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Assessing population genomic structure and polyploidy:
a crucial step for native plant restoration

Bryce A. Richardson'? @, Rob Massatti® @, Nurul Islam-Faridi*, Skylar Johnson”,
Francis F. Kilkenny®

Establishing an effective restoration program requires baseline genetic information to make sound decisions for seed increase
and transfer. For many plants this information is lacking, especially among native forbs that are critical for pollinator health.
Erigeron speciosus is a widespread, perennial forb occupying montane environments in the western United States and Canada.
This species is important in fostering pollinator diversity. Our study examines the population genetic patterns across the species
range using reduced-representation sequencing and surveys for genome duplication using flow cytometry and cytology. These
genomic tools provide critical information for seed increase and seed transfer, necessary for restoration programs. Population
genetic differentiation (Fgt) average was 0.13 and ranged from 0.05 to 0.24 among 23 collection sites. Model-based Bayesian
clustering supported a model with collection sites grouped into two populations, occupying distinct geographic regions of this
species range. A genetic distance-based neighbor-joining tree also supported this division. Flow cytometry of 53 samples from
17 populations had 2C values that ranged from 1.7 to 3.6 pg with a mean 2C value of 2.3 pg. Putative triploids were found in two
individuals from one collection site. The spatial distribution of genetic structure supports regionally based taxonomic descrip-
tions of two varieties: speciosus in the North and macranthus in the South. This assessment of genetic structure and genome
duplication describes an effective approach in developing baseline genetic information for restoration species, especially those
species that may harbor complex taxonomy and polyploidy.
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regional avian fauna (e.g. Dumroese et al. 2015), as well as increase
plant community resiliency by diversifying the representation of
functional traits (Isbell et al. 2011; Funk 2021). Despite their utility,
several challenges hinder the increased use of forbs in restoration. In
particular, forbs utilize a broad array of life history strategies,
e.g. breeding systems and pollination mechanisms, that make pre-
dicting range wide patterns of genetic diversity and differentiation
difficult, and therefore using and developing genetically appropriate
restoration materials impractical (e.g. Massatti et al. 2020). More-
over, and similar to other groups of plants utilized in restoration like
graminoids, many widespread forbs of restoration interest display
spatially explicit patterns of morphological variation that have been
used to inform taxonomy at the infraspecific level; this variation
may reflect a variety of intraspecific relationships along an

Implications for Practice

e Population genomic approaches can be applied to a vari-
ety of species and inform the development of restoration
programs. As illustrated in this study, distinct genetic
groups (i.e. populations) warrant separate seed increase
programs.

e Selection of seed sources within genetic groups should
also be chosen with prudence given the strong association
between genetic and geographic distance or within
groups that have broad environmental gradients.

e A survey of cytological variation among seed collections
destined for a species restoration program is a necessary
step for seed increase. Cytotype screening would prevent
combining mixed polyploid individuals that may reduce
seed yield in cultivation due to genomic incompatibilities.
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Introduction

As efforts to restore degraded landscapes increase in scope and inten-

sity worldwide (MIHS etal. 2020)’ an1mpo Lstrategy to foster eco- Published 2022. This article is a U.S.Government work and is in the public domain in

system health has been to diversify restoration seed mixes to include
native forbs. Forbs provide critical resources to support pollinator
networks (e.g. Dumroese et al. 2016; Burkle & Runyon 2019) and

the USA.
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evolutionary continuum (Coates et al. 2018). Additional complexity
may result from genome duplication (i.e. polyploidy; Kramer
et al. 2018) and hybridization, which is often difficult to assess with-
out appropriate data.

Given the biological complexities inherent across species,
understanding species-specific evolutionary processes influencing
differentiation and diversification is an essential prerequisite to
developing restoration seed mixes (Breed et al. 2019). Fortunately,
genomic sequencing data can provide a broad foundation for
implementing informed seed collection, seed increase, and dissem-
ination of seeds or seedlings (i.e. seed transfer). For example,
population-level genetic diversity and structure data can inform
seeding efforts (e.g. Durka et al. 2017) to avoid inbreeding or out-
breeding depression (Fenster & Galloway 2000; Hufford
etal. 2012). Inbreeding or outbreeding depression may reduce plant
performance in the early generations after a restoration treatment
when performance of native plant materials (NPMs) is critical to,
e.g. mitigate the influence of invasive species. In addition, these
data can guide seed collecting efforts by illuminating how adaptive
genetic variation correlates to environmental gradients (Shryock
et al. 2015; Faske et al. 2021) and by providing baseline informa-
tion on how species are demographically connected (e.g. through
migration) across their ranges (Massatti et al. 2018); these biologi-
cal characteristics of species are critical to consider as seed sources
are selected for development into new NPMs using different strat-
egies (e.g. the various mix and match approaches described in
Bucharova et al. 2019). Furthermore, flow cytometry and cytogeo-
graphy approaches can assess the frequency and geographic pat-
terns of polyploidy (McArthur & Sanderson 1999; Laport
et al. 2012), which may affect performance across a species’ envi-
ronmental distribution (e.g. Ramsey 2011; Zaiats et al. 2020; Rich-
ardson et al. 2021) and intraspecific compatibility (Kramer
et al. 2018). Finally, population genetic studies can define or add
support to describe intraspecific variation or taxonomic treatments
(Richardson & Meyer 2012; Widener & Fant 2018) and elucidate
interspecific hybridization (Winkler & Massatti 2020; Ruiz
et al. 2021). These approaches are transferable across species with
little modification and can be completed rapidly (i.e. 1-2 years) to
provide information on seed sourcing for seed increase or design
and interpretation of common garden studies.

Herein, we analyze genomic patterns of Erigeron speciosus
DC. (Aspen fleabane; Asteraceae), a cross-pollinating native
forb with spatially structured morphological variation that has
been used to describe taxonomic varieties. As such, we enhance
available information about a future restoration species that
exhibits a particular, though not uncommon, suite of biological
traits. We demonstrate a workflow that combines population
genomics and cytogeographic approach to inform downstream
management efforts related to seed collecting, seed transfer,
and NPM development. Specifically, we generate baseline
genetic data using next-generation sequencing, flow cytometry
and microscopy to survey genetic diversity, population genetic
structure, and assess cytogeographic variation. We illustrate
the restoration ramifications of these patterns in the context of
management across western North America, and we set results
in the broader context of restoration as it pertains to international
efforts and the UN Decade on Ecological Restoration.

Methods

Study Species

Erigeron is a speciose genus that likely originated in North Amer-
ica (Noyes 2000). Western North America is home to a diverse
array of both localized and widespread Erigeron species
(Nesom 2006), including Erigeron speciosus, an ecologically
important, perennial forb occupying forested and nonforested mon-
tane communities from the U.S.-Mexico border to southern
Canada (Gucker & Shaw 2018). Erigeron speciosus has been iden-
tified as a key restoration species based on its ecological breadth
across shrubland, forested, and alpine communities, the ability for
an individual to survive for more than a decade (Inouye 2008), its
prolonged flowering period in mid-summer, and pollinator visita-
tion by numerous insect families (Burkle & Irwin 2009).

Different taxonomic treatments have been proposed for
E. speciosus and sister taxa based primarily on hairs and glandular-
ity of phyllaries, leaves, and stems. Cronquist et al. (1994) recog-
nized two varieties: speciosus and macranthus (Nutt.) Cronquist.
These two proposed varieties have overlapping distributions, but
var. speciosus is more prevalent in the Northwest (Idaho, western
Montana, and Washington) and var. macranthus is found primarily
in the South (Cronquist et al. 1994). Alternatively, Nesom (2006)
suggests E. speciosus is a cohesive, albeit variable, taxonomic unit
and where distinguishing morphological characters can intergrade
with the sympatric E. subtrinervis Rydb., especially in the northern
portions of their overlapping range (i.e. Idaho, Montana, and Wyo-
ming). While some species within Erigeron are known for apo-
mixis that is derived from auto or allopolyploidy (Noyes &
Rieseberg 2000; Noyes 2006), polyploidy is unknown in
E. speciosus and E. subtrinervis, which both have a base chromo-
some number n = 9 (Jones & Young 1983).

Sample Collection

Leaf tissue was collected from 23 sites of E. speciosus (Fig. 1)
across steep environmental gradients in the central and northern
Rocky Mountain region (Fig. S1). These collections primarily
reflected USDA Forest Service Region 4’s interest in develop-
ing this species for restoration, and therefore sampling was
focused within this region. In addition, one population of E. for-
mosissimus Greene was included as an outgroup. Individual
samples were placed in envelopes with silica in the field, and
then dried under vacuum at room temperature. Dried tissue
was ground with a bead mill and DNA was extracted following
the DNeasy plant extraction kit protocol (Qiagen, Germantown,
MD, U.S.A.). DNA yields were standardized to 3 ng/pL prior to
library preparation. While the intent was to have n > 10 for each
population, during this process, some individuals were omitted
due to poor DNA yields or amplification, leading to a collection
site sample size ranging between 2 and 14 individuals (Table 1).

DNA Preparation and Sequencing

Genomic DNA samples, including outgroup specimens, were
individually barcoded and processed into libraries using a
restriction fragment-based procedure (Peterson et al. 2012)
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Figure 1. (A) Mapped locations of Erigeron speciosus collection sites. The pie charts show the location and STRUCTURE assignment probabilities for each
collection site based on a two-population model (K = 2). The colored polygons indicate four Omernik level III ecoregions (Idaho Batholith, Middle Rockies,
Wasatch, and Uinta Mountains). White outline shows the Greater Yellowstone Region boundary. The outgroup taxonomic unit (OTU) is E. formosissimus.
(B) Barplot of individual sample STRUCTURE assignment probabilities and horizontal black lines separate collection sites.

modified to utilize separate indexing reads. DNA was doubly
digested with EcoRI and Mspl restriction enzymes, followed
by the ligation of Illumina adaptor sequences and barcodes.
Each sampled individual was barcoded using unique combina-
tions of forward and reverse indexes. Ligation products were
pooled and amplified using 12 cycles of polymerase chain reac-
tion. A Pippin Prep (Sage Science, Beverly, MA, U.S.A.) was
used to size select amplicons from 400 to 600 base pairs. Librar-
ies were sequenced on a HiSeq 4000 (Illumina, San Diego, CA,
U.S.A.) at the University of Oregon’s Genomics and Cell Char-
acterization Core Facility to generate single-end 100 base-pair
reads.

Raw sequence data were demultiplexed using custom scripts
and “fastq-multx” in ea-utils (Aronesty 2011). The remaining
data processing and read assembly steps were accomplished
using STACKS v2.53 (Catchen et al. 2013) and followed the
r80 protocol detailed in Rochette and Catchen (2017). Within
STACKS, the process_radtags script was used to exclude raw
reads containing more than four low-quality sites and adapter
contamination. Parameters affecting the assembly were assessed

based on how parameter combinations affected 180 loci
(i.e. those found in 80% of samples or more); the optimal param-
eter set associated with the plateau of the number of r80 loci was
selected (Fig. S2; Paris etal. 2017; Rochette & Catchen 2017).
Values used in the final assembly were read to initiate a new
putative allele (-m in ustacks) = 3; number of mismatches
allowed between the two alleles of a heterozygote sample
(-M in ustacks) = 6; mismatches allowed between any two
alleles of the population (-n in cstacks) = 6. The populations
program in STACKS (Catchen et al. 2013) was executed to
generate the datasets used in analyses under the following
settings: minimum number of populations a locus must be
present in to process a locus (-p) = 2; minimum minor
allele frequency required to process a nucleotide site at a
locus (--min_maf) = 0.02; maximum observed heterozy-
gosity required to process a nucleotide site at a locus
(--max_obs_het) = 0.7; minimum percentage of individuals
in a population required to process a locus for that popula-
tions (-r) = 0.5; and the maximum value to keep an Fgr
measurement (--p-value cutoff) = 0.05.
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Genetic Analyses

We employed three methods to assess population structure in
E. speciosus. First, Bayesian clustering was implemented in
STRUCTURE v2.3.4 (Falush et al. 2003). STRUCTURE was
run across K (population) values ranging from 1 to 9 without
assigning population membership a priori. Twenty independent
runs per K were conducted, each with 150,000 burn-in and
250,000 Markov chain Monte Carlo iterations, using an admix-
ture model with correlated allele frequencies. STRUCTURE
HARVESTER v0.6.94 (Earl & von Holdt 2012) and DIS-
TRUCT vl.1 (Rosenberg 2004) were used to visualize results,
and the most probable K was chosen based on the second order
rate change of log probability scores (Evanno et al. 2005). Sec-
ond, population genetic differentiation was visualized using Nei
genetic distance (Nei 1978) in a unweighted pair group method
with arithmetic mean (UPGMA) dendrogram using the aboot
function in POPPRV2.8.6 (Kamvar et al. 2014) with 100 x boot-
strap resampling. Third, principal components analysis (PCA)
was performed on the dataset using the dudi.pca function in
ADGENET 2.17 (Jombart & Ahmed 2011). To further
assess spatial and genetic patterns, correlations were calculated
(r values) between collection site principal component (PC) 1
and 2 eigenvector values and geographic coordinates. Separate
analyses were run for the range-wide collection and within
populations determined by STRUCTURE analysis. Isolation
by distance (IBD) was assessed with a Mantel test in ADE
v1.7-15 (Dray & Dufour 2007) using geographic distance
(km) and Nei’s genetic distance. In addition, collection site
pairwise population differentiation (Fgt), expected heterozy-
gosity (Heyp), and nucleotide diversity (z) were calculated in
STACKS. These analyses were conducted in R statistical soft-
ware v4.05 (R Core Team 2021) and scripts can be found at
the github repository (https://github.com/brichardsonfs/Eriger
on_speciosus_seq).

To determine if the North and South E. speciosus populations
(see Results section) are distributed across distinct subsets
of environmental space within the study region, we character-
ized regional-scale climatic gradients using the 19 bioclimati-
cally informative variables from WorldClim v2 (Fick &
Hijmans 2017). We reduced the 19 variables to three PCs using
“princomp” in R, as implemented through ‘“rasterPCA” in
rstoolbox (Leutner et al. 2019). PC values were extracted for
three sets of points including: (1) collection sites; (2) 10,000
randomly selected background across the geographic extent of
the study area; and (3) vetted E. speciosus herbarium records
accessioned since 1995 and available on the SEINet data portal
(https://swbiodiversity.org/seinet).

Flow Cytometry and Cytological Analyses

Two approaches were used to ascertain genome duplication.
First, flow cytometry was conducted on a subset of fresh, field
collected leaf tissue (n = 44) when available. Dried leaf tissue
did not produce an adequate signal on the flow cytometer. In
addition, since there was available seed from the CR1 popula-
tion, a more intensive sampling of this population was con-
ducted with seedlings grown from collection site bulked seed

(n = 9; Table S1). Flow cytometry (Cyflow Space, Partec
GmbH, Miinster, Germany) was conducted using approximately
0.3 cm? of chopped fresh leaf tissue of the standard and the
experimental sample. Leaf tissue was prepared using the
protocol provided by the Cystain UV Precise staining
buffer (Sysmex, Inc.) and a previously published protocol
(Richardson et al. 2012) using an internal standard, Acer
negundo, 2C value = 1.07 pg. Measurements were made with
the UV laser at 375 nm. Genome size was calculated using the
equation from Dolezel et al. (2007). Second, cytological analy-
sis was conducted on the CR1 population from excised root tips
(1 cm) of greenhouse-grown seedlings to determine the ploidy
level of five of the nine samples whose genome sizes were esti-
mated using flow cytometry (Table S1). Root tips were pre-
treated with 2.5 mM (w/v) 8-hydroxyquinoline, placed in the
dark for 3 hours at room temperature, rinsed with ddH,O for
2 minutes, then fixed in 3:1 fixative (95% ethanol:glacial acetic
acid). Chromosome preparations were conducted within a week
of the fixative treatment. Fixed root tips were rinsed with ddH,O
to remove fixative for 30 minutes, then hydrolyzed mildly with
0.2 N HCI at 60°C for 10 minutes and then 10 minutes at RT,
rinsed with ddH20 twice 10 minutes each followed by 0.01M
cold 4°C citrate buffer (pH 4.5). The enzyme mixture
consisted of 2% cellulase RS (w/v), 1% macerozyme R10
(w/v) (Yakult Pharmaceutical Ind. Co., LTD, Japan), 2% pecto-
lyase Y23 (w/v) (Kyowa Chemical Products, Co., Ltd, Japan),
30% cellulase (v/v), C2730, 30% pectinase (v/v), P2611,
Sigma-Aldrich, St. Louis, MO, U.S.A., and 40% of 0.01M cit-
rate buffer (pH 4.5). The enzyme digestion time varied from
12 to 25 minutes depending on the thickness of root-tips.
Enzyme solution was carefully removed without disturbing
the tips and samples were washed three times with fresh buffer.
Chromosome spreads were prepared as described by Jewell and
Islam-Faridi (1994). Chromosome spreads were stained with
DAPI (4’,6-diamidino-2-phenylindole; Vectashield, H-1200,
Vector Laboratories, U.S.A.), and images were viewed under a
63 x plan apochromatic oil-immersion objective with UV-filter
(Chroma Technology, Bellows Falls, VT, U.S.A.) equipped
with an epi-fluorescence microscope (Axiolmager M2, Carl
Zeiss, Inc., Germany). Digital images were captured with a Cool
Cube 1 (metaSystem Group, Inc., Boston, MA, U.S.A.) charge-
coupled device camera. Images were preprocessed with ISIS
v5.1 (MetaSystems Group, Inc., and then processed further with
Adobe Photoshop CC2021 (Adobe Systems, Inc., New York,
NY, U.S.A)) to obtain chromosome counts.

Results

The filtered Erigeron speciosus sequence dataset included
185 samples from 23 collection sites and 175,419 SNPs at
50,034 loci. Collection site Hy, ranged from 0.13 to 0.18
(Table 1). Genetic structure was evident among some collection
sites, with pairwise Fsy ranging from 0.05 to 0.24 (mean of 0.13;
Table S2). STRUCTURE analyses supported grouping collec-
tion sites into two populations (K = 2), based on maximized
second-order rate change (Fig. S3). The two populations were
geographically distributed into a northern population
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comprising central Idaho and Montana and a southern popula-
tion comprising southeast Idaho, Utah, and Colorado
(Fig. 1A), hereafter referred to as North and South populations.
The STRUCTURE assignments were supported by genetic dis-
tance measures showing the divergence between these clades
(Fig. 2). The exception to the divergent assignment probabilities
between these two populations were eastern collection sites in
Wyoming and Colorado (WH1, SP1, and DC1) that had more
admixture. Except for WHI, these collection sites were rooted
between the northern and southern clades (Fig. 2), and assign-
ment probabilities indicated admixed individuals (Fig. 1B).

0.12 0.1 0.08 0.06 0.04 0.02 0
| | | | | | |
4

Figure 2. Unweighted pair group method with arithmetic mean (UPGMA)
dendrogram of Erigeron speciosus collection site. The scale at the top shows
Nei’s genetic distance and colored bars indicate majority assignment to one
of two populations, based on STRUCTURE analyses (Fig. 1). Values
adjacent to the nodes are bootstrap support. The outgroup taxonomic unit
(OTU) is E. formosissimus.

WHI1 placement within the southern group is likely due to
higher likelihood values for the South population, compared to
DC1 and SP1 (Fig. 2). These relationships among sites and
populations are also reflected in the PCA ordination (Fig. S4).

Overall, genetic differentiation and geographic distance was
found to be correlated (r2 =0.5, p < 0.0001). This was also con-
firmed with a Mantel test (p = 0.001), supporting IBD. A closer
examination of collection sites within North and South popula-
tions showed that IBD was significant in the South population
(p < 0.0001) and nonsignificant in the North population
(p = 0.12) (Fig. S5). The genetic variation that partitions the
North and South populations is assorted among PC1 (Fig. S4),
whereas association with latitude is assorted along PC2
(r=-0.87, p =0.0001; Figs. 3A & S4). This North—South pat-
tern in IBD was also reflected in collection site nucleotide diver-
sity («r) in the South. A positive correlation was found between z
and latitude among South collection sites (r = 0.67, p = 0.006;
Fig. 3B), but no significant association was found between 7 and
latitude for the North population. Average 7 values of collection
sites above 40° latitude were 0.178 (SD = 0.01), whereas aver-
age values below 40° latitude were 0.162 (SD = 0.01) (Table 1).

Average genome size (2C value) from flow cytometry was
2.3 pg and ranged from 1.7 to 3.6 pg based on 53 field-collected
samples. Two samples were approximately 1.5x the mean
genome size, 3.1 and 3.6 pg, suggesting triploidy (Table S1).
These field-collected specimens could not be confirmed with
cytological analysis because of the availability of root and/or
apical shoot samples. Cytological analysis of root tips from
seven greenhouse-grown seedlings from one population (CR1)
showed C values between 1.8 and 2.7 pg had 2n = 18 chromo-
somes, and heterochromatic band variation was observed for
some samples (Table S1; Fig. S6).
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e p = 0.0001 p = 0.006 ol
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Figure 3. The linear relationship between (A) latitude and PC2 eigenvector values and (B) latitude and Pi, nucleotide diversity, of the 15 collection sites within

the South population.
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The majority of environmental variation across the study
area was explained by the first three PC axes (PC1-52.4%,
PC2-14.4%, and PC3-9.6%). PC1 values were strongly nega-
tively correlated with precipitation variables (i.e. higher PC1
values represent drier climates), including annual precipitation
(BIO12, r = —0.88), precipitation of the wettest month
(BIO13, —0.74), precipitation of the driest month (BIO14,
—0.77), precipitation of the wettest quarter (BIO16, —0.76), pre-
cipitation of the driest quarter (BIO17, —0.83), and precipitation
of the coldest quarter (BIO19, —0.83). Alternatively, PC2 and
PC3 were correlated with temperature variables, including pos-
itive correlations with minimum temperature of the coldest
month for both (BIO16, 0.74 and 0.7, respectively), and nega-
tive correlations with mean diurnal range (BIO2, —0.82) and
temperature annual range (BIO7, —0.72) for PC3 only. Erigeron
speciosus is distributed across a wide breadth of environmental
space within the study region and collection sites are representa-
tive of that space (Fig. S1).

Discussion

Population genetic analyses of Erigeron speciosus support two
populations: a North population that occurs in central Idaho
and western Montana and a South population that occurs in Utah
and southeast Idaho. Collection sites in Wyoming and Colorado
(e.g. WHI1 and SP1) suggest that admixture between these popu-
lations is more common farther east in the species range. Genetic
differentiation among collection sites ranged from low to high
(mean Fgr = 0.13, range 0.05-0.24) with higher collection site
pairwise Fgt values found between the North and South popula-
tions. These Fgr values may reflect this species’ life history
traits, specifically insect-vectored pollination, and herbaceous
growth, which has been shown to increase population genetic
structure (Duminil et al. 2007; Gamba & Muchhala 2020).
Another factor that may affect population genetic structure is
discontinuous distribution. Since E. speciosus is restricted to
montane environments, arid lower elevation sagebrush ecosys-
tems could act as a barrier to gene flow. The distinct North and
South populations coincide with the Snake River Plain, a large
(approximately 130 km), lower elevation gap in this species
range. During the late Pleistocene, Lake Bonneville, which cov-
ered much of northern Utah and eastern Nevada, may have also
acted as a barrier to gene flow. Corridors for introgression may
be limited to montane habitats further east in Wyoming and Col-
orado. However, historically these routes (e.g. the Greater Yel-
lowstone region in northwestern Wyoming) likely limited
geneflow during the late Pleistocene, since this region was
extensively glaciated (Licciardi & Pierce 2018). Thus, admixed
populations occurring in western Wyoming (i.e. populations
CO1 and WHI1) could be a more recent occurrence during Holo-
cene warming as North and South populations expanded into
western Wyoming. The locality of the North—South introgres-
sion zone near Yellowstone, is similar to those reported between
two aspen populations (Populus tremuloides; Callahan
et al. 2013). Moreover, the area from Yellowstone south into
western Wyoming and Colorado is shown to be a contact/hybrid
zone for several plant species (Swenson & Howard 2005).

Spatial patterns of variation within E. speciosus illustrate
the importance of using neutral genomic loci to guide the devel-
opment of management programs for species used in restoration.
Without such knowledge, managers across the Intermountain
West typically rely upon Omernik Level III ecoregions
(Omernik & Griffith 2014) to guide/constrain regional seed
transfer and NPMs development strategies (Bower et al. 2014;
Shryock et al. 2017). If used for this species, the Middle Rockies
ecoregion, which incorporates montane regions both north and
south of the Snake River Plain, would facilitate the mixture of
genotypes from the North and South populations. In effect, such
a management decision would degrade natural patterns of
genetic diversity formed by long-term historical and evolution-
ary processes, which are recognized as an important component
of biodiversity (CBD 1992). Complex patterns of local adapta-
tion are expected in widespread species with large population
sizes that display regional population structure across broad
environmental gradients (Richardson et al. 2012; Shryock
etal. 2015). Unknowingly mixing North and South seed sources
into a seed increase program or seed transfer across these bound-
aries could lead to deleterious processes such as outbreeding
depression, and potentially affect long-term restoration goals
(Hufford et al. 2012).

IBD was significant for collection sites in the South popula-
tion, but not in the North. Two factors that could be contributing
to this difference are physiography and barriers to postglacial
colonization. In the South population, especially in Utah, phys-
iography of north—south trending mountain ranges likely pro-
vides corridors for propagule movement. However, east—west
movement is likely impeded by basins too arid to support this
species and long-distance pollination, as few collection loca-
tions were found associated with low levels of precipitation. In
the North population, the basin and range physiography are
not as pronounced, and cooler climates provide E. speciosus
with lower elevation habitat and probably a more contiguous
range, resulting in increased gene flow and less isolation. Holo-
cene warming likely resulted in expansion of habitat in the
North, while the South may have experienced a range contrac-
tion and more isolated populations at higher elevations. This
hypothesis appears to be supported by the association between
genetic distance and latitude, population nucleotide diversity,
7, has a positive association with latitude in the South popula-
tion. This diversity-latitude pattern could be caused by
(1) increasing isolation and smaller populations in lower lati-
tudes leading to decreasing nucleotide diversity due to evolu-
tionary processes like genetic drift, (2) increasing nucleotide
diversity at the northern edge of the South population due to
introgression with the North population (e.g. admixture found
insites CO1 and WH1), or (3) a combination of both. Many tem-
perate plant species show patterns of increasing genetic diversity
with latitude through the mid-latitudes of the species range, fol-
lowed by a decline in diversity at higher latitudes near the lead-
ing edge of range expansion (Petit et al. 2003). However, this
pattern is not supported for many tree species in Eastern North
America. Here, higher genetic diversity can extend beyond the
mid-latitudes and into high latitude range limits (Lumibao
etal. 2017). In E. speciosus, we do not observe declining genetic
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diversity with increasing latitude at the northern range, support-
ing the patterns found in Eastern North America trees. It is
important to note, however, that northern range limit of this spe-
cies extends at least 6°N in latitude (approximately 500 km)
beyond our sampling. Declining genetic diversity in the last
500 km of the species northern range could be possible.

Based on flow cytometry from a subset of field collected sam-
ples and greenhouse-grown seedlings, E. speciosus appears to
be predominantly diploid with an average genome size
(2C value) of 2.3 pg. The 2C values are similar to previous
reports of Erigeron species ranging between 1.8 pg in
E. philadelphicus to 3.1 pg in E. alpinus (Bai et al. 2012; Garcia
et al. 2013). Triploidy is suspected in two of 53 flow cytometry
samples. These samples are 3.1 and 3.6 pg, which is roughly
1.5x the average genome size. Diploid (2n = 18) intraspecific
genome size, confirmed by cytological analysis, varied in
E. speciosus from 1.8 to 2.7 pg. This is a 1.6x difference
genome size between individuals from the same collection site
(CR1). There could be different factors affecting the genomes
size in this species. Genome size variation can be caused by
transposable elements (Hawkins et al. 2006), satellite repetitive
elements (Bitonti et al. 1999; Thakur et al. 2021), telomeric
repeats (Fajkus et al. 2005), or supernumerary chromosomes
(Jones & Houben 2003). Variable heterochromatic bands were
observed in this species, but the specific causes of this variation
mentioned above remain unknown. Some instrumental error
could also be attributed to flow cytometry. Plant secondary
metabolites, particularly phenolics, can affect fluorophore bind-
ing and fluorescence in propidium iodide staining (Price
et al. 2000; Greilhuber 2005), leading to a degraded signal.
However, less is known on how plant compounds interact with
DAPI stain used in this study.

Population genomics is increasingly being used to help guide
restoration seed-sourcing decisions (Durka et al. 2017). As dem-
onstrated here, a population genomics approach paired with
flow cytometry is especially useful for native forb species
that routinely display taxonomical complexity and harbor
polyploidy (Kramer et al. 2018). Compared to traditional molec-
ular genetic approaches, genome-wide loci allow for better
resolution of demographic and biogeographic processes
(Ellegren 2014), which can lead to more informed seed-sourcing
decisions (Breed et al. 2019; Massatti et al. 2020). In the western
United States, population genomic information is being devel-
oped for an expanding set of restoration species (e.g. Shryock
etal. 2017; Massatti et al. 2018). We advocate that this approach
is complementary and a precursor to common garden studies.
Information from studies like this one can be useful in designing
and interpreting trait-based experiments that address adaptive
variation. Studies that pair neutral genetic structure, cytogenet-
ics, and trait-based variation provide a set of comprehensive
information for restoration species. Such progress has been done
in some restoration species, e.g. Pseudoroegneria spicata
(St. Clair et al. 2013; Massatti et al. 2018) and Artemisia triden-
tata (Richardson et al. 2012; Richardson & Chaney 2018).
These datasets can lead to genetic-environment analyses that
synthesize genomic, trait, and environmental data, providing a
comprehensive assessment of adaptive genetic variation and

how the environment shapes these patterns (Temunovié
et al. 2020; Faske et al. 2021). As the set of species with genetic
information grows, restoration programs will benefit by having
more tools to meet restoration targets, such as plant communities
with genetically appropriate restoration materials that ultimately
support pollinator health relationships within ecosystems
(Bucharova et al. 2021).

The population genetic structure could be compatible with either
of the two proposed taxonomic treatments: two regional varieties
macranthus and speciosus (Cronquist et al. 1994) or introgression
of E. speciosus and E. subtrinervis (Nesom 2006). In the former
taxonomic treatment, the North and South populations appear
to coincide with the general geographic distribution of the
two described varieties: speciosus, found in the Northwest
(Washington, Oregon, northern Idaho, and western Montana),
and macranthus, found further south and east (Cronquist
etal. 1994). According to the latter taxonomic treatment, the North
and South populations would reflect varied hybridization with
E. subtrinervis. However, under the hypothesis of hybridization
with E. subtrinervis, we would expect a third genetic group to
emerge in the STRUCTURE analyses. Further study using herbar-
ium samples of both species is needed to resolve the taxonomic
treatments.

Both genetic structure and diversity within E. speciosus have
a strong spatial component that can inform the development of a
restoration program. Given the clear segregation of two popula-
tions (North and South), separate seed increase and seed transfer
programs for each region will best support observed patterns of
genetic diversity (e.g. evolutionary units potentially best repre-
sented by varieties; Coates et al. 2018). Management programs
armed with this knowledge may avoid entangling divergent evo-
lutionary processes that have the capacity to influence restora-
tion success (e.g. outbreeding depression; Frankham
et al. 2011). Population structure in many organisms of temper-
ate regions have been highly influenced by the last glacial period
and therefore long time frames (Richardson & Meyer 2012;
Massatti & Knowles 2020); such long-term processes may influ-
ence reproductive compatibility of individuals in early genera-
tions when plant performance is critical for promoting
restoration success (Hufford et al. 2012). We recommend care-
ful consideration when assembling sources to develop NPMs
(Bucharova et al. 2019) or transferring seeds within North and
South populations, due to the distribution of populations across
broad environmental space (McKay et al. 2005). Moreover, dif-
ferent strategies for developing seed increase lots could be
employed among populations. Given the stronger IBD found
within the South, stricter guidelines for choosing pooled seed
collections, whereas the North population could have broader
collection requirement. Prior to seed increase, we also recom-
mend screening seed sources for polyploidy; although poly-
ploidy appears to be infrequent in E. speciosus, introduction of
mixed cytotypes into a seed increase program could increase
incompatibility, lowering seed yield or introduce infertility in
the offspring (Kramer et al. 2018). Since polyploidy is infre-
quent in this species, triploids could be excluded from the seed
increase program. However, for species that have a higher fre-
quent polyploidy or exhibit niche-specific patterns, different
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strategies and potentially separate seed increase programs need
to be considered to fulfill restoration needs. Ultimately, imple-
mentation of a genetically informed management program will
help improve the success of restoration outcomes and species
interactions within natural communities, and maintain patterns
of evolutionary history across the species’ range.
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