holsinger 2015,
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Ellis and Field 2016). In California occurring Polemoniaceae, 36% of the species exhibit flower
color polymorphism (Schemske and Bierzychudek 2007), in Ipomopsis, Leptosiphon, Linanthus
and Phlox. In Linanthus, 44% of the species are polymorphic across populations and 28% within
populations (Patterson and Porter 2021, pers. obs.). The pink, lavender, and purple color
variation in Linanthus are likely anthocyanin based pigments (Tanaka et al. 2008). The inability
to synthesize anthocyanin pigments has been suggested as a mechanism for producing the
white corolla individuals (Warren and Mackenzie 2001), but this mechanism remains to be
tested in Linanthus. The loss of the color polymorphism seems to have occurred several times in
the history of Linanthus (Appendix S1.7), supporting that color is likely more easily lost than

gained (Rausher 2008).

Many of the species in Linanthus exhibit continuous color variation. For example, the iconic
Linanthus parryae has been coded as dimorphic in the classic papers investigating the evolution
of such polymorphism (Epling and Dobzhansky 1942; Wright 1943; Schemske and Bierzychudek
2007). However, observations in the field across the flowering season indicate that individuals
range in intensity of flower color, both within and between populations. In addition, the color of
the purple morphs appears to fade with heat or time since anthesis (pers. obs.). These
characteristics point to a potentially more complex mechanism for the genetics and plasticity of
flower color than previously suspected in Linanthus parryae, and in the other Linanthus

polymorphic species.
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While anthocyanin-produced pigment influences pollinator attraction, it also has survival
functions, including deterring herbivores and responding to abiotic stresses such as UV
exposure and drought (Strauss and Whittall 2006). Across angiosperms, flower color
polymorphisms are most common in heterogeneous environments, like the Mediterranean or
high elevation biomes (Sapir et al. 2021). Experimental studies have shown that in white and
pink/purple flower polymorphic species, the pink/purple morphs show greater tolerance to
drought and heat stress (Warren and Mackenzie 2001; Coberly and Rausher 2003; Vaidya et al.
2018; Dittmar and Schemske 2023). Linanthus parryae pollinator visitation did not differ
between two color morphs, but reproductive success was higher in white flowered individuals
in wetter years, and in purple flowered individuals in dry years (Schemske and Bierzychudek
2001). Color morphs differences correlated to rainfall abundance point to a potential pleiotropic
effect of flower color and environmental factors in L. parryae (Schemske and Bierzychudek
2007) but can also point to potential linked genes producing these seemingly unrelated
phenotypes (Rausher 2008). The white and pink/purple polymorphism commonly found in
Linanthus may be an important adaptation that allowed plants to tolerate the variable
environmental conditions in xeric areas of Western North America and might have been a
precursor to its diversification in this geographic area with high UV radiation, drought and heat.
The prevalence and the potential ancestral origin of color polymorphisms in Linanthus opens
promising future avenues for studying the mechanisms that maintain polymorphisms within

species and across speciation events.
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No predominant mode of speciation, but range overlap in sister species is indicative of

parapatric speciation

We did not find a relationship between phylogenetic distance and species range overlap, thus
we did not detect a prevalent geographic mode of speciation in Linanthus. Though current
species distributions are not necessarily reflective of the species range at the time of speciation
(Losos and Glor 2003), some signature of this pattern is likely present in the current geography
of closely related species (Barraclough and Vogler 2000). Allopatric speciation has been
considered the dominant mode of speciation (Mayr 1959, Coyne and Orr 2004). If this is the
case, we would expect geographic range overlap to increase over time with sympatry arising
secondarily after populations have accumulated enough differences and become reproductively
isolated. However, we did not detect signals of such a pattern (Fig. 1.8). Recent studies have
suggested that plant sympatric speciation is more prevalent than other geographic modes of
speciation (Skeels and Cardillo 2019). Under this scenario, we would expect geographic range
overlap to decrease due to post-speciation geographic range changes (Losos and Glor 2003).
Yet, our findings for Linanthus were not consistent with this pattern (Fig. 1.8). Taken together,
our results indicate that multiple speciation mechanisms are at play in the Linanthus radiation
and not a single mode predominates. For instance, we found that some young species pairs
show considerable geographic range overlap, while others overlap minimally. This difference
suggests that in some cases speciation could have happened in parapatry with opportunities for
homogenizing gene flow and in other cases, speciation likely happened in isolation in allopatry.

Further geographic sampling at the landscape scale combined with detailed studies in regions of
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geographic overlap using simulations and population genomic approaches will be essential to

confidently discern speciation modes.

Recent studies of California plants suggest that the patterns of geographic range overlap,
geographic range asymmetry, and time since divergence between species pairs were not
consistent with allopatry as the dominant mode of geographic speciation (Anacker and Strauss
2014, Grossenbacher et al. 2014, Christie and Strauss 2018). However, these studies estimated
range overlap using a different approach to the one employed here. We used overlap of
hypervolumes that account for density of points and holes in the distribution of species
occurrences, and holes in overlap from calculations of sympatry (Blonder et al. 2014). This
method is sensitive to overlap at a finer scale, potentially excluding areas of overlap where the
potential for gene flow between species pairs is low. Fine scale geographic partitioning or
“micro-allopatry” may be common in California native plant species (Anacker and Strauss 2014,
Grossenbacher et al. 2014). These previous studies used the overlap between polygons formed
by occurrence points, and the difference in range overlap calculation methods could explain the

overall discrepancies between our findings and the ones reported for those studies.

The expected pattern of increasing overlap with increasing phylogenetic distance under
allopatric speciation may be apparent in a genus that diversified across a more homogenous
environment, with fewer barriers to range expansion and contraction. However, this pattern

may not emerge in Linanthus even if allopatric speciation is common because some species
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pairs never experience secondary sympatry (Fig. 1.8). The lack of geographic overlap could
result from specialization to certain habitats or pollinators, the inability to expand geographic
ranges, or the existence of a heterogeneous environment with barriers to dispersal. These are
patterns we commonly see in the ecology and geography of Linanthus. Testing these hypotheses
will lay the groundwork for future studies exploring speciation mechanisms in Linanthus across

the harsh North American deserts.

Conclusion

In this study, we present a comprehensive phylogenetic study of the genus Linanthus, a diverse
radiation of mostly annual plants from the biodiverse deserts of Southwestern North America.
Our phylogenies are the first to date to include complete species sampling and extensive
intraspecific sampling. This approach allowed us to explore the monophyly of species and
species relationships with increased rigor. Most species resolve as monophyletic despite
rampant local sympatry and range overlap, suggesting the presence of strong isolating
ecological barriers. The species within the annual night blooming clade and the perennial clade
are not monophyletic, and closer taxonomic and population level studies are needed to
untangle the evolutionary patterns of those species. Although we do not detect a strong signal
for a predominant geographic mode of speciation, most species show some overlap in
geographic range regardless of time since divergence. This suggests that some species could
have evolved in parapatry, likely in the face of gene flow, while others likely evolved in isolation
and never attained secondary sympatry. The strategies that Linanthus species have evolved to
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deal with desert living, including flower color polymorphisms, facultative selfing, night

blooming, and annuality, make it a rich system to study how plants can adapt to a drier world.
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Figures

Figure 1.1. Linanthus encompasses extensive floral diversity with many polymorphic species in
color and floral markings. Species greatly differ in corolla tube depth and in pollinators observed
to visit flowers. Photographs were taken by I.G.A. (A) L. arenicola. (B) L. bellus. (C) L.
bernardinus. (D) L. bigelovii. (E) L. californicus. (F) L. campanulatus. (G) L. concinnus. (H) L.
demissus. (1,J) L. dianthiflorus. (K) L. dichotomus. (L) L. filiformis. (M) L. inyoensis. (N) L. jonesii.
(O,P) L. killipii. (Q) L. maculatus. (R,S) L. orcuttii. (T,U) L. parryae. (V,X) L. pungens.
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Figure 1.2. The phylogeny of Linanthus inferred using ddRAD data is well resolved and highly
supported. A maximum likelihood phylogenetic tree inferred in IQtree including 180 samples for
all species of Linanthus using a concatenated matrix of ddRAD data and a minimum of 4
samples per locus. Values at nodes represent bootstrap support below 90. The average of 7
samples per species included shows that most of the species are monophyletic. The clades
recovered share common morphological features, habitats, or habits.
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Figure 1.3. The phylogeny of Linanthus inferred using target capture data (Angisoperms353)
data is well resolved and highly supported. This phylogeny is highly consistent with the
phylogeny inferred using ddRAD data (see Fig. 1.2). A. Maximum likelihood phylogenetic tree
inferred in 1Qtree including 63 samples across 22 species of Linanthus and 4 outgroups using a
matrix of 219 concatenated Target Capture (Angiosperms353) loci with 100% occupancy. Values
at nodes represent bootstrap support. Most species are recovered as monophyletic. B. The

same phylogenetic tree as in A with collapsed species.
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L. caespitosus L. californicus L. jeagerii L. pungens L. veatchii L. watsonii

Figure 1.4. Genetic clusters did not match species taxonomy in the perennial clade. K=3 had the
highest posterior probability, meaning that three genetic clusters were recovered for six
taxonomic species. The red cluster included all samples identified as L. californicus and most
samples identified as L. pungens and as L. jaegeri. The blue clade included all samples identified
as L. caespitosus and L. watsonii. The tan group included all samples identified as L. veatchii,
one sample identified as L. jaegeri, and one sample identified as L. pungens.

L. bigelovii L. dichotomus ‘ L. jonesii L. viscainensis

Figure 1.5. Genetic and taxonomic groups in the annual night bloomers showed little
congruence. K=4 had the highest posterior probability, meaning that four genetic clusters were
recovered for four taxonomic species. The red cluster included a majority of samples identified
as L. bigelovii. The blue cluster included a majority of samples identified as L. jonesii. The tan
cluster included only samples identified as L. dichotomus. The orange cluster included two
samples identified as L. bigelovi and two samples identified as L. dichotomus. We excluded L.
arenicola from this analysis because it was monophyletic.

46



Blooming Time
Color polymorphism ‘

L.inyoensis

L.campanulatus

L. filiformis

L.maculatus

%
T
|
|
|
|
HE N
|
HE N
|
H N
|
HE N
H
H N
H N
H N
H N
H
H N
.Annual . .
.Perennial = .
Diurnal .
.Vespertine .
Monomorphic .
. Polymorphic . .

Figure 1.6. Phylogeny of Linanthus showing the distribution of three phenotypic traits. Left,
Linanthus phylogeny using ddRAD data and one individual per species. Values represent
bootstrap support. Right, diagram showing the character states distribution across species.
Colors grouping taxa represent the clades we defined in Figure 2.
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Figure 1.7. Across the Linanthus radiation, some phenotypic traits show little lability while
others are highly labile. Each panel shows stochastic character density maps for different traits.
A. Perenniality evolved once (1 = perenniality). B. Night blooming evolved three times, once in
an annual clade, and twice in the perennial clade (1 = night blooming). C. Corolla lobe
anthocyanin pigment polymorphisms may be ancestral in Linanthus, with several reversals to
unpigmented corolla lobes. The most dominant state across Linanthus’ evolutionary history is
polymorphic, represented by the dominance of pink color along the branches in the phylogeny.
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Phylogenetic Distance

Figure 1.8. Phylogenetic distance does not predict range overlap of pairs of Linanthus species,
suggesting there is no predominant geographic mode of speciation. There is no effect of
phylogenetic distance on range overlap between species either within clades (W) or between
clades (B). Pairwise phylogenetic distance is based on the ddRAD phylogeny using one individual
per species, and geographic range overlap is estimated as the overlap in hypervolumes
corresponding to geographic ranges for each species.
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Appendix

Available at github.com/ioanaanghel/Linanthus phylogeny.

Appendix S1.4. ipyrad parameters for assembly of RAD data.

Appendix S1.5. AIC scores for models of evolution to use in stochastic character mapping.

Appendix S1.6. Posterior probability density trees of anthocyanin polymorphism evolutionary
history with two alternate models of evolution: equal rates and irreversible models.

Appendix S1.7. A distribution of trait changes across 1000 stochastic character mapped trees
for perenniality, night blooming, and corolla anthocyanin polymorphism.

Appendix S1.8. RAD species trees. A. Species tree with ddRAD data generated with
SVDQuartets. B. The same species tree with branch lengths showed inconclusive species
relationships due to very short branches. Values represent branch lengths.

Appendix S1.9. TC species trees. A. Phylogenetic tree built with 63 samples across 22 species of
Linanthus and 4 outgroups with 219 loci recovered via Target Capture (Angiosperms353) with
100% occupancy generated in ASTRAL. Values represent concordance factors. Most species are
recovered as monophyletic. B. Species tree built with 219 loci recovered via Target Capture
(Angiosperms353) with 100% occupancy generated in ASTRAL. Values represent concordance
factors.

Appendix S1.10. Tanglegram of RAD and TC phylogenies with samples in common. The two data
sets produce highly congruent phylogenies, with almost identical recent species relationships.

Appendix S1.11. The species tree calibrated using the divergence time of 20.8-42.5 MYA (Landis
et al. 2018), for a range of lambda values ranging from zero, representing a free rate model, to
one, representing a clock-like model. All of the models show that much of the diversification
occurred since 20 MYA.

Appendix S1.12. A maximum likelihood phylogenetic tree inferred in IQtree including 180
samples for all species of Linanthus using a concatenated matrix of ddRAD data and a minimum
of 4 samples per locus. Values at nodes represent bootstrap support. The average of 7 samples
per species included shows that most of the species are monophyletic. This is the same
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phylogenetic tree as in Figure 2, but it includes sample names.
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Chapter 2

Linanthus floral scent is highly variable yet differentiates species

Abstract

Floral scent is a complex trait, with species emitting compounds that are both phylogenetically
conserved and species specific. Most angiosperm species produce tens of volatile organic
compounds (VOCs) in their floral scent bouquet, with certain compounds involved in biotic
communication while others may be an artifact of non-selective forces. In species that depend
on pollinators for fertilization, floral scent can be crucial for reproduction. Understanding the
variation of floral scent across closely related species can help us understand how the fragrance
phenotype contributes to reproductive isolation and reproductive success. In this study, we
conducted a large-scale investigation of floral scent variation across 13 species of Linanthus
(Polemoniaceae). More than half of the species in the genus coexist locally, potentially with
scent causing reproductive isolation for sympatric species. Linanthus species are visited by a
wide variety of insects, including flies, butterflies, bee-flies, bees, and beetles, and this
pollinator variation may reflect the scent variation across the genus. We found that species emit
a wide variety of floral compounds, ranging from 3 to 38 compounds per species. Species
showed significant differences in scent profile, though there was high intraspecific variation. In
constrained ordination visualizations, scent profile was visually differentiated by species only
within sub-generic clades. Hierarchical clustering with species emissions averages showed that

the species fragrance dendrogram was incongruent with the phylogenetic relationships in
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Linanthus. Closely related species having a very distinct scent profile may indicate that scent is

used as a reproductive isolation mechanism between closely related species with range overlap.

Introduction

Plants guide pollinators to their flowers through multiple sensory channels, including color, UV
markings, shape, size, and fragrance (Raguso 2008a). While studies focused on visual
characteristics of flowers, such as color and shape, have dominated pollination biology, odor-
mediated pollination is emerging as one of the most important dimensions of floral signaling
(Raguso 2008a). Scent plumes can direct a pollinator spatially, attracting it from a distance,
guiding it to approach a flower, encouraging it to land inside a corolla, and initiating feeding
cues (reviewed in Raguso 2008b). Floral scent can effectively signal the availability of nectar or
pollen (Theis & Raguso 2005) in flowers at peak reproductive maturity (Theis et al 2007). It can
promote outcrossing by attracting specialized pollinators and promoting floral constancy
(Raguso 2008b), or by decreasing pollinators’ visitation time and encouraging them to visit
different individuals (Kessler & Baldwin 2007). Consequently, attracting pollinators via floral
fragrances can increase seed production and have a direct positive effect on plant fitness

(Majetic et al. 2009).

Flowers emit an incredible diversity of volatile organic compounds (VOC) that make up floral

fragrances, with over 1700 compounds identified so far in angiosperms (Knudsen et al. 2006).
These compounds belong to a few chemical classes because the major biosynthetic pathways
that produce these compounds are ubiquitous (Dudareva et al 2020). They share biochemical
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origins, and the same pathway can produce different compounds with little metabolic
investment (Pichersky & Raguso 2018). The relative ease of producing volatile compounds
means that individual species can emit up to 60 distinct compounds (Knudsen & Gershenzon
2020). This large number of compounds can attract different pollinators or change suites of
pollinators in unpredictable environments (Pichersky & Raguso 2018). Across species within a
genus, most taxa emit unique floral volatile profiles (Knudsen & Gershenzon 2020), and as such
interspecific differences in scent can help to establish or maintain reproductive isolation (Waelti
et al. 2007, Bischoff et al. 2014, Byers et al. 2014). Scent across closely related species or
between populations can be strikingly different (Friberg et al. 2019), sometimes differentiating
species in sympatry (Knudsen 1999, Peakall & Whitehead 2014, Okamoto et al. 2015). While
variation of scent is phylogenetically and taxonomically informative in some clades (Raguso et
al. 2006, Toth et al. 2016, Couto et al 2024), differences in scent profiles are most often
correlated with differences in pollinators or in pollination mode (Clifford 2017, Wang et al 2018).
Overall, the fragrance bouquet of a plant species is a labile and complex trait that is closely
linked to pollinator signaling and can facilitate reproduction when other mechanisms of

attracting pollinators are limited.

Plants with patchy distributions rely on floral scent to attract pollinators (Schatz 1990; Knudsen
et al. 1999). Desert plants are often distributed unevenly across the landscape, with populations
highly isolated from each other and occurring in low density, especially in dry years (Salguero-

Gomez et al 2012). In this type of environment, floral scent can attract insects that detect scent
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plumes from a distance and land on the source of the attractive fragrance (Cunningham et al.
2004). In addition, desert annuals depend on irregular rainfall to flower and complete their life
cycle. Desert and tropical forest species are similar in their unpredictable flowering episodes
and discontinuous distribution in space (Polis 1991), and scent has been shown to provide a cue
for pollinators to visit tropical plant flowers (Grison-Pigé et al. 2002). Desert annuals also have a
short growing season in which they must reproduce efficiently and quickly before conditions
change, and scent can increase the chances of reproductive success in this critical period. Taken
together, these features of desert living make effective pollinator signaling critical for desert
plant species reproduction. Desert plants likely rely on scent for pollinator attraction, and

reproductive isolation from congeners may be mediated by scent.

Linanthus is a flowering plant genus of 25 species that occur across the deserts and coastal
areas of California and in the Great Basin. Many Linanthus species apparently have unique and
recognizable scent profiles, yet this pattern of variation has not been well-characterized. Species
are pollinated by a variety of insects including hawkmoths, bee-flies, bees, flies, and beetles
with species attracting both generalist and specialist pollinators (Grant and Grant 1965; pers.
obs). Because several species pairs of Linanthus co-flower temporally and spatially, it is likely
that floral scent plays an important role in reproductive isolation and the maintenance of
species boundaries. Scent has only been studied in one species of Linanthus. Fragrance
composition between day and night blooming subspecies of L. dichotomus shows significant

differences (Chess et al. 2008). The night blooming subspecies has higher concentrations of lilac
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aldehydes, a monoterpene that attracts moths (Knudsen and Tollsten 1993), while the day
blooming subspecies emits more phenylacetaldehyde known to attract a variety of insect
visitors (Huber et al. 2005, Blight et al. 1997, Theis 2006). This study illustrated that scent
variation is heritable in Linanthus and that certain compounds may be correlated with a switch
from specialized moth pollination in the night blooming subspecies, to generalized pollination in
the day blooming subspecies. These subspecies’ scent variation pattern may indicate that floral
scent in Linanthus is an evolutionary labile trait that can quickly respond to selective pressures,
leading to local adaptation and reproductive isolation. Aside from this work on L. dichotomus,

there has been no formal study quantifying scent variation in the genus.

This study is the first comprehensive comparative study describing variation in floral scent
between and within species of Linanthus. We describe the variation in floral scent across
species of Linanthus to test the hypothesis that floral profiles are associated with speciation.
Our sampling includes samples within and between species to quantify scent composition
across populations and species. Because floral scent likely plays a central role in plant-pollinator
interactions, plant reproductive isolation, and the maintenance of species boundaries, we make
the following predictions. First, we predict that species will emit many compounds, as indicated
by the diversity of pollinators observed visiting Linanthus species. Second, we expect higher
inter than intraspecific scent variation. Third, species scent profiles will differ significantly from

each other.
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Methods

Floral volatile collection

Sampling included 2 to 23 individuals from 15 of the 25 species of Linanthus. In total, we
included 147 samples from 61 populations, including 108 floral samples and 39 ambient
samples as controls (Supplemental Table 1A). We collected floral scent using a dynamic
headspace method (Raguso and Pellmyr 1998; Tholl et al 2006) from plants grown in the
greenhouse or in the field. To fit the size of the inflorescence, we cut non-reactive resin oven
bags (Reynolds, Richmond, VA) into a 12 cm x 20 cm rectangle, resealed them on three edges
using an impulse heat sealer FS-200 (Metronic, Pomona, CA), and made a slit into one of the
sealed corners. We placed these headspace bags around an inflorescence and secured one end
of the bag around the plant stem using a twist tie. We inserted the trap into the headspace
through the slit and secured it in place with another twist tie. We connected scent traps to

a micro air sampler (product #PAS-500, Spectrex, Redwood City, CA, USA) via Tygon tubing
(4mm inner diameter) and continuously extracted air from the bag through a small slit at one of
the corners of the bag where the scent trap was introduced and secured into the bag with a
twist tie. We constructed scent traps by cutting clear 2.5 mm inner diameter glass tubing to 3
cm length, then plugged it with glass wool, filled with 6.5 mg of Tenax GC (product #21009-U,
SUPELCO, Bellefonte, PA, USA; mesh size 80-100), and plugged the other end with glass wool.
The micro air sampler pulled air from the headspace through the scent trap at 200 mL/min for 1
hour. We eluted scent traps with 200 uL of GC-MS-quality hexane into conical glass inserts
(Agilent Technologies, Santa Clara, CA, USA) held in 2 mL auto-sampler vials (Agilent
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Technologies). Auto-sampler vials were capped with screw cap PTFE/silicone lids (Agilent
Technologies) and stored in a cooler in the field (if applicable), then at -20C until analyzed.
Control samples were collected simultaneously in the same manner from oven bags filled with

ambient air.

Gas-chromatography/mass spectrometry (GC/MS) analysis

We analyzed the samples by GC/MS using an Agilent 7890B GC with an HP-5 Ultra Inert non-
polar capillary column (30 m length x 0.25 mm inner diameter x 0.25 um film thickness) and an
Agilent 5977A mass spectrometer in Dr. Santiago Ramirez’s lab at University of California, Davis.
The autosampler extracted 1ul of sample and injected it in splitless mode. The GC oven
temperature was held at 40 C for 2 mins, then ramped up to 210 C at a rate of 5 C/min, then
ramped up to 250 C at a rate of 20 C/min, and held for 5 min (Karban et al 2014). Helium was
used as a carrier gas and set to flow at 2 mL/min. The volatile peaks were automatically
integrated using MassHunter GC/MS Acquisition software vB.07.00 (Agilent) and MSD

ChemStation Enhanced Data Analysis Software vF.01.00 (Agilent).

We preliminarily identified compounds using the NISTO5 mass spectral database and the NIST
MS Search software v2.0. We verified compound identification by comparing their retention
times (RT) in minutes to the first decimal to those of authentic standards where possible, and by
calculating the Kovats Retention Indexes (KRI) and comparing them to compounds with
published KRI. For the latter, we ran a C8-C30 alkane ladder using the same GC/MS equipment
and settings as the samples and used the retention times of the n-alkanes to calculate the KRI.
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We compared the calculated Rl with those in the searchable databases NIST webbook

(https://webbook.nist.gov/) and Pherobase (https://www.pherobase.com; El-Sayed 2024).

Compounds that we were unable to identify confidently are listed by the first ten mass

spectrum ions in descending order of abundance (Eisen et al 2022b).

Statistical analysis

We analyzed the scent data using the retention time rounded to the nearest decimal as
compound ID. We used the area under the peak for each retention time as the emission
guantity. We did not use an internal standard and cannot calculate the concentration of each
compound, but we calculated the area under the peak using the GC/MS, which is proportional
to the concentration. We filtered the data using the R pipeline bouquet (Eisen et al. 2022). We
included compounds present in at least 10% of individuals within a species, with a minimum
peak area of 40,000 units, and retention time between 4 and 40 minutes, a range at which floral
volatile compounds are most likely to be eluted in the column. To pass our filtering, compound
emission had to be three times greater in floral versus ambient samples or the floral versus
ambient samples had to be significantly different with a p-value less than 0.05. The final matrix
was filtered to 13 species, 76 samples and 44 volatile compounds from the initial 15 species,

108 samples and 392 compounds in the raw dataset (Supplemental Table 1B).

For multivariate analysis, we calculated Bray-Curtis dissimilarities between every pair of
individuals. We then used this dissimilarity matrix to run four analyses to examine differences in
scent profiles across species. First, we ran a permutational multivariate analysis of variance
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(PERMANOVA) using the 44 volatile compounds as the dependent variable and species as
factors. We used 999 permutations to test the significance of the model. To run the
PERMANOVA, we used the adonis function in the R package vegan (Oksanen et al. 2018).
Second, we used an unconstrained ordination method, non-metric multidimensional scaling
(nMDS), to examine overall patterns of variation across the entire dataset as well as any
differences in within-group variability and spread. To run this analysis, we used the metaMDS
function in the vegan package (Oksanen et al. 2018) reducing the dimensions to two and using a
minimum of 200 and a maximum of 500 random starting points in search of a stable solution.
Reduction of dimensionality to three or four dimensions instead produced qualitatively similar
conclusions (not shown). Third, we used a constrained ordination method, canonical analysis of
principal coordinates (CAP, Anderson & Willis 2003) using the capscale function in the R package
vegan (Oksanen et al. 2018). In contrast to the unconstrained ordination, CAP uses the
information about group assignment to find the dimensions that maximize the among- to
within-group variation. To test for differences among species, we used the CAP axis determined
automatically by the capscale function and tested the significance of the model using the
anova.cca function in the vegan package with 999 permutations (Legendre et al. 2011). Lastly,
using both individual emissions as well as average emissions per species, we ran a hierarchical

cluster analysis with the default clustering method of complete merging.

We used two approaches to analyze the data. First, we analyzed scent variation across all

species and individuals. Second, to account for phylogenetic relationships and interpret
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variation among closely related species, we partitioned the matrix into four submatrices
corresponding to well-supported groups of closely related species (i.e., clades) identified with
genomic data (Anghel et al. 2024; Fig. S2.1). Clade C is the coastal species clade and includes L.
concinuus, L. dianthiflorus, and L. orcuttii. Clade D is the desert species clade and includes L.
bernardinus, L. demissus, L. killippii and L. parryae. Clade N is the night blooming clade and
includes L. dichotomus and L. bigelovii. Clade O is the early diverging grade and includes L.

campanulatus, L. filiformis, L. inyoensis and L. maculatus.

Results

Across 13 species of Linanthus, we detected 44 floral scent compounds. On average, we found
18 compounds emitted per species ranging from three compounds in L. demissus, to 38
compounds in L. parryae. Individuals had between one and 27 compounds (Supplemental Table
1B-C). The most broadly distributed compound was an unidentified compound (RT 32.6) that
was present in all but one of the 13 species. The next most common compounds were the
sesquiterpene aromadendrene (RT 23.6) and an unidentified compound (RT 32.1), both of

which were present in 11 of the 13 species each.

Scent variation was significantly different across Linanthus (PERMANOVA species: R?=0.33391,
F12,63=2.6318, p=0.001), with interspecific differences accounting for 33% of the overall
variation. Interspecific scent variation within clades was significantly different in the desert
annuals clade (PERMANOVA clade D: R?=0.14328, F334=1.5051, p=0.011), annual night-blooming
clade (PERMANOVA clade N: R?=0.15876, F1,12=2.076, p=0.032), and early diverging grade
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(PERMANOVA clade O: R?=0.35147, F31,=2.1678, p=0.004), but not in the coastal and Baja

California annuals clade (PERMANOVA clade C: R?=0.18836, F,11=1.2764, p=0.159).

The nMDS visualization showed extensive intra and interspecific variation, with notable overlap
between species and clades (Fig. 2.1). The first three constrained axes resulting from the CAP
analysis were statistically distinguishable from random variation (ANOVA F;1 74=7.9905, p=0.001;
F1,74=4.2473 , p=0.006; F1,74=3.6969, p=0.016 respectively). The dimensions of scent
compounds between species were significantly different (ANOVA F12,63=2.5055, p=0.001). The
visualization of the CAP dimensions along axes 1 and 2, 2 and 3, and 3 and 4 showed a lot of
overlap in the reduced multidimensional space (Fig. 2.2A-C). Results of the within clades CAP
analysis showed marked interspecific differentiation, although species still showed intraspecific

variation (Fig. 2.3A-D).

The hierarchical clustering analysis using all samples did not recover clusters matching
taxonomic species (Fig. 2.4A). The heatmap visualizing the relationships between clusters of
samples and clusters of compound emission showed that some samples clustered with other
conspecifics (e.g., L. parryae in Fig. 2.4A), and most species did not cluster together cohesively.
Some samples emitted many compounds, while others just a few (Fig. 2.4A). The dendrogram
visualizing the relationships between clusters of species average emissions and clusters of
compounds did not reflect phylogenetic relationships, either by clades or species (Fig. 2.4B, S1).

Closely related species did not cluster together in chemospace. The exception were the species
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in the early diverging grade, which formed one cluster in the dendrogram, also including L.

dichotomus, L. orcuttii, and L. parryae.

Discussion

Linanthus flower visitors belong to various clades of insects, and many of these species are
attracted by specific floral scents. Linanthus species have been observed to emit distinct scents
that may attract particular pollinators. Here, we showed that Linanthus species have distinct
scent profiles, especially when compared to most closely related species, which may have
served as a reproductive isolation mechanism as species diversified in close geographic space.
We extracted scent volatiles from 108 floral samples in 13 species representing 52% of the
species in this genus. As predicted, we found a wide variation in scent compound presence and
amount, and many types of compounds emitted by species, which may reflect the multiple

functions of scent phenotypes.

Floral scent is variable in Linanthus. The pattern of scent variation shows overlap in the nMDS
multidimensional space, though this is a visual effect of compressing multidimensional variation
into fewer dimensions (Fig. 2.1). We found significant differences between species scent
emissions. When using a constrained ordination method to find the axes of variation that
maximize variation among species, we detected visual differentiation between some species
(Fig. 2.2A-C). These visual differences are much more pronounced when we limit the analysis to
species in the same clade (Fig. 2.3A-D), suggesting that closely related species differ markedly in
floral fragrance. A similar pattern has been documented in Streptanthus, another annual plant
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that occurs in dry areas of California, in which scent composition is highly divergent in close
relatives versus more distantly related species pairs (Weber et al. 2018). These results suggest
that variation in scent might facilitate reproductive isolation. Emitted scent quantity can quickly
evolve when plants are exposed to different pollinators (Gervasi and Schiestl 2017). This rapid
divergence leading to pollinator specialization can be a precursor to reproductive isolation and
speciation, a process of angiosperm diversification known as the pollinator-shift model (Grant
1949, Stebbins 1970). It is plausible that this mechanism has facilitated the diversification of
species in Linanthus. These species are visited by a variety of pollinators (Grant & Grant 1965,
pers. obs.), and more than a third of the species co-occur sympatrically (pers. obs.). Floral scent
may serve as a mechanism of reproductive isolation, especially in sympatric species that have
an extremely compressed temporal span to produce seeds. Although we sampled multiple
individuals per species, a more thorough investigation among populations of the same species
and between sympatric species pairs and their pollinators is needed to test for reproductive

isolation by floral chemistry.

The pattern of high scent compound variation across species could also be explained

by a contrasting hypothesis. Instead of repeated pollinator shifts, species of Linanthus may
attract a variety of pollinators, without specializing in a type or species of insect. Scent can play
a role in the specialization-generalization spectrum, with certain floral compounds known to
attract specific pollinators, a variety of insects, or generalist pollinators (Raguso 2008b). A

generalist pollination approach is common in angiosperms and serves as a bet-hedging strategy
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when certain pollinators are rare (Waser et al. 1996, Aigner 2001, Ohashi et al 2021).
Generalization has been linked to plant species that flower unpredictably (Grison-Pigé et al.
2002) or have a scattered distribution (Schatz 1990), just like many Linanthus species. In L.
dichotomus the night-blooming subspecies seems to be ancestral to the day-blooming taxon,
which indicates that a shift from moth-specialization to generalized pollinator attraction has
occurred in the genus (Chess et al 2008). To investigate whether scent variation across Linanthus
is explained by a generalist or a specialist pollination strategy, future work is needed to
determine the effective pollinators and evaluate the attractiveness of the floral scent to

pollinators.

Another reason why floral scent may be so variable between and within species of Linanthus is
that scent compounds may be under contrasting selective pressures. Floral scent can operate in
multiple ways, with different components experiencing distinct selective pressures and
potentially different evolutionary histories (Schiestl 2015). For instance, certain components of
floral scent may discourage facultative pollinator visits (Junker and Bliithgen 2010) and deter
florivores (Galen 1983) and nectar robbers (Galen 1983, Kessler et al. 2008), while other
compounds deter individual pollinators from depleting one flower’s reward (Schiestl 2015). The
latter may promote outcrossing, which is likely important in isolated desert plant populations,

such as in many species of Linanthus.
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Scent volatile emissions exhibit plasticity with environmental factors, especially with high
temperatures like in desert areas that Linanthus inhabits. Temperature can increase scent
emissions concurrent with peak flowering time (Farré-Armengol et al. 2015), but high
temperatures can stunt emissions past an optimal threshold (Farré-Armengol et al. 2014).
Temperature can also change the relative proportion of compounds in a plant, potentially
changing the pollinator's perception of the floral blend (Katzenberger et al. 2013). Different
species have different optimal temperatures for floral volatile emissions (Farré-Armengol et al.
2014), adding another complexity to comparing species scent profiles. Plasticity due to
temperature may have contributed to the high variation we saw between and within species in
Linanthus. Though scent emissions may be plastic, those differences may still be ecologically
functional (Delle-Vedove et al. 2017). Capturing the variation in scent across a variety of
environmental factors and community contexts is capturing the real variation in scent blends of
species. As climate warms and becomes less predictable, more variation in scent will likely occur
because of these plastic responses. Higher scent emissions may increase the importance of
fragrance as a signal in pollinator attraction (Katzenberger et al. 2013). Understanding scent
emission patterns in desert plants like Linanthus can help us predict future scenarios in other

species, and help us understand how plant reproduction will be affected by a warming world.

Scent may be a by-product of other metabolic processes. For example, pigment and scent share
biosynthetic pathways, and a pleiotropy with floral color may maintain scent emissions in

colored flowers without selective pressure on scent directly (Majetic et al. 2007, 2008). Indeed,
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Linanthus has many color polymorphic species and pigment pleiotropy could contribute to the
wide variation seen within Linanthus species. The repeated loss of anthocyanins across species
in Linanthus (Anghel et al. in press), may have been a consequence of different mutations
affecting various levels of the anthocyanin pathway, leading to different scent by-products. To
date, few studies have explored the covariation between anthocyanin pigments, or loss of
pigment, and scent produced through the same biosynthetic pathway. Linanthus would be an
ideal system for further study of the pigment-scent correlation because 40% of species display

anthocyanin-based color polymorphisms (Anghel et al. in press).
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Figures

nMDS in 13 species by clade
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Figure 2.1. Individual scent profiles for 13 species of Linanthus with multiple individuals per
species, in a non-metric multidimensional scaling (NMDS) of scent variation in two-dimensional
space using Bray Curtis distances. We reduced the dimensions to five and obtained a stress
score of 0.085. Each color is a different species, and each point shape represents a clade within
the genus: C = coastal and Baja California annuals clade, D = desert annuals clade, N = annual

night-blooming clade, O = early diverging grade (Fig. 2.51).
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Figure 2.2. Canonical analysis of principal coordinates (CAP) constrained by species, with (A) all
species along axes 1 and 2, (B) all species along axes 2 and 3, (C) all species along axes 3 and 4.
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Figure 2.3. Canonical analysis of principal coordinates (CAP) constrained by species, with (A)

species in clade C, (B) species in clade D, (C) species in clade N, and (D) species in grade O.

Results of the within clades CAP analysis visually showed interspecific differentiation, although

species still showed intraspecific variation.
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Figure 2.4. Hierarchical clustering analysis of compound emissions is visualized with a
dendrogram of retention times (i.e., compound) in the columns, and clusters of samples (A) or
species averages (B) in the rows. The heatmap cells represent compound emission amount, with
absence of compound in white and high compound emissions in dark blue. No compounds that
passed filtering were shared across all samples or all species. Some samples or species emit
many compounds, while others a few. (A) Samples forming chemical clusters do not match
taxonomic species. While some samples cluster with conspecifics, most species do not cluster
together. (B) Species forming chemical clusters do not match phylogenetic relationships (Fig.

2.51)
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Figure S2.1. Phylogenetic relationships and major clades identified in Anghel et al. 2024. Clade C
is the coastal species clade and includes L. concinuus, L. dianthiflorus, and L.orcuttii. Clade D is
the desert species clade and includes L. bernardinus, L. demissus, L. killippii and L. parryae.
Clade N is the nightblooming clade and includes L. dichotomus and L. bigelovii. Clade O is the
early diverging grade and includes L. campanulatus, L. filiformis, L. inyoensis and L. maculatus.
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Abstract

Sandblossoms, Linanthus parryae is a widespread annual plant species found in washes and sandy open habitats across the Mojave Desert
and Eastern Sierra Nevada of California. Studies in this species have played a central role in evolutionary biology, serving as the first test cases
of the shifting balance theory of evolution, models of isolation by distance, and metrics to describe the genetic structure of natural populations.
Despite the importance of L. parryae in the development of landscape genetics and phylogeography, there are no genomic resources available
for the species. Through the California Conservation Genomics Project, we assembled the first genome in the genus Linanthus. Using PacBio
HiFi long reads and Hi-C chromatin conformation capture, we assembled 123 scaffolds spanning 1.51 Gb of the 1.96 Gb estimated genome,
with a contig N50 of 18.7 Mb and a scaffold N50 of 124.8 Mb. This assembly, with a BUSCO completeness score of 88.7%, will allow us to re-
visit foundational ideas central to our understanding of how evolutionary forces operate in a geographic landscape. In addition, it will be a new
resource to uncover adaptations to arid environments in the fragile desert habitat threatened by urban and solar farm development, climate
change, and off-road vehicles.

Keywords: California Conservation Genomics Project, CCGP, desert plant, Polemoniaceae, polymorphism

Introduction populations and across its range. Populations are white flow-
ered, blue-purple flowered, or polymorphic with both blue
and white flowers often co-occurring in the same local habitat
patch. Based on an unpublished herbarium survey, we found
that approximately 40% of populations were polymorphic,
and that these populations were distributed throughout the
range of the species.

This extreme level of flower color polymorphism in L.
parryae has attracted the attention of evolutionary biologists
for generations and served as a model in debates about the
degree to which natural selection or genetic drift contribute
to the evolution of adaptively important characters in nature
(Schemske and Bierzychudek 2007; Ishida 2017). In a highly
influential paper, Epling and Dobzhansky mapped the relative
frequencies of blue and white flowers across populations in
the western Mojave Desert and concluded that populations
with different color morph frequencies must represent subtly

The annual desert wildflower Linanthus parryae is an iconic
species of the Mojave Desert. In years with higher rainfall,
the species germinates prolifically and covers the desert floor
with its well-known display of white and blue flowers. The
species is endemic to California and occurs from 360 to
2100 m in elevation. Its geographic range extends across the
western Mojave Desert, north through the Great Basin Desert
of the Owens Valley, and in scattered populations across the
Tehachapi Mountains and the southern inner CoastRange
north to Shell Creek in San Luis Obispo County (see Fig. 1;
Jepson Flora Project 2022). The species can be abundant in
years of high rainfall, while in dry years the seeds remain dor-
mant in the soil seedbank. L. parryae germinates in the winter
and completes its life cycle by May.

One of the best-known attributes of this small desert
plant is the color polymorphism that it displays both within
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Fig. 1. Linanthus parryae is a minute annual wildflower, widespread in the Mojave Desert. (A) Dissected L. parryae flowers, with the gynoecium, fused
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by Calflora.org. The location of the specimen used for the genome assembly is marked in red. (D) A sandy wash west of Owens Lake, Inyo County,

California, representative of L. parryae habitat.

differentiated “microgeographic races” with relatively re-
stricted gene flow between them (Epling and Dobzhansky
1942). These data were then used to test Wright’s shifting bal-
ance theory of evolution and assess the sometimes antago-
nistic roles of genetic drift and natural selection in maintaining
intraspecific polymorphisms (Wright 1931, 1937). The L.
parryae color polymorphism data were also used in the first
empirical tests of models of isolation by distance (IBD) and
were fundamental to the development of Wright’s F statistics
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that describe the genetic structure of natural populations to
infer migration frequencies, inbreeding coefficients, and other
aspects of demographic history (Wright 1943). Later studies
proposed that natural selection linked to variation in rain
regimes is the main evolutionary force maintaining L. parryae
flower color polymorphism (Schemske and Bierzychudek
2001, 2007). Given the importance of this species in these
foundational studies, modern genomic approaches seem to be
the inevitable next step in examining the genetic basis and
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molecular mechanisms underlying this flower color poly-
morphism in this classic evolutionary genetic model system.
These studies could also be expanded to include other flower
color polymorphic species in the genus Linanthus including
L. dianthiflorus, L. killipii, L. bernardinus, and L. orcuttii.
Exploring the genetic basis for polymorphisms across closely
related species and the roles of selection, drift, and gene flow
operating on their respective landscapes will shed light on
how polymorphisms arise and are maintained in nature.

Despite the central role of L. parryae in the development of
phylogeography, landscape genetics, and population genetics,
its habitat is in peril. Large swaths of the Mojave Desert are
being developed for housing and photovoltaic power grids
and utilized by Off-Highway Vehicles (OHVs). These flat
sandy areas often coincide with the habitat preferred by
desert annuals including L. parryae. Additionally, increases in
temperature associated with global climate change can lead
to range shifts and local extinctions for desert species that
already occupy the upper extremes of plant thermal tolerance
(Osmond et al. 1987; Lenoir and Svenning 2015). For such
desert species to survive a changing climate, they must shift
their range much faster than species in coastal or mountainous
regions, which may be difficult to achieve in the shallow cli-
matic gradients that characterize much of the desert (Loarie
et al. 2009). At the same time, wetter microhabitats seem
to be correlated with the ability of desert species to tolerate
higher temperatures (Curtis ef al. 2016). The large range of L.
parryae throughout arid areas of California coupled with its
adaptation to fluctuating patterns of rainfall make it an ideal
species to study the ways that small desert annuals adapt to
climate change, and to inform decision-makers on the extent
to which protected areas will effectively support the survival
of desert species. Understanding how desert annual species
respond to global climatic changes and habitat destruction
is therefore crucial to the conservation and protection of the
desert biome that occupies 38% of California (Mooney and
Zavaleta 2016).

This study reports the first chromosome-level genome as-
sembly of L. parryae. To our knowledge, this is the second
chromosome-level genome in the family Polemoniaceae
(Jarvis et al. 2022), a group of significant historical impor-
tance in plant biosystematics and evolutionary biology (Grant
and Grant 1965). This project was completed as part of the
California Conservation Genomics Project (CCGP), an in-
itiative with the goal of assembling genomic resources of
endemic species in the state to inform conservation and man-
agement efforts (Fiedler et al. 2022; Shaffer e al. 2022). This
reference genome will provide crucial resources to study the
genetic mechanisms underlying and maintaining flower color
polymorphism in the species. It will also serve as the foun-
dation for studies identifying hotspots of genetic diversity
and connectivity, assessing the genomic health of L. parryae,
and investigating the genomic basis of adaptation to extreme
environments.

Methods

Biological materials

We collected L. parryae individuals from a population with
only white-flowered morphs. The 2 individuals sequenced
in this project were collected on 17 May 2020, in the town
of Phelan in the Mojave Desert, San Bernardino County,
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California. The location of the population was roadside, north
of Muscatel Street, west of the intersection with Windemere
Road, near the powerline, approximately 1 mile south of
Phelan Road (34.412122° N, -117.493026° W). We collected
entire plants, including leaves, flowers, stems, and roots. The
plants were in the budding and flowering developmental
stage. Immediately after collection, we placed each individual
in separate 15 mL Nalgene bottles and kept the bottles in
a liquid nitrogen dewar while in the field. The 2 individual
plants were then stored in a -80 °C freezer. Individual plant
IGA184.5 was shipped to the University of California Davis
for high molecular weight (HMW) DNA extractions and
Pacific BioSciences HiFi library preparation and sequencing
(Pacific BioSciences—PacBio, Menlo Park, CA). Individual
plant IGA184.4 was sent to University of California Santa
Cruz for Omni-C library preparation and sequencing. A
voucher for this population was previously collected (acces-
sion number UCR-112367) and it is stored at the herbarium
of University of California, Riverside (UCR).

Nucleic acid library preparation and sequencing
Omni-C library preparation and sequencing

The Omni-C library was prepared using the Dovetail Omni-C
Kit (Dovetail Genomics, Scotts Valley, CA) according to the
manufacturer’s protocol with slight modifications. First, spec-
imen tissue from the whole plant (UCR112367; IGA184.4)
was thoroughly ground with a mortar and pestle while cooled
with liquid nitrogen. Nuclear isolation was then performed
using published methods (Inglis et al. 2018). Subsequently,
chromatin was fixed in place in the nucleus and digested
under various conditions of DNase I until a suitable frag-
ment length distribution of DNA molecules was obtained.
Chromatin ends were repaired and ligated to a biotinylated
bridge adapter followed by proximity ligation of adapter-
containing ends. After proximity ligation, crosslinks were
reversed, and the DNA purified from proteins. Purified DNA
was treated to remove biotin that was not internal to ligated
fragments. An NGS library was generated using an NEB Ultra
II DNA Library Prep kit (New England Biolabs, Ipswich, MA)
with an Illumina-compatible y-adaptor, biotin-containing
fragments were captured using streptavidin beads, and the
postcapture product was split into 2 replicates prior to PCR
enrichment to preserve library complexity, with each replicate
receiving unique dual indices. The library was sequenced at
Vincent ]. Coates Genomics Sequencing Lab (Berkeley, CA)
on an Illumina NovaSeq (Illumina, CA) platform to generate
approximately 100 million 2 x 150 bp read pairs per Gb ge-
nome size.

DNA extraction

We extracted HMW genomic DNA (gDNA) from whole
plant tissue of a single individual (600 mg; IGA184.5) using
the method described in Inglis et al. (2018), with the fol-
lowing modifications. We used sodium metabisulfite (1%,
w/v) instead of 2-mercaptoethanol (1%, v/v) in the sorbitol
wash buffer and the lysis buffer. Using mortar and pestle, we
pulverized the frozen tissue in liquid nitrogen for 15 min, then
gently resuspended it in 10 mL of sorbitol wash buffer. The
suspension was centrifuged at 3000 x g for 5 min at room
temperature, and the supernatant was discarded. Using a
paintbrush, we gently resuspended the ground tissue pellet
in 10 mL of sorbitol wash buffer and repeated the wash
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step 5 times to remove potential contaminants that may
coprecipitate with DNA. We performed the lysis step at 45 °C
(instead of the standard 65 °C, to avoid potential heat-induced
DNA damage) for 1 h with gentle inversion every 15 min. The
DNA purity was estimated using absorbance ratios (260/280
=1.80 and 260/230 = 2.24) on a NanoDrop ND-1000 spec-
trophotometer. The final DNA vyield (84 ng/pL; 32 pg) was
quantified using a Quantus Fluorometer (QuantiFluor ONE
dsDNA Dye assay; Promega, Madison, WI). The size distribu-
tion of the HMW DNA was estimated using the Femto Pulse
system (Agilent, Santa Clara, CA), where 52% of the DNA
fragments were found to be 45 kb or longer.

HiFi library preparation and sequencing

The HiFi SMRTbell library was constructed using the
SMRTbell Express Template Prep Kit v2.0 (PacBio, Cat.
#100-938-900) according to the manufacturer’s instructions.
HMW gDNA was sheared to a target DNA size distri-
bution between 15 and 20 kb. The sheared gDNA was
concentratedusing0.45 of AMPurePBbeads(PacBio,Cat.#100-
265-900) for the removal of single-strand overhangs at 37 °C
for 15 min, followed by further enzymatic steps of DNA damage
repair at 37 °C for 30 min, end repair and A-tailing at 20 °C
for 10 min and 65 °C for 30 min, ligation of overhang adapter
v3 at 20 °C for 60 min and 65 °C for 10 min to inactivate the
ligase, then nuclease treated at 37 °C for 1 h. The SMRTbell
library was purified and concentrated with 0.45 Ampure PB
beads (PacBio, Cat. #100-265-900) for size selection using
the BluePippin/PippinHT system (Sage Science, Beverly, MA;
Cat #BLF7510/HPE7510) to collect fragments greater than 7
to 9 kb. The 15 to 20 kb average HiFi SMRTbell library was
sequenced at UC Davis DNA Technologies Core (Davis, CA)
using 3 8M SMRT cells, Sequel II sequencing chemistry 2.0,
and 30-h movies each on a PacBio Sequel II sequencer.

Nuclear genome assembly

We assembled the L. parryae genome following the CCGP as-
sembly protocol Version 4.0, as outlined in Table 1 which lists
the nondefault parameters used in the assembly. As with other
CCGP assemblies, our goal was to produce a high-quality
and highly contiguous assembly using PacBio HiFi reads and
Omni-C data while minimizing manual curation. We removed
remnant adapter sequences from the PacBio HiFi dataset
using HiFiAdapterFilt (Sim ez al. 2022) and obtained the dual
or partially phased initial diploid assembly (http://lh3.github.
10/2021/10/10/introducing-dual-assembly) using HiFiasm
(Cheng et al. 2021). We tagged output haplotype 1 as the
primary assembly, and output haplotype 2 as the alternate
assembly. We aligned the Omni-C data to the assemblies by
using the Arima Genomics Mapping Pipeline (https://github.
com/ArimaGenomics/mapping_pipeline) and then scaffolded
both assemblies with SALSA (Ghurye et al. 2017, 2018).
Next, we identified sequences corresponding to haplotypic
duplications, contig overlaps and repeats on the primary as-
sembly with purge_dups (Guan ef al. 2020) and transferred
them to the alternate assembly.

We generated Omni-C contact maps for both assemblies by
aligning the Omni-C data against the corresponding assembly
with BWA-MEM (Li 2013), identified ligation junctions,
and generated Omni-C pairs using pairtools (Goloborodko
et al. 2018). We generated a multiresolution Omni-C ma-
trix with cooler (Abdennur and Mirny 2020) and balanced
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it with hicExplorer (Ramirez et al. 2018). We used HiGlass
(Kerpedjiev et al. 2018) and the PretextSuite (https:/github.
com/wtsi-hpag/PretextView;  https://github.com/wtsi-hpag/
PretextMap; https://github.com/wtsi-hpag/PretextSnapshot)
to visualize the contact maps, then checked the contact maps
for major misassemblies. In detail, if in the proximity of a join
that was made by the scaffolder, we identified a strong signal
off-diagonal and lack of signal in the consecutive genomic
region, we marked this join. All the joins that were marked,
were “dissolved”, meaning that we broke the scaffolds at
the coordinates of these joins. After this process, no further
joins were made. Using the PacBio HiFi reads and YAGCloser
(https://github.com/merlyescalona/yagcloser), we closed some
of the remaining gaps generated during scaffolding. We then
checked for contamination using the BlobToolKit Framework
(Challis et al. 2020). Finally, we trimmed remnants of se-
quence adaptors and mitochondrial contamination identified
during the contamination screening performed by NCBI.

Genome size estimation and quality assessment
We generated k-mer counts from the PacBio HiFi reads using
meryl (https:/github.com/marbl/meryl). The k-mer database
was then used in GenomeScope 2.0 (Ranallo-Benavidez et
al. 2020) to estimate genome features including genome size,
heterozygosity, and repeat content. To obtain general con-
tiguity metrics, we ran QUAST (Gurevich et al. 2013). To
evaluate genome quality and completeness we used BUSCO
(Manni et al. 2021) with the embryophyta ortholog data-
base (embryophyta_odb10) which contains 1,614 genes.
Assessment of base level accuracy (QV) and k-mer com-
pleteness was performed using the previously generated
meryl database and merqury (Rhie er al. 2020). We further
estimated genome assembly accuracy via BUSCO gene set
frameshift analysis using the pipeline described in Korlach
et al. (2017). We identified and annotated repeat sequences
using RepeatModeler and RepeatMasker (Smit and Hubley
2008-2015; Smit et al. 2013-2015).

Measurements of the size of the phased blocks are based
on the size of the contigs generated by HiFiasm in HiC mode.
We followed the quality metric nomenclature established by
Rhie et al. (2021), with the genome quality code x-y-P-Q-C,
where x = log10[contig NG50]; y = log10[scaffold NG50]; P
= log10[phased block NG50]; O = Phred base accuracy QV
(quality value); C = % genome represented by the first “n”
scaffolds, following a known karyotype 27 = 18 (Patterson
1979). Quality metrics for the notation were calculated on
the primary assembly.

Results

The Omni-C and PacBio HiFi sequencing libraries generated
295.4 million read pairs and 4.8 million reads, respectively.
The latter yielded 39.39-fold coverage (N50 read length
16,891 bp; minimum read length 48 bp; mean read length
16,034 bp; maximum read length 58,036 bp). Calculation
of coverage is based on a flow cytometry estimated genome
size of 1.96 Gb. The GenomeScope 2.0 genome size estima-
tion was 1.6 Gb. Based on PacBio HiFi reads, we estimated a
0.182% sequencing error rate and 4.65% nucleotide hetero-
zygosity rate. The k-mer spectrum based on PacBio HiFi reads
(Fig. 2A) shows a bimodal distribution with 2 major peaks
at ~23- and ~45-fold coverage, where peaks correspond to
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Table 1. Assembly pipeline and software used.
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Assembly Software Version
Filtering PacBio HiFi adapters HiFiAdapterFilt Commit 64d1c7b
K-mer counting Meryl (k = 21) 1
Estimation of genome size and heterozygosity GenomeScope 2
De novo assembly (contigging) HiFiasm (Hi-C mode, —primary, output p_ctg.hap1, p_ctg.hap2) 0.16.1-r375
Remove low-coverage, duplicated contigs purge_dups 1.2.6
Scaffolding
Omni-C data alignment for SALSA Arima Genomics Mapping Pipeline (https:/github.com/ Commit 2e74ea4
ArimaGenomics/mapping_pipeline)
Omni-C scaffolding SALSA (-DNASE, -i 20, -p yes) 2
Gap closing YAGCloser (-mins 2 -f 20 -mcc 2 -prt 0.25 -eft 0.2 -pld 0.2) Commit 20e2769
OmniC contact map generation
Short-read alignment BWA-MEM (-5SP) 0.7.17-r1188
SAM/BAM processing Samtools 1.11
SAM/BAM filtering pairtools 0.3.0
Pairs indexing pairix 0.3.7
Matrix generation Cooler 0.8.10
Matrix balancing HiCExplorer (hicCorrectmatrix correct --filterThreshold -2 4) 3.6
Contact map visualization HiGlass 2.1.11
PretextMap 0.1.4
PretextView 0.1.5
PretextSnapshot 0.03
Benchmarking
Basic assembly stats QUAST (--est-ref-size) 5.0.2
Assembly completeness BUSCO (-m geno, -1 embryophyta) 5.0.0
Merqury 1
Contamination screening
General contamination screening BlobToolKit 2.3.3
Local alignment tool BLAST+ 2.10
Repeat element identification
Repeat identification RepeatModeler 2.0.3
Repeat annotation RepeatMasker 4-1-2

Software citations are listed in the text.

homozygous and heterozygous states of a diploid species, re-
spectively. The distribution presented in this k-mer spectrum
supports that of a high heterozygosity profile.

The final assembly (ddLinParrl) consists of 2 pseudo
haplotypes, primary and alternate, both genome sizes similar
to the estimated value from GenomeScope 2.0 (Fig. 2A). The
primary assembly consists of 123 scaffolds spanning 1.5 Gb
with a contig N50 of 18.7 Mb, scaffold N50 of 124.8 Mb,
largest contig of 69.4 Mb and largest scaffold of 194.5 Mb.
The alternate assembly consists of 581 scaffolds, spanning 1.8
Gb with contig N50 of 10.6 Mb, scaffold N50 of 44.0 Mb,
largest contig 41.8 Mb and largest scaffold of 145.2 Mb.
Detailed assembly statistics are reported in Table 2, and a
graphical representation for the primary assembly in Fig. 2B
(see Supplementary Fig. 1 for the alternate assembly). The
Omni-C contact map suggests that the primary assembly is
highly contiguous (Fig. 2C).

We identified a total of 12 misassemblies, 6 per assembly,
and broke the corresponding joins made by SALSA2 on both
assemblies. We were able to close a total of 22 gaps, 9 on
the primary and 13 on the alternate assembly. Finally, we

93

filtered 15 contigs from the primary assembly, 1 matching
to Oomycota and the rest to Ascomycota contaminants. No
further contigs were removed. The primary assembly has a
BUSCO completeness score of 88.7% using the embryophyta
gene set, a per base quality (QV) of 68.93, a k-mer complete-
ness of 58.96 and a frameshift indel QV of 46.04. The alter-
nate assembly has a BUSCO completeness score of 84.4%
using the embryophyta gene set, a per base quality (QV) of
66.36, a k-mer completeness of 60.95 and a frameshift indel
QV of 47.1. We have deposited scaffolds corresponding to
both primary and alternate assemblies on NCBI (see Table 2
and Data availability for details).

Discussion

Prior to sequencing, we estimated the genome size of L.
parryae using flow cytometry. Our 1C estimates were between
1.93 and 1.99 Gb. This difference in size compared with the
GenomeScope estimation of 1.6 Gb may be due to repetitive
elements in the genome. Based on flow cytometry, the species
seems to have an average genome size compared with other
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Table 2. Sequencing and assembly statistics, and accession numbers.
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BioProjects and vouchers CCGP NCBI BioProject
Genera NCBI BioProject
Species NCBI BioProject
NCBI BioSample

Specimen identification
NCBI Genome accessions

Assembly accession

Genome sequences

PRJNA720569
PRJNA765619
PRJNA777190
SAMN26264369
1GA184

Primary Alternate

JALGPY000000000
GCA_023055425.1

JALGPZ000000000
GCA_023055565.1

Genome sequence PacBio HiFi reads Run 1 PACBIO_SMRT (Sequel II) run: 4.8M spots, 77.2G bases,
52.5Gb
Accession SRX15304035
Omni-C Illumina reads Run 1 ILLUMINA (Illumina NovaSeq 6000) run: 295.4M spots,
65.3G bases, 21.4G
Accession SRX15304036, SRX15304037
Genome Assembly Quality Metrics ~ Assembly identifier (quality code?) ddLinParr1 (7.8.P7.Q67.C78)
HiFi read coverage® 39.39%
Primary Alternate
Number of contigs 208 730
Contig N50 (bp) 18,687,320 10,572,045
Contig NG50 17,395,258 11,393,586
Longest contigs 69,385,222 41,847,382
Number of scaffolds 123 581
Scaffold N50 124,808,130 43,960,851
Scaffold NG50 124,808,130 47,495,494
Largest scaffold 194,533,388 145,210,036
Size of final assembly (bp) 1,514,484,308 1,755,711,046
Phase block NG50 17,395,258 11,393,586
saps per Gbp (#Gaps) 56 (85) 85 (149)
Indel QV (frameshift) 46.04081985 47.09876692
Base pair QV 68.9289 66.3567
Full assembly = 67.3638
K-mer completeness 58.9657 60.9501
Full assembly = 98.0448
BUSCO completeness (embryophyta), C S D F M
n=1,614
Pe 88.70%  77.50% 11.20% 1.10% 10.20%
Ac 84.40% 74.50% 9.90% 1.10% 14.50%

*Assembly quality code x-y-P-Q-C, where x = log10[contig NG50]; y = log10[scaffold NG50]; P = log10[phased block NG50]; O = Phred base accuracy
QV (quality value); C = % genome represented by the first “n” scaffolds, following a known karyotype 27 = 18 (Patterson 1979). BUSCO scores. (C)
omplete and (S)ingle; (C)omplete and (D)uplicated; (F)ragmented and (M)issing BUSCO genes. 7, number of BUSCO genes in the set/database. Bp: base

pairs.

PRead coverage and NGx statistics have been calculated based on a genome size of 1.96 Gb.

P(rimary) and (A)lternate assembly values.

species in the genus. Flow cytometry genome size estimations
of 9 other species of Linanthus ranged from 1.31 to 3.51 Gb,
with an average of 2.02 Gb.

This assembly is the second published genome in the
family Polemoniaceae, and the first for Linanthus. The other
chromosome-level genome assembly in the family is Gilia
yorkii. Gilia and Linanthus last shared a common ancestor
about 60 MYA (Landis et al. 2018). While these species
have not shared an evolutionary history for a long period of
time, we provide these metrics as a context for comparative
genomics in Polemoniaceae. G. yorkii was sequenced using
PacBio at 67x coverage compared with the L. parryae at
39.4x coverage. The genome size of G. yorkii was estimated
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at 2.80 Gb and the L. parryae at 1.96 Gb. The BUSCO com-
pleteness score for G. yorkii was 96.8% compared with the
88.7% in L. parryae. The L. parryae assembly has a longer
contig N50 than the G. yorkii genome (18.7 vs. 2.5 Mb) and
a shorter scaffold NSO (76.8 vs. 285.8 Mb). The G. yorkii
reads were assembled in 3,947 contigs and 2,043 scaffolds,
compared with 208 contigs and 123 scaffolds for L. parryae
(Jarvis et al. 2022).

A total of 71.99% of the L. parryae genome was annotated
as repetitive. This is similar to the values reported for G.
yorkii (75.60%), but higher than the average of 45.49%
across plant species (Luo et al. 2022). Long-terminal repeat
(LTR) retroelements made up 38.26% of the genome, less
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than for G. yorkii at 45.81% and more than the plant species
average at 21.66%. Of the LTRs, Ty1/Copia made up 24.3%
of the genome, which is similar to G. yorkii at 29.43%. Over
a quarter of the genome (26.62%) was annotated as unclas-
sified repeat elements, which is again similar to G. yorkii
(21.92%); both species are about double the plant average
(13.2%). This high percentage of unknown repeats may re-
flect the fact that plants in general, and Polemoniaceae in par-
ticular, are not well represented in the repeat database (Luo ef
al. 2022). The RepeatMasker annotation of repeat elements
for L. parryae is summarized in Table 3.

This reference genome will contribute to conservation in
California in several important ways. L. parryae occurs in a
region of California considered a hotbed of plant diversity
and neoendemism (Kraft et al. 2010). In concert with other
species in the CCGP, this genomic resource will help determine

Table 3. Classification of repeat elements generated from RepeatMasker.

Number of  Length Percentage of
elements? occupied (bp) sequence (%)
Retroelements 649,089 1,119,332,631 42.05
SINEs 0 0 0.00
Penelope 0 0 0.00
LINEs 122,415 101,011,181 3.80
CRE/SLACS 0 0 0.00
L2/CR1/Rex 0 0 0.00
R1/LOA/ 0 0 0.00
Jockey
R2/R4/NeSL 0 0 0.00
RTE/Bov-B 7,307 1,975,180 0.07
L1/CIN4 115,108 99,036,001 3.72
LTR elements 526,674 1,018,321,450 38.26
BEL/Pao 0 0 0.00
Ty1/Copia 330,448 646,651,635 24.30
Gypsy/DIRS1 196,097 371,644,595 13.96
Retroviral 129 25,220 0.00
DNA transposons 62,196 51,067,856 1.92
hobo-Activator 15,958 5,783,269 0.22
Tc1-1S630-Pogo 3,961 1,515,451 0.06
En-Spm 0 0 0.00
MuDR-IS905 0 0 0.00
PiggyBac 0 0 0.00
Tourist/Har- 4,485 1,597,874 0.06
binger
Other (Mi- 0 0 0.00
rage, P-element,
Transib)
Rolling-circles 4,483 5,689,821 0.21
Unclassified 1,755,132 708,389,341 26.62
Total interspersed 1,878,789,828 70.59
repeats
Small RNA 22,615 11,470,955 0.43
Satellites 12,336 1,179,847 0.04
Simple repeats 357,637 16,506,411 0.62
Low complexity 48,902 2,518,203 0.09

“Most repeats fragmented by insertions or deletions have been counted as
one element.
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whether these geographic areas also correspond to hotspots
of genomic diversity and provide important information for
setting realistic priorities for conservation. Although a desert
species, L. parryae occurs across a relatively wide and het-
erogeneous environment gradient with an elevational range
of 360 to 2100 m, a precipitation range of 50 to 500 mm/
yr, and a geographic range that spans 470 km. The morpho-
logical and environmental variation along this species distri-
bution may correspond with genetic differentiation between
populations and potential local adaptation. Hence, this ge-
nome can serve as a foundation to investigate patterns of ge-
nomic diversity, connectivity, and health for other California
plants, as well as shed light on the sorting of adaptive ge-
nomic variation across ecological gradients that are often as-
sociated with species divergence.

L. parryae occurs in fragile habitats that are particularly
prone to habitat destruction, with at least 5 major ongoing
threats. First, large swaths of the desert are now utilized
by OHVs, including 200,000 acres of newly designated
motorized recreation land established by the California
Desert Protection Act of 2019 (Feinstein 2020). Second, pho-
tovoltaic power grid development is increasing with projects
proposed or being built on an additional 30,000 acres
of California desert (Wilson 2020). These developments
can, and will, drastically impact unprotected desert lands
(Hernandez et al. 2015). Third, urban sprawl spilling over
from the Los Angeles Basin has increased habitat destruc-
tion in the southwestern edge of the Mojave Desert (Stewart
1997), an area with the highest density of L. parryae. Fourth,
as water resources become more scarce and seasonal streams
are diverted, ephemeral wash habitat for Linanthus species,
as well as other desert dwellers, may become uninhabitable
(Levick et al. 2008). Lastly, ecological pressure from ongoing
invasive plants will be exacerbated with climate change
(Smith et al. 2000). This reference genome will help deter-
mine the effects of these threats and enhance conservation
plans in currently protected desert areas, helping resource
managers determine which natural areas to prioritize for fu-
ture protection.
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Chapter 4

Landscape genomics of Linanthus parryae reveals both isolation by distance and

by environment and high genetic structure across its range

Abstract

Linanthus parryae played an important role in the development of population genetics theory
when Sewall Wright used the distribution of blue and white-flowered individuals to illustrate
the principle of isolation by distance, proposing genetic drift as the main microevolutionary
force driving differentiation in natural populations. Subsequent biologists challenged these
findings and proposed that natural selection played a more significant role in shaping patterns
of population variation. These early studies relied on phenotype frequencies as a proxy for
genetic divergence, but the availability of high-quality genomic data allows us to revisit this
controversy. In this study, we used whole genome sequencing of individuals across the
geographic range of L. parryae for two goals: (1) to analyze its population structure, and (2) to
assess the genetic drift and natural selection hypotheses by evaluating the relative contribution
of climatic variables and geographic distance to patterns of genetic variation. Our genetic
structure analyses showed geographically distant individuals along the Eastern Sierra Nevada
Mountains of California formed a consistent genetic cluster, while individuals from the southern
Mojave Desert showed high genetic structure, with more genetic clusters emerging as the
number of expected demes increased. Individuals from the western Transverse Range

mountains were intermixed between the Eastern Sierra Nevada and southern Mojave Desert
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populations. We found that desert wash dissection and isolation by distance are key drivers of
genetic differentiation in L. parryae, supporting Wright’s original findings of fine-scale genetic
differentiation. However, we found that isolation by environment, particularly related to
precipitation and temperature variability, also plays a role in genetic divergence, potentially
reflecting the influence of fluctuating rainfall patterns on flower color morph variation. Overall,
our study provides evidence that genetic divergence in L. parryae is driven by both genetic drift
and selection, with both evolutionary forces contributing to the observed genetic structure

across the species’ geographic range.

Introduction

The flower color polymorphism in the minute desert annual Linanthus parryae inspired
pioneering research in evolutionary biology. Populations across the geographic range of this
species can be polymorphic, including both blue and white-flowered individuals, or
monomorphic with one dominant flower color (Figure 4.1). Foundational evolutionary ideas
explaining the maintenance of this polymorphism were developed based on field studies of this
species (Epling and Dobzhansky 1942, Wright 1943a, b, Epling et al. 1960, Wright 1978). Epling
and Dobzhansky (1942) collected a large dataset on the distribution of the two flower morphs
and quantified changes in the frequency of white and blue morphs across 70 miles of the
southern Mojave Desert. They concluded that genetic drift maintained this pattern of variation
and that populations with differing color morph frequencies represented “microgeographic
races” with limited gene flow between them. Wright (1943b) used these same data to illustrate

his model of isolation by distance in an empirical system for the first time, demonstrating that
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stochastic variation can become fixed in small populations with limited migration. These
findings led to the development of the widely used F-statistic (Fst) to describe the genetic
structure of natural populations and provide insights into migration rates, inbreeding

coefficients, and other features of population demography (Wright 1943a).

After decades of study, Epling re-examined previous work and suggested that selective forces,
and not only genetic drift, must contribute to the persistence of the two color morphs (Epling et
al. 1960). Years later, Turelli et al. (2001) mathematically showed that the polymorphism in L.
parryae can persist with yearly variation in fitness and a seed bank, and Schemske and
Bierzychudek (2001, 2007) supported this finding with field experiments and observations.
Rainfall variation across years provided fitness advantages to one morph or the other across
opposite sides of a ravine, but such fitness differential was only found at one site. As a result,
Schemske and Bierzychudek (2007) concluded that Wright was wrong and that natural selection
instead of genetic drift was the microevolutionary force maintaining flower color variation in L.

parryae.

These studies motivated debates about the degree to which genetic drift or natural selection
contributes to the maintenance of genetic variation within and across natural populations
(Ishida 2017). Schemske and Bierzychudek (2007) found that allozymes did not differ in
frequencies across regions of their study site dominated by white versus blue flowers, showing
that phenotypic differentiation was greater than putatively neutral genetic variation.

Nevertheless, previous studies had used phenotypic data as a surrogate of genetic variation.
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Prior investigations included only a portion of L. parryae’s geographic range and could not make
conclusions about the role of evolutionary forces across the species entire distribution. An
explicit genetic approach at the landscape scale can provide valuable insight in assessing the

relative contribution of genetic drift and natural selection to genetic variation in L. parryae.

Genetic drift and natural selection have very different impacts on the fitness of local
populations. The relative roles of genetic drift and natural selection in shaping genetic variation
can be distinguished by the spatial patterns of genetic variation they produce. When genetic
drift is the primary force driving genetic divergence, the resulting pattern is typically explained
by a model of isolation by distance, where genetic differences increase with geographic
separation due to the random fixation of alleles in isolated populations (Wright 1943a, Slatkin
1993). By contrast, when natural selection drives genetic divergence, the pattern is better
explained by a model of isolation by environment, where genetic differences are correlated with
environmental variation rather than geographic distance (Wang and Bradburd 2014). In this
scenario, populations in similar environments may converge genetically, regardless of their

geographic proximity, as selection favors specific adaptations to local conditions.

The life history of L. parryae combined with the spatial and temporal patterns of variation in
climate in the deserts of California provide an excellent opportunity to assess the roles of
isolation by distance and by environment driving genetic variation across the geographic range
of this iconic species. Linanthus parryae covers the Mojave Desert floor in years with high

relative rainfall, likely connecting populations that remain isolated in drier years. Rain is
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infrequent in the desert, and in most years, only scattered individuals are found across the
landscape. Those populations that germinate in dry years likely undergo a bottleneck, but since
many seeds can persist in the soil for a decade or more, populations may function
demographically like longer-lived perennials (Epling et al. 1960). Epling thus predicted that
these characteristics of L. parryae result in a larger effective population size than expected in
each locality. As a result, it is plausible that a signature for isolation by distance is limited in L.

parryae.

Conversely, other life history strategies of L. parryae predict high genetic differentiation across
populations and a strong signal of isolation by distance. Pollen and seed dispersal mechanisms
and barriers to migration could drive patterns of gene flow and genetic divergence in L. parryae
(Levin 1981). In this species, pollen does not seem to be a vector for long distance dispersal.
Wind pollination is unlikely, and the Melyrid beetles that visit L. parryae flowers travel only
short distances between flowers, lingering inside and moving to another individual a few feet
away (Epling et al. 1960, Schemske and Bierzychudek 2001). Likewise, L. parryae seeds drop into
the soil close to the mother plant and do not travel far from the site where they germinate
(Epling et al. 1960). Seeds are almost microscopic, measuring about one millimeter, making
them an unlikely food source for animal dispersers. Wind gales are common in the desert, but
the winds do not move the low growing plants and their seeds at the soil surface (Epling et al.
1960). Furthermore, L. parryae grows in ephemeral washes and alluvial fans, habitats that are
periodically disturbed by rainfall events. During heavy precipitation events, water and sediment

flow down these channels, often in unpredictable and shifting paths (Epling and Dobzhansky
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1942). These ephemeral washes with unpredictable courses may also move seeds downhill,
dissecting populations into smaller, isolated subpopulations. Therefore, while the large effective
population size facilitated by the seedbank may buffer against genetic drift (Masel 2011), desert
washes and limited dispersal may increase the effect of genetic drift and isolation by distance in
L. parryae. Which of these patterns is prevalent in driving the genetic variation and population

structure of this species is not known.

Natural selection may also drive patterns of genetic variation and divergence in L. parryae,
consistent with a model of isolation by environment. If natural selection is strong enough to be
detected at a local scale in polymorphic populations as suggested by Schemske and
Bierzychudek (2001, 2007), we would expect this signal of selection to be apparent at the
landscape scale across the geographic range of L. parryae. In desert environments, where
precipitation patterns are highly variable, populations of L. parryae with different flower colors
may persist due to the selective advantages conferred by these color variations in response to
local environmental conditions. Specific flower colors may offer better adaptation to yearly
rainfall variation, with fluctuating selection on drought tolerance having a pleiotropic effect on
flower color (Schemske and Bierzychudek 2001, 2007). These adaptations would be driven by
natural selection rather than geographic distance alone, as genetic variation would align more
closely with environmental conditions than spatial separation. A genetic analysis is needed to
determine whether isolation by environment, in particular precipitation, drives genetic

divergence in L. parryae.
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Another observation points to selection as a plausible key microevolutionary force behind
genetic variation in L. parryae. Assuming that flower color is controlled by a single locus, Epling
et al. (1960) predicted selection driving flower color distribution would result in homozygosity in
monomorphic populations. Although flower color variation has not been well characterized
across the entire geographic range of L. parryae, it does not appear to follow a geographic
pattern. The presence of monomorphic and polymorphic populations throughout the species’

range suggests that flower color is not structured by spatial distance; instead environmental

variables may influence patterns of genetic and phenotypic diversity in L. parryae.

In this study, we sequenced whole genomes of individuals of L. parryae across its geographic
distribution, conducting the first comprehensive range-wide study of genetic variation in this
species. We used this data to address the hypotheses that genetic variation and differentiation
in L. parryae at the landscape scale are primarily driven by (a) genetic drift or (b) natural
selection. Specifically, we asked (1) Is there evidence of population structure in L. parryae across
its geographic range? (2) Is geographic distance correlated with genetic distance, consistent
with the isolation by distance model? (3) Are differences in environmental variables correlated
with genetic distance, consistent with the isolation by environment model? These results can
shed light on the phenotypic, theoretical and experimental work that built the historical cases

for the forces of genetic drift or selection maintaining color polymorphism in L. parryae.
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Methods

Sampling

Linanthus parryae samples were collected as part of the California Conservation Genomics
Project, a state-wide landscape genomics effort (Shaffer et al. 2022). Between 2019 and 2022,
we collected 27 individuals from different populations across the distribution of L. parryae
(Figure 4.2). The samples were either flash frozen in liquid nitrogen and stored at -80C, or dried
in silica gel. Locality and petal color information was recorded for each individual (Supplemental

Table 1).

DNA Extraction and sequencing

DNA extractions were done by the mini-core facility of the California Conservation Genomic
Project (CCGP) at UCLA with the NucleoMag Plant kit for DNA purification (Macherey-Nagel,
Diren, Germany) with PVP and Proteinase K added at digest. Libraries were prepared using
KAPA EvoPlus Kit (Roche, Basel, Switzerland). We used an initial digest time of 5 minutes,
cleaned DNA with a solution of Solid Phase Reversible Immobilization (SPRI) beads at 0.8x ratio,
and quarter reaction volumes. Libraries were size selected for fragment length of 400-800 bp on
a PippinPrep with a 2% Agarose Gel (Marker L). Whole-genome sequencing was done on an
Illumina NovaSeq X 25B using 150 bp, paired-end sequencing at the Center for Applied

Technologies at UCSF.

Data filtering

We aligned reads to the L. parryae genome (Anghel et al. 2022) using BWA (Li and Durbin 2009)

with the bwa mem command. We removed duplicate reads with sambamba v1.0 (Tarasov et al.
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2015). We called variants using Genome Analysis Toolkit (GATK) and the HaplotypeCaller and
GenotypeGVCFs functions (McKenna et al 2010), as implemented in the snpArcher Snakemake
pipeline (Mirchandani et al. 2024). We applied GATK filters using VariantFiltration

on SNPS, indels and mixed variants with quality by depth (QD) <2 and confidence that a site is a
variant (QUAL) > 30. We excluded SNPs with a read position rank-sum test score
(ReadPosRankSum) < -8.0, Phred-scaled probability that there is strand bias at the site (FS) > 60,
strand odds ratio (SOR) > 3.0, root mean square mapping quality over all the reads at a site
(MQ) < 40.0, and mapping quality rank-sum test score (MQRankSum) < -12.5. We excluded
indels or mixed variants with ReadPosRankSum < -20.0, FS > 200.0, SOR > 10.0. We used
bcftools (Danecek et al. 2021), to filter for minor allele frequency > 0.01, missingness across

individuals < 0.75, and retain only biallelic sites.

Subsequent filtering and analyses of the resulting 100,098 SNPs were performed in the R
package algatr v 1.0.0 (Chambers et al. 2023). For analyses that required no missing data, we
imputed missing genotypes with sparse nonnegative matrix factorization (snmf) using the R
package LEA (Frichot and Francois 2015) run through the ‘str_impute’ function in algatr. Cross
entropy was calculated with K values from 1 to 4. We used K = 1 for imputation because it had
the lowest cross entropy values. We calculated genetic distance using Euclidean distance (Shirk
et al. 2017). The filtered VCF file was pruned for variants in linkage disequilibrium (LD) using the
‘Id_pruned’ function, resulting in 15031 SNPs with 1.43% missing data. To perform LD pruning,
we used a minor allele frequency of 0.05, pruned out variants that had more than 0.9

correlation in each window, and used a maximum of 10 SNPs in each window.
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Environmental data processing

We downloaded 19 climatic layers at 30 arc-seconds from the WorldClim database (Fick and
Hijmans 2017) using the ‘get_worldclim’ function in the algatr R package and extracted the
variables in the tiles corresponding to our sample localities with a 1% buffer area around each
point. We corrected for collinearity between the climatic variables by reducing the
dimensionality of the data with a principal component analysis (PCA) using the ‘rasterPCA’

function in the RStoolbox R package (Leutner et al. 2024).

Genetic structure

Using the linkage disequilibrium pruned matrix containing 15,031 SNPs, we transformed it into a
genlight object using the R package vcfR and the function ‘vcfR2genlight’ (Knaus and Grunwald
2017). We used the ‘ploidy’ function to specify that L. parryae is a diploid species and
performed a PCA of genomic variation using the function ‘glPca’ in the R package adegenet
(Jombart 2011). To determine genetic clusters and interpolate those clusters in geography, we
ran TESS3r (Caye et al. 2006) with the same SNP data which we converted to a dosage matrix
using ‘vcf_to_dosage’ function in algatr. We selected the optimal partition of the data into
genetic clusters (K =1 to K=12) using the ‘tess_ktest’ function and generated a matrix with the
ancestry coefficients using the ‘gmatrix’ function. To project the geographic coordinates of each
sampling locality onto spherical space, we transformed our coordinate data as simple features
using the ‘st_to_sf’ function, then projected the data to the format NAD83 / California Albers
(EPSG 3310) using the function ‘st_transform’ in the sf R package (Pebesma 2018). To

interpolate the geographical extent of the genetic clusters, we used a process called kriging with
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the function ‘tess_krig’ in algatr. We visualized the interpolated surfaces of the genetic clusters

using the ‘map.max’ function.

Isolation by distance versus isolation by environment

We used generalized dissimilarity modeling (GDM) to test the relative contribution of isolation
by distance (IBD) and isolation by environment (IBE) (Ferrier et al. 2007, Fitzpatrick et al. 2022).
To run this analysis, we used the ‘gdm_run’ function in the algatr R package. We used the three
environmental PCs and Euclidian geographic distance as predictors of compositional
dissimilarity (i.e. genetic distance) between individuals. We ran a full model including all the

predictor variables.

We visualized genetic variation by using the GDM model to investigate genetic turnover across
gradients of the predictor variables. We used the ‘gdm_map’ algatr function to transform the
original environmental layers using the GDM fitted functions by rescaling the rasters to a
common biological scale, which facilitates directly comparing the effects of the environmental
variables on genetic turnover (Fitzpatrick and Keller 2015, Fitzpatrick et al. 2022). The function
uses PCA to reduce the environmental and geographic variables into three axes, and then
assigns an RGB hue to each of the resulting axes. Points with similar hues are predicted to be
genetically similar based on their environmental and geographic predictors. We projected the
environmentally predicted genetic turnover onto a spatial map. We also generated a biplot of
PC1 and PC2 of the GDM predictors, with the original environmental and geographic distance

variables overlaid as vectors.
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Results

Genetic structure

Visual inspection of the PCA of genomic variation readily revealed three main clusters, which
largely reflected broad-scale geographic structure (Figure S4.1). PC1 explained 8% of the
variation and separated individuals along latitude, suggesting three groups: one including
southern Mojave Desert individuals, one including western Transverse Range individuals, and
one including Eastern Sierra individuals. PC2 explained about 6% of the variation and separated
individuals in the southern Mojave Desert area. The automatic selection of the number of
genetic clusters (K) chose a K = 3 as the optimal partition (Figure 4.3). These three clusters
differed from those suggested by the PCA (Figure S4.1). One cluster included the Eastern Sierra
and western Transverse Range individuals, a second cluster included individuals from the
southern Mojave Desert west of the Mojave River, and a third cluster included individuals from
the southern Mojave Desert east of the Mojave River (Figure 4.3A-B). However, the cross-
entropy criterion curve did not show a flattening at any point in the range of K between 2 and

12. We report genetic clustering plots for a range of K = 3-5 (Figure 4.3).

The southern Mojave Desert group of individuals were dissected by the Mojave River with K =3
(Figure 4.3B) and fragmented into four clusters with K =5 (Figure 4.3F). The division of the
southern Mojave Desert cluster beginning with K = 3 only affected individuals in the alluvial fan
of the Mojave River or to the east of it, while the individuals to the west continued to form a

cohesive group irrespective of the values of K. The individuals from the east of the Sierra
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Nevada Mountains (Owens Valley and northern Mojave Desert, hereafter referred to as Eastern
Sierra) formed one cluster consistently in all the K iterations (Figure 4.3A-F). The individuals
from the western Transverse Range were admixed between the populations in the Eastern
Sierra and the western cluster of the southern Mojave Desert in all K iterations, except with K =
4, when they formed a unique cluster (Figure 4.3C-D). Two individuals furthest north in the
alluvial fan of the Mojave River were consistently admixed between the west and the east of the

Mojave River individuals (Figure 4.3A-F, samples 5 and 6).

Climatic variation across the landscape

The first three PCs of the WorldClim climatic layers explained 93.2% of the variation across all
the climatic variables, with PC1 explaining 58.8%, PC2 30.7%, and PC3 3.8% of the variation,
respectively (Figure 4.2; Table 4.2). PC1 had contributions from almost all the climatic variables,
with the strongest positive contributions from precipitation seasonality (BIO15) and mean
diurnal range (B102), and the strongest negative loadings from temperature seasonality (BIO4)
and warmest month maximum temperature (BIO5). The highest loading was precipitation
seasonality, which measures variability in the monthly total precipitation (O’Donnell and Ignizio
2012). PC2 had the strongest positive contributions from temperature annual range (BIO7) and
wettest month precipitation (BIO13), and the strongest negative loadings from driest month and
guarter precipitation (BIO14, BIO17). PC3 had the strongest positive contributions from
precipitation in wettest and warmest quarters (BIO16, BIO18) and the strongest negative

loadings from annual precipitation (BIO12) and wettest month precipitation (BIO13).
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Isolation by distance versus isolation by environment

The GDM analysis showed a significant contribution from both IBE and IBD. The full GDM model
incorporating all the predictor variables explained 32.94% of the deviance in genetic turnover
(Table 4.3). The relative contribution of each predictor is indicated by the coefficient value and is
visualized as the height of the GDM fitted functions (Figure 4.4). PC1, representing
environmental variation (Table 4.2), had the tallest spline curve with a coefficient of 0.55,
indicating that this predictor had the highest relative contribution to genetic turnover (Figure
4.4B). Genetic turnover was rapid at lower values of PC1 and slowed down to zero at higher
values, as shown by the curve flattening out after the midpoint of the predictor variable axis
(Figure 4.4B). The other two environmental PCs (Table 4.2) did not influence genetic turnover
(Table 4.3), shown as flat lines (slope 0) in Figures 5C and 5D. Hereafter, we refer to
environmental PC1 as the environmental axis. Geographic distance contributed to the model
with a coefficient of 0.51. The steep slope at low values of the geographic distances indicates
that the largest changes in genetic turnover were at shorter geographic distances. The longest
distance between individuals sampled was 230 miles, so the steep slope between 0 and 0.5 in

geographic distance corresponds to individuals separated by less than 33 miles (Figure 4.4A).

Predicting adaptive genetic variation

Figure 4.5A shows the spatial interpolation of genetic turnover based on the GDM PCA. Each
GDM transformed axis is assigned red, green, or blue hues and is plotted on a map of Southern
California with sample localities. The colors inside the points represent predicted genetic

dissimilarity at those locations based on the environmental and geographic predictors. A visual
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inspection of Figure 4.5A shows predicted rapid genetic turnover associated with environmental
gradients represented by the sharp transitions of color. The points in areas in pink corresponded
to localities at low elevations, predicted to be genetically dissimilar to points in areas in

blue/green, corresponding to higher elevation locations.

Figure 4.5B displays the contribution of environmental and geographic variables to the expected
genetic turnover in a two-dimensional space. The overlaid vectors show the direction and
magnitude of each variable, and the colors of the points match the colors of the map in Figure
4.5A. The solid points represent the genetic dissimilarity associated with climatic variables of
the samples included in this study, while the background colors represent predicted genetic
dissimilarities in unsampled areas of the geographic space. The biplot shows that both the
environmental and geographic axes were associated with genetic turnover. The biggest turnover
associated with the environmental axis was predicted in the western Transverse Range localities
(blue hue) and Eastern Sierra (purple hue), with little turnover in the clustered southern Mojave
Desert localities (pink hue, Figure 4.5B). The western Transverse Range and Eastern Sierra

individuals varied markedly both along environmental and geographic axes.

Discussion

This study of the genetic variation across the landscape of Linanthus parryae shows that both
the genetic drift and natural selection scientists were right! The level of flower color
polymorphism in L. parryae has captivated evolutionary biologists for generations, serving as a

key model in debates over the relative roles of natural selection and genetic drift in maintaining
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this polymorphism (Ishida 2017). Previous studies of L. parryae’s floral color variation have
come to contrasting conclusions (Wright 1943b, Schemske and Bierzychudek 2001, 2007). The
goal of the current study was to revisit this debate using a landscape genomic approach and
determine the contribution of isolation by distance (i.e., genetic drift) and isolation by
environment (i.e., natural selection) across the geographic distribution of L. parryae in the
deserts of California. Overall, we found a strong signal of large-scale geographic structure, with
three main genetic clusters corresponding to (a) populations along the Eastern Sierra, (b)
populations in the southern Mojave Desert, west of the Mojave River, and (c) populations in the
southern Mojave Desert, east of the Mojave River. Populations in the western Transverse Range
showed admixed composition between the Eastern Sierra and western Mojave genetic clusters
(Figure 4.3). When we examined whether isolation by distance or by environment would explain
this pattern of genetic structure, we found evidence for isolation by environment, largely driven
by fluctuations in temperature and precipitation. The contributions from environmental
variation were nonlinear, with values at the low end of the axis accounting for a majority of
genetic turnover (Figure 4.4). We also found a nonlinear contribution for isolation by distance,
with pairs of individuals separated by less than 33 miles having the highest genetic turnover
(Figure 4.4). Taken together, our results provide evidence that genetic divergence in L. parryae is
shaped by both genetic drift and selection, with both microevolutionary forces contributing to

the genetic structure of this species across its geographical range.
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Genetic structure

Linanthus parryae shows large scale genetic structure across regions within its species range.
We found that the strongest signal of genetic structure partitioned the samples into 3 genetic
clusters: two clusters in the southern Mojave Desert, and a third genetic cluster in the Eastern
Sierra and western Transverse Range (Figure 4.3A-B). The barrier that separates the Eastern
Sierra from the southern Mojave Desert populations corresponds to the Garlock fault, which
runs from the western tip of the Mojave Desert at the San Andreas fault northeast to Death
Valley. The area to the north of the Garlock fault includes parts of the northern Mojave Desert,
the Sierra Nevada Mountains and Owens Valley, while the area to the south of the fault includes
the rest of the Mojave Desert. Though few studies have looked at genetic structure in other
Mojave Desert plants, populations of fleaworts (Plantago ovata) north of the Garlock fault are
also genetically distinct from the rest of the Mojave Desert populations (Shryock et al. 2021),
consistent with our results. In a study looking at genetic diversity in 17 Mojave dwelling animal
taxa, most species’ ranges did not expand north of the Garlock fault (Vandergast et al. 2013).
This trend suggests that the Garlock fault may be a barrier that separates populations or limits
species dispersal, by dividing the habitat through movement of the tectonic plates. The
mountains to the north of the Garlock fault may also limit gene flow from the Mojave Desert

northward to the Eastern Sierra populations.

The genetic cluster that consistently included the same samples across K values represents the
populations in the southern Mojave Desert west of the Mojave River (Figure 4.3B, D, F, shown in

green, blue, magenta, respectively). These populations show little admixture across K values
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and do not divide with increasing K values. One possible explanation for this result is that the
southern Mojave Desert area has been a refuge to L. parryae through periodic climatic changes
during the Pliocene and Pleistocene. The “Mojave Assembly Model” proposes that 2-4 million
years ago, when the Transverse Range and Sierra Nevada mountains were undergoing rapid
uplift, the location of the current Mojave Desert changed geologically and climatically (Axelrod
1972, Bell et al. 2010, Graham et al. 2013). Desert taxa found refuge in arid areas like the
Antelope and Phelan Peak basins (Bell et al. 2010), both of which correspond to the L. parryae
populations to the west of the Mojave River. Then during the Pleistocene, as the Mojave River
began draining into the Mojave Desert, the Phelan Peak basin divided into the Victorville and
the Lucerne Valley basins (Bell et al. 2010), with the latter basin corresponding to the east of the
Mojave River L. parryae populations. The genetic structure found in the southern Mojave Desert
and the genetic admixture we found in populations in the floodplains of the current Mojave
River is broadly consistent with this dynamic geologic history. Epling and Dobzhansky (1942)
predicted that the Mojave River acts as a barrier restricting gene flow and that a continuous L.
parryae population is dissected into “microgeographic races”, while Epling (1960) described that
outwashes after heavier rains could transport seeds downhill and be a mechanism for dispersal.
Our results are consistent with the hypothesis that the occasional floods in desert streams may
be a mechanism of reproductive isolation leading to fine-scale population genetic structure in L.

parryae.
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Isolation by environment

Isolation by environment (IBE) contributed to genetic structure across the range of L. parryae
(Figures 4-6). With IBE, genetic connectivity can be high among individuals in similar
environmental conditions regardless of geographic distance (Wang and Bradburd 2014).
Selection against immigrants who are not locally adapted or successful dispersal to
environments similar to those in the source population may result in a correlation

between genetic and environmental distances (Sexton et al. 2014). In our study, isolation by
environment was primarily associated with precipitation and temperature variability (Figure 4.5,
Table 4.2). This pattern was especially important at the lower values of environmental variation
with no turnover past the midpoint of this axis of variation (Figure 4.4B). Lower values of the
environmental axis correspond to low precipitation seasonality, high temperature seasonality,
low diurnal temperature ranges, and high maximum temperatures. This pattern indicates the
combination of these climatic variables at low ranges of their gradient are associated with high
genetic variation, while the high ranges have no association with genetic turnover in L. parryae.
The highest positive loading of the environmental axis is precipitation seasonality, with low to
medium rainfall fluctuation having high relative contribution to genetic turnover, which suggests
that the species reaches a threshold of maximum precipitation variability that no longer
contributes to genetic variation. The saturation of the effect of precipitation variability suggests
that the degree of precipitation variability may be a key selective force driving genetic
similarities across L. parryae. In support of this hypothesis, previous studies have found that
rainfall variability patterns maintain the two color morphs in a L. parryae population, with the

blue having a fitness advantage in the dry years and the white in the wet years (Schemske and
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Bierzychudek 2001, 2007). Though flower color itself is likely not under selection, a linked or
pleiotropic trait related to water uptake may have a differential fitness advantage with
precipitation variation (Schemske and Bierzychudek 2007). This disparity in fitness between
morphs associated with rainfall patterns may vary both temporally and spatially, maintaining
genetic variation across the landscape of L. parryae. Further genomic sampling in combination
with genomic association analyses to environmental variables is necessary to test this

hypothesis rigorously.

Isolation by environment seemed to be most pronounced in the Transverse Range individuals,
which were outliers in terms of predicted genetic dissimilarity based on climatic variables
(Figure 4.5B). Despite the predicted genetic distinctiveness of these individuals, genetic
structure analyses found that the western Transverse Range individuals were admixed between
the Eastern Sierra and the western Mojave Desert populations (Figure 4.3, samples 25 and 27).
While the Transverse Range individuals were predicted to be most genetically dissimilar based
on environment, they do not form a distinct genetic cluster in most K values. A possible
explanation for this finding is that the admixed origin of these individuals enabled them to
occupy a new environmental space. Admixture may have provided the genetic variation or
novel trait combinations that were adaptive in this new environment (Rius and Darling 2014).
This potential mechanism of isolation by environment could serve as a natural experiment to
understand how flower color segregates in these admixed populations, and whether pleiotropy
or linkage are responsible for the association between precipitation and flower color in L.

parryae.

118



Isolation by distance

We also found evidence for isolation by distance, with limited gene flow across the species
range being one of the mechanisms contributing to genetic differentiation. What factors
contribute to limited gene flow in this species? Linanthus parryae seeds are small, with no
morphological features that would facilitate wind or animal dispersal, and likely land closely to
the mother plant. Although long distance dispersal events can occur with wind gusts, they are
unlikely to contribute to the genetic structure of L. parryae. Furthermore, dissection of the
desert landscape by ephemeral streams may be an important mechanism that isolates
populations on either side of the washes. Dry washes in the Mojave Desert have been shown to
influence gene flow in Acacia greggii, another plant species (Kaddis et al. 2016). This shrub
occurs only in desert washes which may promote genetic connectivity by dispersing its seeds
downstream. By contrast, ephemeral streams may transport seeds of L. parryae into unsuitable
habitats, leading to population dissection rather than connectivity. Indeed, we found genetic
structure around the Mojave River, a mostly dry stream that floods occasionally during periods
of high precipitation (Durbin and Hardt 1974), suggesting that these streams likely act as
geographic barriers that dissect the seemingly continuous distribution of L. parryae. Dating the
divergence of the population isolation events using environmental (e.g. fossils, packrat
middens) and genetic (e.g. coalescent inferences) data could help us determine when these
populations were separated and whether occasional flooding of dry washes may have led to
micro-allopatry. Overall, our results are consistent with Wright’s findings that L. parryae is

genetically differentiated at a fine spatial scale (Wright 1943b).
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Caveats

Including more individuals in our sample size may have helped identify more fine scale
population structure across the L. parryae range. In addition, including both flower color
morphs would have allowed us to more directly test the questions asked in the classic debates
about the processes driving morph distribution in this species. The white flower morph is much
more abundant and in years of high rainfall, it connects previously isolated populations by mass
germinating across the landscape. The blue flower morph is rarer, and even in years with good
germination, it has a patchy distribution. This may lead to higher gene flow between white
morphs across the landscape and more isolation by distance in blues. Analyses including blue
and white morphs will help us determine the relationship between color phenotype and genetic
divergence in this species. Despite these limitations and opportunities for further investigation,

the current sampling is sufficient to test the specific hypotheses we proposed in this study.

Conclusion

The species-wide patterns of genetic variation of L. parryae were striking, with the northern and
southern populations separated by the Garlock Fault, and further genetic differentiation
associated with the Mojave River. Isolation by environment associated with climatic variability
had the highest contribution to genetic divergence across the species, which may reflect the
impact of fluctuating rainfall patterns on flower color distribution found in previous studies in L.
parryae (Epling et al. 1960, Schemske and Bierzychudek 2001, 2007). Isolation by distance also

had a contribution to genetic differentiation in the species, supporting Wright’s findings of fine-
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scale genetic differentiation (Wright 1943b, 1978). Overall, both genetic drift and selection

contributed to genetic divergence across the species’ geographic range.

Linanthus parryae is an example of how desert plant may be more resilient than expected to
increased rainfall stochasticity (Salguero-Gémez et al. 2012), and environmental variability may
maintain genetic variation in populations (Hedrick 2006). In addition, local adaptation seems to
be high in arid areas (Baughman et al. 2019). For these reasons, understanding genetic variation
across the landscape in desert species can illuminate how dryland floras could survive an even

more extreme future.
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Figures

Figure 4.1. Linanthus parryae individuals have either blue or white petals. This color
polymorphism varies across the landscape and across time. Some populations are polymorphic,
while others are monomorphic with only one color. The frequency of colors can vary at a local
scale and year to year with different rainfall conditions.
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Figure 4.2. Map of sampling localities of the 27 L. parryae individuals included in this study
(black) plotted against all occurrences of the species (gray). The background map represents the
reduced dimensionality of the 19 environmental layers from the WorldClim database into three
principal components (PCs) projected on a map of southern California (see top right inset). PC1
is represented by a red hue and it corresponds to the area occupied by the Mojave Desert and
Great Basin lowlands. PC2 is represented by a green hue, and it corresponds to the coastal or
foothill areas of California. PC3 is represented by a blue hue and it corresponds to the higher
elevation areas of California. See Table 4.2 for loadings of climatic variables on each PC.
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Genetic cluster maps
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Figure 4.3. Spatial population structure of L. parryae with different values of genetic clusters, K
=3 (A, B), K=4 (C, D), K=5 (E ,F). In the left column (A, C, E), the colors represent genetic clusters,
and each bar represents the ancestry proportion of genetic clusters for each individual. The

right column (B, D, F) shows spatial interpolation of ancestry coefficients across the range of the

samples for each K, indicated with the same colors as in the bar plot on the left column.
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Figure 4.4. GDM fitted functions, modeling the relationships between predictor variables

(geographic distance and three environmental PCs, shown individually) and the response

variable (genetic distance) when all the other predictors are constant. The height of the curve

was highest for PC1, indicating that this climatic variable had the highest contribution to genetic

differences. Geographic distance also contributed to genetic differences. Genetic dissimilarities

per unit were higher at shorter geographic distances than at longer geographic distances,

illustrated by the steeper slope at the lower end of the x-axis.
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Figure 4.5. (A) Spatial interpolation of genetic dissimilarity associated with environmental
gradients predict areas of rapid genetic turnover represented by sharp color changes across the
landscape. The RGB hues represent the reduced dimensionality axes of the GDM predictors.
Changes in color indicate regions where genetic composition is predicted to change rapidly in
response to environmental gradients.

(B) Principal Component Analysis biplot of the GDM. The clustered points in the lower right
quadrant in pink correspond to individuals from the southern Mojave Desert (i.e. southern
individuals), while the dispersed points with a purple hue correspond to collections along the
Eastern Sierra and western Transverse Range (i.e. northern individuals). The most extreme
points in purple correspond to individuals in the western Transverse Range (lower left
guadrant). The environmental axis contributed to the separation between the clustered
southern individuals and northern individuals, while geographic distance (latitude and
longitude) also had a high contribution to sample genetic turnover.

Tables

Table 4.1. Samples included in this study, including sample identifier, location and flower color.

Sample # | Sample ID | Longitude | Latitude | Location Flower color

1 IGA131.11 | -117.1283 | 34.3900 | S Mojave Desert - East white
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2 IGA132.1 -117.3967 | 34.3385 | S Mojave Desert - East white
3 IGA138.1 -118.1952 | 36.6195 | E Sierra Nevada white
4 IGA141.10 | -118.6096 | 37.4827 | E Sierra Nevada white
5 IGA181.2 -117.4072 | 34.4739 | S Mojave Desert - Center white
6 IGA183.2 -117.4148 | 34.5441 | S Mojave Desert - Center na, in bud
7 IGA184.1 -117.4930 | 34.4121 | S Mojave Desert - Center white
8 IGA185.2 -117.5731 | 34.4440 | S Mojave Desert - Center white
9 IGA186.2 -117.6776 | 34.4519 | S Mojave Desert - West white
10 IGA187.1 -117.7130 | 34.4597 | S Mojave Desert - West white
11 IGA188.1 -117.7613 | 34.5035 | S Mojave Desert - West white
12 IGA189.1 -117.7124 | 34.5271 | S Mojave Desert - West na, in bud
13 IGA190.1 -117.8084 | 34.4984 | S Mojave Desert - West white
14 IGA191.2 -117.7240 | 34.4987 | S Mojave Desert - West white
15 IGA192.1 -117.7644 | 34.4473 | S Mojave Desert - West white
16 IGA193.1 -117.8076 | 34.4269 | S Mojave Desert - West white
17 IGA194.2 -117.8120 | 34.4507 | S Mojave Desert - West white
18 IGA195.1 -117.8694 | 34.4609 | S Mojave Desert - West white
19 IGA196.2 -117.8900 | 34.5492 | S Mojave Desert - West white
20 IGA197.1 -118.0177 | 34.5049 | S Mojave Desert - West white
21 IGA198.1 -118.1951 | 36.6196 | E Sierra Nevada na, in bud
22 IGA199.3 -118.0472 | 35.8266 | E Sierra Nevada white

127




23 IGA200.2 -118.0367 | 35.6646 | E Sierra Nevada white
24 IGA220.1 -117.1691 | 34.3691 | S Mojave Desert - East white
25 IGA221.2 -119.0894 | 34.6985 | W Transverse Range white
26 IGA222.1 -117.2718 | 34.3289 | S Mojave Desert - East white
27 IGA224.1 -118.9334 | 34.7153 | W Transverse Range na, in bud

Table 4.2. Loadings of each WorldClim environmental layer for PC1-PC3. 59% of the variance is
explained by PC1, 31% by PC2, and 4% by PC3. The colors correspond to the hues assigned to
each PCin Figure 4.2. The red hue indicates the top four variables of PC1, largely driven by
precipitation seasonality, mean diurnal range, warmest month maximum temperature and
temperature seasonality variables (BIO15, BIO2, BIO5, BIO4). The green hue indicates the top
four variables of PC2, driven by temperature annual range, wet month precipitation, and dry
month and quarter precipitation (BIO7, BIO13, BIO14, BIO17). The blue hue indicates the top
four variables of PC3, which was driven by precipitation variables (BIO12, BIO13, BIO16, BIO18).

Loadings: PC1 PC2 PC3

BIO1 = Annual Mean Temperature 0.283 0.120

BIO2 = Mean Diurnal Range (Mean of monthly (max temp - min temp) 0.295

BIO3 = Isothermality (BIO2/BIO7) (x100) 0.244 0.232

BIO4 = Temperature Seasonality (standard deviation x100) -0.276 0.136

BIOS5 = Max Temperature of Warmest Month -0.256 0.202

BIO6 = Min Temperature of Coldest Month -0.246 -0.203 -0.121
BIO7 = Temperature Annual Range (BIO5-BIO6) 0.377 -0.106
BIO8 = Mean Temperature of Wettest Quarter -0.252 0.212

BIO9 = Mean Temperature of Driest Quarter -0.239 -0.224 -0.142
BIO10 = Mean Temperature of Warmest Quarter -0.212 -0.247

BIO11 = Mean Temperature of Coldest Quarter -0.256 0.200

BIO12 = Annual Precipitation 0.202 -0.160 -0.714
BIO13 = Precipitation of Wettest Month 0.343 -0.513
BIO14 = Precipitation of Driest Month 0.155 -0.339 0.101
BIO15 = Precipitation Seasonality (Coefficient of Variation) 0.296

BIO16 = Precipitation of Wettest Quarter 0.219 0.270 0.122
BIO17 = Precipitation of Driest Quarter 0.178 -0.318 -0.151
BIO18 = Precipitation of Warmest Quarter 0.237 0.125 0.206
BIO19 = Precipitation of Coldest Quarter 0.207 0.211 -0.277
Total Variance Explained 59% 31% 4%
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Table 4.3. The Generalized Dissimilarity Model (GDM) incorporating all predictors explained
32.94% of the deviance in genetic turnover. The relative contribution of predictors to genetic
dissimilarity across L. parryae is indicated by the relative coefficient values. PC1 has the highest
coefficient, indicating that isolation by environment was the biggest contributor to genetic
dissimilarity across the range of this species. Geographic distance also predicted genetic
dissimilarity, while the other environmental PCs have no association with genetic dissimilarity.

Predictor Coefficient
Geographic 0.51
Environmental PC1 0.55
Environmental PC2 0.00
Environmental PC3 0.00

% deviance explained by full model 32.94
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Appendix

Geographic areas:
Southern Mojave Desert

Western Transverse Ranges

Eastern Sierra

PC2

PC1

Figure S4.1. Principal component analysis (PCA) of the linkage disequilibrium pruned SNP data
set of L. parryae. PC1 explained 8% of the genetic variation and separated individuals along
latitude, with three genetically similar groups of individuals: southern Mojave Desert, western
Transverse Range, and Eastern Sierra. PC2 explained 6% of the variation and separated
individuals in the southern Mojave Desert.
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