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Abstract

Helianthus verticillatus, the whorled sunflower, is a rare plant endemic to only four locations:
one in Cave Springs, Georgia, one in Cherokee County, Alabama and two in Madison County,
Tennessee. The species can grow up to three meters tall and has multiple showy yellow blooms
making it a prime ornamental plant that is attractive to many different pollinators. This plant
was designated as a federally endangered species in 2014 due to habitat loss. Currently, there is
no recovery plan for H. verticillatus. Still, there are large gaps in knowledge related to basic
biology of this plant and its importance in ecosystem services. In this study, microsatellite loci
were utilized to investigate fine-scale population structure and clonal diversity of 206 H.
verticillatus individuals found on two sampling sites within the Georgia population. Our results
indicated the presence of two distinct genetic clusters that correlated with respective sampling
site. However, admixture was present at the collection zones closest to the forested barrier
separating the sites. Analyses of molecular variance indicated that the majority of variance
(51%, P<0.001) was individually based, thus confirming high genetic differentiation (Fst=0.20)
and limited gene flow between H. verticillatus collection zones. The evidence of a population
bottleneck in these sites suggests a recent reduction in population size that could possibly be
due to habitat loss. In addition, high levels of linkage disequilibrium were found, implying that
individuals within these sites are primarily reproducing asexually. Based on our results,
although populations of H. verticillatus are limited and highly fragmented, they are still
harboring moderate levels of genetic diversity (Hexp = 0.50) and, in contrast to previous studies,
high numbers of distinct genets. However, because of self-incompatibility and the ability to

reproduce vegetatively, sexual reproduction is extremely limited in these populations. Results



presented here provided a better understanding of fine-scale genetic diversity and spatial
distribution of H. verticillatus populations in Georgia. Combined with previous research
findings, our results can underpin a novel recovery plan for H. verticillatus that could be utilized

for conservation of this endangered species to promote its persistence in the wild.
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1. Introduction

Helianthus verticillatus (Small), commonly known as the whorled sunflower, is a
herbaceous perennial endemic to four locations in the southeast United States (Matthews et al.
2002; Chafin 2010). The plants grow in large clonal clumps which can reach three meters in
height (Matthews et al. 2002; Chafin 2010). They are unique among other plants in the
Helianthus genus due to the characteristic whirling of hairy leaves around the stem (Matthews
et al. 2002; Chafin 2010). The vigorous growth and showy yellow flowers of H. verticillatus may
render the species a potential valuable ornamental plant and presumably a useful pollinizer in
the wild as well as home garden, which is common for other Helianthus spp. (Schmidt et al.
1995; Chafin 2010).

Helianthus verticillatus was discovered in 1898 by Samuel McCutcheon, a faculty
member at the University of Tennessee, near the town of Henderson in Chester County, TN
(Seiler and Gulya 2004). Initially, labeled as H. shcwenitzii on one of the herbarium samples, it
was officially annotated as H. verticillatus by Small (1898) (Matthews et al. 2002). After
McCutcheon’s original discovery, the plant was not observed in the wild again until 1994,
where it was identified near the Coosa River in Floyd County, GA by James Allison (Matthews et
al. 2002). Soon after, two more populations were discovered, the first in Cherokee County,
Alabama in 1996 and the latter in Madison County, Tennessee in 1998 (Matthews et al. 2002;
Ellis et al. 2008).

Helianthus verticillatus is morphologically similar to three other Helianthus spp.,

H. angustifolius (Narrow-leaved sunflower), H. divaricatus (Woodland sunflower), and

H. microcephalus (Small headed sunflower), with shared traits of rounded hairy leaves and



small flower heads (Chafin 2010). In contrast to the three aforementioned species,

H. verticillatus usually contains 3-4 leaves, which are arranged in a whorled, opposite pattern
on the stem (Matthews et al. 2002; Chafin 2010). Helianthus verticillatus preferentially grows in
prairie-like habitats, with open flood plains and wet depressions near the edges of forests
(Chafin 2010).

This species was first speculated by Beatley in 1963 to be a hybrid of two other
Helianthus species, H. eggertii and H. angustifolius (Beatley 1963; Matthews et al. 2002).
However, this theory was impossible due to the difference in chromosome number between
H. eggertii (n=51) and H. angustifolius (n=17) (Matthews et al. 2002). Due to similar morphology
and overlapping habitats between H. verticillatus and other Helianthus spp. it was later
speculated by Heiser et al. (1969) that H. verticillatus was a hybrid between H. angustifolius and
H. grosserratus. Both species belong in the Atroubens section of the genus, have similar
genetics (n=17), overlapping habitats, and H. grosserratus displayed verticillate leaf patterns in
“exceptions” (Beatley 1963; Heiser et al. 1969; Matthews et al. 2002; Seiler and Gulya 2004;
Ellis et al. 2006).

Ellis et al. (2006) examined the possibility of H. verticillatus being a hybrid between two
other native species of sunflower, H. angustifolius and H. grosseserratus, while also
investigating the genetic diversity and population of H. verticillatus. In this study 22 simple
sequence repeats (SSRs), consisting of nuclear and chloroplast DNA, were used to assess
genetic diversity in dense clusters of H. verticillatus plants (Ellis et al. 2006). Their results
indicated moderate genetic diversity of H. verticillatus populations from three locations: one in

Tennessee, Alabama and Georgia (Ellis et al. 2006). In addition, they observed significant



differences between populations of H. verticillatus and the proposed ascendant species (Ellis et
al. 2006). It was thought that H. verticillatus could be a hybrid of other Helianthus species due
to frequent hybridization within the genera, but did not descend from the specific cross of

H. grosseserratus and H. angustifolius (Rieseberg 1991; Ellis et al. 2006). Their findings rejected
the hypothesis that H. verticillatus was a hybrid, thus confirming that the plant was its own
distinct species (Ellis et al. 2006). Further research focusing solely on this plant found high
clonal diversity, despite predominate vegetative reproduction (Mandel 2010). Furthermore,
there were far fewer distinct genetic individuals than previously thought (Ellis et al. 2006;
Mandel 2010).

Helianthus verticillatus was classified as a federally endangered species in 2014 due to
habitat loss by agricultural expansion and timber harvest (USFWS 2014). There are currently
four known populations of H. verticillatus, two in Tennessee (TN), McNairy and Madison
Counties, and two near the Georgia (GA)-Alabama (AL) border (Floyd County, GA and Cherokee
County, AL), roughly 3.5 km apart (Ellis 2008; Mandel 2010). In Madison County, TN, the H.
verticillatus population can be subdivided into two subpopulations less than 1.5 km apart; one
very dense subpopulation located near Highway 45 and the other a sparse subpopulation
located near railroad tracks and agricultural installation. The McNairy County, TN population is
roughly 50 km south of Madison County and can be sectioned into two distinct populations
along Prairie Branch Creek (Ellis et al. 2008). The GA and AL populations are located on
timberland owned by Weyerhaeuser Corporation. The habitats of the GA and AL populations
differ greatly from the TN populations, because they are wet prairies on undeveloped, scantily

populated land (Ellis et al. 2008; Ellis and McCauley 2009; Mandel 2010). In addition, these



H. verticillatus populations are currently protected by the Nature Conservancy. The current
management plan for these populations includes controlled burns on H. verticillatus inhabited
land and frequent checks on population fitness.

Previous studies by Mandel (2010) and Ellis et al. (2006, 2008, 2009) have shown that H.
verticillatus has moderate genetic diversity and drastic differences in fitness between
populations. These studies also posit that H. verticillatus may be more prone to self-pollination
and may have experienced a major decline in distinct genetic individuals in recent history
(Mandel 2010). Without a concrete conservation plant for this species, these findings spurred
the change from a low to high priority rank on the endangered species list and should instigate
further efforts to protect this rare plant species (Mandel 2010).

Although some progress has been made regarding genetic diversity in H. verticillatus
populations, our knowledge regarding basic biology, census data, and a lack of a well-defined
conservation plan remain a major problem for preservation of this species (Ellis et al. 2006; Ellis
2008). The United States Fish and Wildlife Service (USFWS) with the United States Department
of the Interior (USDOI) have designated the land on which this sunflower is endemic as a critical
habitat (USFWS 2014). This designation only provides so much support for these plants
because, as outlined by the Endangered Species Act (ESA), critical habitats have little effect on
the land if federal funds are not involved (ESA 1973). Because of this, corporate and private
landowners (i.e. The Nature Conservancy and the Weyerhaeuser Corporation in the case of the
Alabama/Georgia populations) have complete control over protection of this plant, including

but not limited to provision of funds for habitat maintenance as well as best management



practices to landowners for this species. However, there is currently no protective funding for
the Tennessee populations, leaving those populations completely vulnerable.

To protect and conserve the biodiversity of H. verticillatus, we have to provide a better
understanding of its biology, genetics and overall population structure. Measured by the
number of unique life forms, their equitability, genetic variability, and biodiversity dictates
processes such as ecosystem services and the ability of that system to function (Cardinale et al.
2012). By protecting the diversity of the ecosystems in which this species inhabit, we maintain
its equilibrium and therefore, ecosystem’s ability to function (Cardinale et al. 2012). To better
understand how to enhance conservation efforts for H. verticillatus, this study utilized
microsatellite loci to determine genetic variation and spatial dynamics of the few remaining
small populations of this plant while trying to discern the effect of high levels of clonality within
them (Pashley et al. 2006).

In the past few decades, population genetics has become an important tool in
conservation biology (Ellis 2008). Analyses in the realm of population genetics allow for the
mapping of genetic variation, as well as the assessment of gene flow and effective population
size of the species in question (Wyatt 1992). These techniques are also effective in determining
the effect of geographic subdivision of populations in rare and endangered species (Wyatt
1992). While these approaches are effective at providing insight into the genetics between
populations, they can also be applied to the fine-scale genetics within populations (Ellstrand
and Roose 1987; Wyatt 1992; Chung and Epperson 2000). For the rare plant species such as H.
verticillatus, genetic diversity tends to be diminished due to small population sizes that can

often be separated by hundreds of kilometers (Willi et al. 2006). This often results in reduced



levels of fitness and lower heterozygosity within the populations (Hamrick and Godt 1990; Willi
et al. 2006; Ellis 2008). With the lack of knowledge concerning H. verticillatus, including no
census or historical range records, the use of population genetics, especially at a fine-scale,
could give more insight into the possible history and biology of this plant (Maruyama and Fuerst
1985; Hamrick and Godt 1990; Matthews et al. 2002; Ellis 2008). Understanding the current
state of spatial dynamics and genetic diversity of H. vertcillatus coupled with experimental data
of historical genetics could prove to be paramount for conservation of this species, as it has
with other species in similar predicaments (Brzosko et al. 2002; Walck et al. 2002; Willi et al.
2006; Bowen 2011).

Currently there is limited knowledge regarding fine-scale population structure and
genetic diversity of H. verticillatus. In previous studies performed on a large geographic scale, it
was found that while the populations are isolated and mainly clonal, there is high genetic
diversity found within the populations (Ellis et al. 2006; Ellis and McCauley 2009; Mandel 2010).
These studies also found high clonal diversity, the presence of many polymorphic genotypes in
a species demonstrating predominantly asexual reproduction, in the respective populations
(Ellstrand and Roose 1987; Mandel 2010). Focusing on this plant at a smaller geographical scale
could give new insights into the recent history, possible hybridization, mating systems and
further refine existing conservation plans for H. verticillatus (Ellis 2008). The main objective of
this study was to assess clonal diversity and spatial distribution of H. verticillatus at two
geographically close populations in Georgia. Based on the biology and previous research of H.
verticillatus, our hypothesis is that there will be diminished numbers of distinct genets within

the sites sampled. However, we also hypothesize that these two sites will harbor high genetic



diversity and should be spatially structured into discrete genetic clusters. With expanded
knowledge of the fine scale genetic diversity and population structure of these two populations
of H. verticillatus, augmenting current plans and the creation of a solid recovery plan will be

much more feasible.



2. Materials and Methods

Sample Collection

Helianthus verticillatus leaf samples (n=206) were collected from two separate sites
located near Cave Spring, GA. Site one consisted of five contiguous 1 x 1 m quadrants of
H. verticillatus. All of the stems were counted in each quadrant and five leaves per stem were
taken at random from no more than 30% of the individual stems. Site one yielded a total of 74
samples, 27 from the first quadrant, 17 from the second, 5 from the third, 11 from the fourth
and 14 from the fifth quadrant (Fig. 1). Site two was less than 1 km south east of site onein a
large clearing spanning about 60 x 30 m. This plot was divided into a 3 x 3 m grid (Fig. 1) with
five leaf samples taken from one individual stem at the intersects of each quadrant and from
one individual stem at the center of the quadrant (Escaravage et al. 1998) (Fig. 1). This sampling
method was adapted from Escaravage et al. (1998) due to the clonal nature of this plantin an
effort to only sample a single genet at each intersect. Some intersects did not contain
H. verticillatus specimens and were excluded from this study. The second site yielded a total of
132 samples.

The sampling methods at both sites were different for multiple reasons. First of all,
there were two sites to check for spatial structure of these populations. With the forested
barrier, the individual sampling sites, in theory, should cluster together. At the first site, the 1 x
1 m quadrants were contiguous to assess the potential clonal spread observed in previous
studies (Lienert 2004; Ellis et al. 2006; Ellis 2008; Ellis et al. 2008; Ellis and McCauley 2009;
Mandel 2010). At site two, the sampling locales (grid intersects) were separated by three

meters with the exception of the center-grid (~1.5 m from the intersects) locations. This



method was employed to avoid collecting genetically identical individuals, per previous studies,
and remove potential bias caused by clonality from this portion of the study (Lienert 2004; Ellis
et al. 2006; Ellis 2008; Ellis et al. 2008; Ellis and McCauley 2009; Mandel 2010). All samples (n =
206) were placed in plastic bags containing silica gel at a ~10:1 ratio (silica gel to plant material
weight) and stored on ice at the time of sampling to prevent degradation (Chase and Hills

1991). These samples were then stored at -80°C until DNA extractions were completed.

DNA Extraction

Portions of a single leaf from each sample were placed into sterile 2 ml conical screw
cap microcentrifuge tubes (Fisherbrand, Pittsburg, PA, USA) with sterile 13 mm zirconia/silica
beads (BioSpec Products, OK, USA) and submerged into liquid nitrogen for 2 min. Samples were
then homogenized twice using a Bead Mill 24 (Fisher Scientific, Walther, MA, USA) for 20 sec
each with a 5 min period in liquid nitrogen between each homogenization step. DNA extraction
was completed using a modified protocol of the DNeasy Plant Mini kit (Qiagen, Valencia, CA,
USA) including 2% by volume polyvinylpyrrolidone (PVP) and 4ul of RNaseA added to the lysis
buffer. After addition of P3 buffer, samples were incubated at -20°C until frozen. Genomic DNA
was quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,

Wilmington, DE, USA). DNA was stored at -20°C until needed for amplification.

Selection of Microsatellite Loci and Polymerase Chain Reaction

Previously published microsatellite loci developed from H. annuus and found not to be

species specific (Ellis et al. 2006; Pashley et al. 2006; Ellis 2008; Mandel 2010) were screened for



the presence of polymorphisms, amplification and consistency among the collected samples of
H. verticillatus. Initial testing for selection of microsatellite loci used four H. verticillatus leaf
samples from both Tennessee locations and from the Georgia location. From 48 microsatellite
loci, 15 tri- and tetra-repeat microsatellites were selected and used in this study. Polymerase
chain reaction (PCR) was completed in 10 pul reactions with 10 ng/ul genomic DNA (gDNA), 2.5
UM of both forward and reverse primer, 0.5 pl dimethyl sulfoxide (DMSQO) (Thermo Fisher
Scientific, Waltham, MA, USA), 4 ul (0.8X) GoTaq Colorless Mastermix (Promega, Madison, WI,
USA), and brought to the final volume with sterile Nanopure water (Thermo Fisher Scientific).
Reactions were performed using a Mastercylcer Pro Automatic Thermal Cycler (Eppendorf
Biotech Company, Hamburg, Germany) at the following conditions: 95°C for 3 min, followed by
10 cycles of 94°C for 30 sec, 65°C lowering 1°C per cycle to a final 55°C for 30 sec, then 72°C for
45 sec, another 30 cycles of 94°C for 30 sec, 55°C for 30 sec, 72°C for 45 seconds and a final
elongation step at 72°C for 20 min (Ellis 2008). Resulting amplicons were then analyzed on the
QlAxcel Capillary Electrophoresis system (Qiagen, Valencia, CA, USA) using a 15/600 base pair
(bp) internal marker and scored with a 25 bp DNA size marker to assess raw allele length (Wang
et al. 2009; Dean et al. 2013). A positive control, a sample that amplified consistently across all
primers, was used in every 96-well plate as well as a negative control of sterile Nanopure water
(Thermo Fisher Scientific) to check for consistency of results. If either the positive control failed
to amplify, or the negative control amplified in any of the plates, the whole set of reactions was

repeated.
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Population Diversity

FLEXIBIN v2 (Amos et al. 2007) was used to bin the raw allelic data into allele classes and
to remove monomorphic loci. The resulting data set was used for all further analyses. Samples
in this study (n=206) were then grouped into 14 collection zones: 5 representingthe 1 x 1 m
quadrants sampled at the first site and 9 for each row of the grid at the second site (Fig. 1). All
binned data were clone corrected using POPPR v2.1.1 (Kamvar et al. 2014) to remove any
identical multilocus genotypes (MLG) from each collection zone. Clone correction was used to
avoid any biases that could be caused by identical MLGs in further analyses.

All subsequent data analyses were analyzed using the RStudio environment (RStudio
2012; RCoreTeam 2016). Multiple packages for R were used for data analyses in this study. The
package POPPR v2.1.1 was used to calculate various genetic diversity indices including the index
of association (la), which takes into account both allelic richness and evenness (Es) of a
collection zone (Hill 1973; Shannon 2001). In addition, POPPR was also used to calculate the
standard index of association (r4), a measure of linkage disequilibrium (Agapow and Burt 2001)
using 10,000 permutations for each collection zone. The number of private alleles, alleles found
only in one collection zone (Szpiech and Rosenberg 2011), and Nei’s genotypic diversity (Hexp)
(Nei 1978) were also analyzed with POPPR. The package hierfstat v0.04-22 (Goudet 2005) was
used to calculate the pairwise population differentiation and the package adegenet v2.1.1

(Jombart 2008) was utilized to calculate Nei’s pairwise genetic distance.
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Population Structure

Clustering and population structure of H. verticillatus were assessed with STRUCTURE
v2.3.4 (Pritchard et al. 2000) using a Bayesian Monte Carlo Markov Chain (MCMC) method. The
parameters used in STRUCTURE included a burn-in period of 500,000 with 500,000 MCMC
repetitions of 30 iterations at K=1-10. STRUCTURE HARVESTER web v0.6.94 (Earl 2012) was
used to infer the optimum K value, using Evanno’s method (Evanno et al. 2005) to represent the
most probable number of genetic clusters. POPHELPER web v1.0.10 (Francis 2016) was utilized
to visualize the optimum value of K from the previous analyses. BAPS v5.0 (Corander et al.
2008) was also used to infer overall population structure of the sample set. This program allows
users to specify the number of genetic clusters to be tested, depending on the hypotheses and
research question(s) of interest (Corander et al. 2008). In this study, we used BAPS as set to test
for the presence of two clusters among H. verticillatus individuals under the assumption that
both collection sites would group into two distinct populations due to high levels of clonal
propagation (Ellis et al. 2006; Ellis 2008; Ellis and McCauley 2009; Mandel 2010). The R package
PopGenReport v3.0.0 (Adamack and Gruber 2014) was used to visualize a principle components
analysis (PCoA) using the discriminant analysis of principle components (DAPC) method
(Jombart et al. 2010).

Genetic differentiation was calculated using an analysis of molecular variance (AMOVA)
with Arlequin v3.5.2.2 (Excoffier and Lischer 2010). To assess genetic differentiation of H.
verticillatus samples in this study, four variance partitions were used: one in which all collection
zones were analyzed as a single hierarchical group, another where the collection zones were

analyzed by collection site, one which was analyzed with STRUCTURE results and a final one

12



analyzed according to DAPC assignment. Bruvo’s distance, which estimates genetic distance
between individuals rather than between collection zones (Bruvo et al. 2004), was calculated

using POPPR and subsequently applied to create a minimum spanning network (MSN).

Demographic History

The program BOTTLENECK v1.2.02 (Cornuet and Luikart 1996) was used to determine
whether there had been any recent bottleneck or expansion among H. verticillatus collection
zones. Sign and Wilcoxon tests were employed to establish whether the loci used in this study
were in the mutation-drift equilibrium (Cornuet and Luikart 1996). The Sign test posits a null
hypothesis of differences between observed and expected heterozygosity, while the Wilcoxon
test assumes a null hypothesis of no significant excess of heterozygosity (Luikart et al. 1998;
Piry et al. 1999). Three mutation models were used with 10,000 iterations each: infinite allele
model (I.A.A.), stepwise mutation model (S.M.M.), and the two-phase model (T.P.M.) at default
settings (Piry et al. 1999). The data was analyzed grouping samples by site as well as according

to STRUCTURE and DAPC results.
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3. Results

Determining Polymorphic Loci

Screening for suitable loci indicated that fourteen tri- and tetra-repeat microsatellites
out of 48 primer pairs were polymorphic and amplified in all our tested samples (Table 1). The
other 34 loci were rejected based on weak or no reactions, allele sizes out of predicted ranges,
or the lack of polymorphisms. These microsatellite loci were selected for further population
assessments and binned prior to data analyses. Binning the lengths of the amplicons produced
2-16 different allelic classes for each of the fourteen loci (Table 1). The amplicon size difference
of these primers varied greatly over these classes, ranging from 4 (HV41) to 66 (HV42) base pair

differences.

Population Diversity

Clone correction of the original dataset (n=206) removed three samples from
subsequent analyses. Samples removed through clone correction were from three separate
collection zones (C1, C5, and R7). The clone corrected data (n=203) was used for all subsequent
analyses with 14 polymorphic loci. Helianthus verticillatus individuals were divided into 14
different collection zones based on location and quadrant in which samples were collected (C1-
C5 corresponding to the first collection site where five different quadrants were sampled; R1-
R9 corresponding to site two and the nine different rows from the sampling grid).

The Shannon-Weiner index of multilocus genotype (MLG) diversity (H) ranged from 1.61
in collection zone C3 to 3.26 in collection zone C1, with an overall average of 2.58 (Table 2).

Evenness (Es) was 1 for all collection zones and 21 private alleles were found across 8 of the

14



collection zones (Table 2). Only one collection zone from site one (C2) had private alleles (n=2).
In site two, the majority of private alleles were found in all but two of the collection zones (R6
and R7) with the most being found in collection zone R9 (n=7) (Table 2). Nei’s gene diversity
(Hexp) ranged from 0.36 (collection zone C5) to 0.59 (collection zone R8) with an average of
0.50. However, site one had lower gene diversity (0.44) compared to site two (0.53) on average.
The standardized index of association (r4), a measure of linkage disequilibrium, had an average
value of 0.13 with a maximum value of 0.28 (R7) and was significant for all collection zones with

the exception of zone R6 (P=0.07) (Table 2).

Population Structure and Genetic Differentiation

Helianthus verticillatus individuals grouped into two distinct genetic clusters (AK=2),
based on the STRUCTURE result, utilizing Evanno’s method (Evanno et al. 2005) within
STRUCTURE HARVESTER (Earl 2012). STRUCTURE results were subsequently visualized using the
POPHELPER v (Francis 2016) platform (Fig. 2). When the H. verticillatus samples were grouped
into two clusters, (AK=2), individuals from the R1 collection zone indicated the presence of
admixture, which was very limited within other H. verticillatus collection zones (Fig. 2). Though
Evanno’s method indicated AK=2 as the most probable result, data was also visualized as AK=3
(Fig. 2). Clustering patterns for AK=3 indicated similar levels of admixture for the R1 collection
zone, but additional admixture across other collection zones (Fig. 2). BAPS produced similar
results to STRUCTURE when analyzed as 2 clusters (K=2) and 3 clusters (K=3) (Fig. 3). However,
these analyses did differ slightly in that BAPS R1 was clustered consistently with the C zones

rather than its respective sampling site (Fig. 3).
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The analysis of molecular variance (AMOVA) of the collection zones as one hierarchal
group indicated that much of the variation was found within the individuals (76.04%, P<0.001;
Fst=0.24) (Table 3). When data was analyzed with the collection zones as two distinct groups (C
and R sampling sites), the majority of the variation was found within individuals (50.96%,
P<0.001), rather than among individuals within collection zones (30.17%, P<0.001), and among
collection zones (18.87%, P<0.001) (Table 3). When data was partitioned based on STRUCTURE
results the lowest variation was found among two the collection zones (20.18%, P<0.001; Fst of
0.20), compared to among individuals within two genetic clusters (28.92%, P<0.001), and within
individuals (51%, P<0.001) (Table 3). When samples were analyzed grouped by DAPC
designation the results were similar to those of the AMOVA when grouped by sampling site and
STRUCTURE, with the majority of variation occurring within individuals (50.72%, P<0.001) (Table
3).

Nei’s pairwise genetic distance was lowest within the first sampling site, particularly
between collection zones C4 and C5 (Table 4). The highest genetic distance was found between
collection zones C5 of the first sampling site and R9 of the second site (Table 4). Pairwise
population differentiation (Fs:) corresponded with Nei’s genetic distance, with the highest
amount of differentiation between collection zones C5 and R9, and the lowest between
collection zones C4 and C5 (Table 5). Principle coordinates analysis (PCoA) matched the
STRUCTURE and BAPS results clustering into two main groups, one predominately site one and
site two with admixture at collection zone R1 (Fig. 4). The MSN corresponded with BAPS,
STRUCTURE and PCoA results, showing two distinct clusters with MLGs from zone R1 grouping

closer to MLGs from the first sampling site (C1-C5) (Fig. 5). Genetic distance between MLGs in
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the MSN is represented by the thickness of the line between each MLG node (Kamvar et al.
2015). The size and color of each node represents the number of samples and collection zone

representing each MLG respectively (Kamvar et al. 2015).

Demographic History

The program BOTTLENECK indicated the presence of a recent population bottleneck for
all three grouping analyses. The Sign, Wilcoxon, and the standardized difference tests across
three mutation models showed a significant heterozygote excess when the collection zones
were grouped by sampling site, with both shifting from the mutation equilibrium model (Table
6). When the collection zones were grouped by STRUCTURE and DAPC assignments, the same

results were observed (Table 6).
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4. Discussion

Population Structure, Clonality and Genetic Diversity

Our results indicated moderate genetic diversity, high levels of clonality, the presence of
spatial structure, and evidence of recent bottleneck among H. verticillatus individuals, thus
supporting our hypothesis of clonality and population structure. Both sampling sites harbored
moderate levels of genetic diversity and in contrast to our proposed hypothesis, a high number
of distinct genets (N = 203 of 206 total samples). In all but two collection zones we found that
each sample was a unique multilocus genotype (MLG). The moderate diversity observed within
these collection sites appear to contradict much of the current research concerning rare or
endangered plant species (Ellstrand and Elam 1993; Gitzendanner and Soltis 2000; Willi et al.
2006). However, we did not find evidence of the low or high genetic diversity reported in earlier
studies completed by Mandel et al. (2013) and Gevaert et al. (2013) respectively concerning
two other endangered species of Helianthus in the United States.

In their recent study, Mandel et al. (2013) investigated genetic diversity of the rare and
endangered sunflower H. niveus spp. tephrodes (Algodones sunflower), which is native to
Southern California and Mexico. The authors found lower levels of genetic diversity (Hexp = 0.31)
in H. niveus spp. tephrodes when compared to other rare (H. verticillatus; Hexp = 0.48) and
endemic (H. porteri (Porter’s Sunflower); Hexp =0 .69) Helianthus spp. (Table 7) (Gevaert et al.
2013; Mandel et al. 2013). Helianthus niveus spp. tephrodes showed a similar genetic structure
in which clustering was correlated with geography, but the sampling sites were considerably
further apart than in the our study (Mandel et al. 2013). However, Gevaert et al. (2013) study

focused on H. porteri had a larger number of individuals (n=200) compared to H. niveus ssp.
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tephrodes (n=119) and H. verticillatus (n=71) studies, which could result in biasing the
outcomes of genetic diversity (Table 7). Because of H. porteri’s declining habitat (rocky
outcroppings in the southeast United States), there have been reintroduction efforts and this
study compared these to native populations (Gevaert et al. 2013). Although their findings
indicated high genetic diversity, they found a lack of population structure.

Both of the previous studies compared their target species with previous research by
Mandel (2010) concerning H. verticillatus. Here, we found similar levels of genetic diversity as
reported in previous findings, although their study included fewer individuals from a much
larger geographic distribution (N = 71; TN, AL and GA sites) (Mandel 2010). However, these
studies found much higher and lower levels of diversity in H. porteri and H. niveus spp.
tephrodes respectively (Gevaert et al. 2013; Mandel et al. 2013). The lower number of samples
of H. verticillatus could be causing biases in statistical analyses, as with more data the more
complete the representation of a study species is (Nei and Roychoudhury 1974; Nei 1978). Nei
and Roychoudhury (1974) speculated that in leu of high sample numbers, an increased number
of loci could be tested. This could also play a part in the drastic differences in species diversity
as the number of loci tested in these studies varied from 11 to 18 (Table 7) (Nei and
Roychoudhury 1974; Nei 1978; Mandel 2010; Gevaert et al. 2013; Mandel et al. 2013).

Habitat fragmentation and small population size can increase inbreeding among
individuals thus limiting gene flow, which can reduce genetic variation and population fitness
(Young et al. 1996; Storfer 1999; Willi et al. 2006). The presumed high levels of vegetative
propagation in H. verticillatus could provide an explanation for reduced diversity within these

populations (Ellstrand and Roose 1987; Ellis et al. 2006; Mandel 2010). However, the moderate
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diversity found in our study may be explained by the possibility that sexual reproduction was
more frequent within these sampling sites in the past and the harbored diversity is purely a
relic (Esselman et al. 1999), or that sexual reproduction is occurring but resulting in few viable
seeds (Ellis 2008).

Widén and Anderson (1993) indicated that moderate to high genetic diversity has been
found in plants in scenarios similar to that of H. verticillatus. Studies involving Senecio
integrifolius, an endangered plant found in Sweden, showed that spatial population structure
may play a large role in genetic diversity (Ellstrand and Elam 1993; Widén and Andersson 1993).
The target species in this study exhibited high levels of diversity despite the samples coming
from small fragmented populations (Widén and Andersson 1993). The authors proposed that
small populations shelter genetic diversity and when habitat destruction causes population
fragmentation, many generations are required to limit variations within the populations (Widén
and Andersson 1993). Helianthus verticillatus, which is endemic to these sampling sites and a
possible relic of a larger population may contribute to the moderate levels of diversity observed
in our study (Ellstrand and Elam 1993). The high levels of spatial and genetic structure found in
our sampling sites could be contributing to the moderate level of diversity as well.

Linkage disequilibrium has become a very important tool in determining whether a
sampled species is reproducing asexually versus sexually (Flint-Garcia et al. 2003; Slatkin 2008).
Linkage disequilibrium is the nonrandom association of alleles occurring in at least two loci and
can be used to understand mutations in populations as well as the effects of natural selection.
However the use of linkage disequilibrium in studies pertaining to plants is limited (Flint-Garcia

et al. 2003; Slatkin 2008). We found significant linkage disequilibrium for each collection zone

20



indicating that H. verticillatus is more likely asexually reproduced, supporting our hypothesis of
predominately vegetative reproduction (Tian et al. 2015; Kamvar et al. 2017). The evidence of a
recent bottleneck reinforces the presence of high linkage disequilibrium (Flint-Garcia et al.
2003). This is caused by genetic drift and the low number of allelic combinations passed to
future generations (Flint-Garcia et al. 2003). Sugarcane (Saccharum spp.) is an example of high
linkage disequilibrium in plant species which, like H. verticillatus, has been subject to a genetic
bottleneck and is propagated mainly through asexual means (Flint-Garcia et al. 2003).

In accordance with our hypothesis, genetic structure was based upon the sampling
locations. However, there is some admixture observed between the two sites, with the majority
present in collection zone R1. One plausible explanation is that the collection zone (R1) is
located on the forested barrier between site two (R1-R9) and site one (C1-C5). With the close
proximity (less than 1km) of these two sites, it is possible that pollinators harbored in the
forested barrier could be transferring pollen between the sites. It would be presumed that
native and honey bees would be the primary pollinator for this as well as other sunflowers, but
very little research has been done on pollinators in wild Helianthus species (Heiser et al. 1969).
Some bee species travel only to neighboring plants and have a flight distance of no more than
3m (Schmitt 1980). However, it has been observed that physical barriers and geographic
distance between populations tends to keep pollinators within individual populations (Schmitt
1980; Loveless and Hamrick 1984).

Habitat fragmentation almost always leads to a reduction in population numbers, which
inevitably leads to a reduction in diversity resulting in a population bottleneck (Amos and

Harwood 1998). Our results showed significant heterozygote excesses when analyzed by DAPC
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and STRUCTURE results as well as by sampling location, indicating population bottleneck caused
by a reduction in population numbers (Barrett 1991). Because STRUCTURE and BAPS analyses
assume that the loci studied are in Hardy-Weinberg equilibrium (HWE), the evidence of
heterozygote excesses could contradict those results (Pritchard et al. 2000; Corander et al.
2008; Hubisz et al. 2009). However, when analyzed by parameters set by DAPC and Bruvo’s
distance, neither of which assume the presence of HWE, the results pointed to two genetic
clusters in accordance with STRUCTURE (Fig. 3; Fig. 4; Fig. 5) (Bruvo et al. 2004; Jombart et al.
2010). Further supporting the conclusion of two genetic clusters based off sampling site, Nei’s
genetic distance and Fs: results suggest the presence of two distinct clusters (Table 4; Table 5).
The moderate levels of diversity (Hexp = 0.50) in these collection zones suggests that the
bottleneck occurred recently and a reduction in variation has not been able take place (Barrett
1991). Likewise, clonal reproduction may have led to an increase in heterozygosity by way of
somatic mutations over time like the apomatic fern Dryopteris remota (Wood fern) or tree
species like Populus tremuloides (Trembling aspen) (Antolin and Strobeck 1985; Judson and
Normark 1996; Schneller et al. 1998; Ally et al. 2008). Because of this reduction in the number
of individuals and the spatial structure of these populations, they are at an increased risk for

inbreeding depression and a loss of overall fitness (Amos and Balmford 2001).

Conservation Implications and Future Research

There are number of successful conservation efforts such as Potentilla robbinsiana
(Robins’ Cinquefoil) and Echinacea tenneseensis (Tennessee Purple Coneflower) that could be

used as a model system for a recovery plan and preservation of biodiversity in H. verticillatus
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fragmented populations. Potentilla robbinsiana was listed as endangered in 1980 and like our
study species was restricted to small, fragmented populations in the White Mountains of New
Hampshire (USFWS 2002). A recovery plan was finalized in 1991 that included screen walls with
alert signs to separate it from nearby walking trails, educational posters, transplanting into
native habitats and even trail relocation (USFWS 2002). The U.S. Fisheries and Wildlife service
also created parameters for “viable populations” that would consist of 50 or more plants per
population (USFWS 2002). Subsequently, Robins’ Cinquefoil was removed from the Endangered
Species List in 2002 (USFWS 2002).

Echinacea tennesseensis was officially listed as endangered in 1976 due to habitat loss
and recreational development (USFWS 2011). Like both H. verticillatus and Potentilla
robbinsiana, this species was also found in small fragmented populations in the Tennessee
counties of Davidson, Rutherford and Wilson (USFWS 2011). The recovery plan for this species
was completed in 1989 and defined one condition to be delisted: the securement of five
colonies (populations), three of which are self-sustaining (USFWS 2011). The definition of a
“colony” was at least 15% flower cover of 669 square meter plot of suitable habitat (USFWS
2011). Echinacea tennesseensis was also part of a seed storage campaign, placed in multiple
botanical gardens and sold commercially (Walck et al. 2002). It was also the subject of
experiments exploring its genetics in relation to conservation efforts, in vitro propagation
methods and seed viability (Baskauf et al. 1994; Walck et al. 2002; Kim et al. 2004; Sauve et al.
2004).

A close relative of and a plant H. verticillatus was previously mistaken for, Helianthus

schwenitzii (Schwenitzii’s Sunflower), has also been declared federally endangered (USFWS
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1991; Grubbs and Wynes 2015). Conservation efforts are ongoing in its endemic habitats in
North and South Carolina (USFWS 1991; Grubbs and Wynes 2015). Like our study species, the
reason for H. schwenitzii’s endangered status is due to change in land management, removing
naturally occurring wild fires and grazing herbivores (Grubbs and Wynes 2015). Helianthus
schwentzii also has a limited conservation plan with few concrete objectives and described
critical habitat (USFWS 1991). In their study, Grubbs and Wynes (2015) focused H. schwenitzii’s
reproduction with a focus on seed germination and vegetative reproduction from its tubers. In
one experiment the authors utilized gibberellic acid treatments (1000 mg/L) to improve
germination rates from 15% (untreated) to 40% (treated), increasing their potential survivability
(Grubbs and Wynes 2015).

Because H. schwenitzii is endemic to lands prone to wildfires they also tested seed
germination in a charred soil and organic matter mix. They found the seeds had a 5%
germination rate in the soil mixture that was not burned, but had 7% and 16% germination rate
in mixes that were burned for 15 and 30 minutes, respectively (Grubbs and Wynes 2015). Fire
could play an important role in H. verticillatus as it was demonstrated in germination
experiments with H. schenitzii (Grubbs and Wynes 2015). With increases in population, timber
harvesting and agricultural operations, there has been a significant decrease in naturally
occurring wildfires due to technological advances and prescribed burning (Whelan 2002;
Fernandes and Botelho 2003). However it has been demonstrated many times over that in
prairies, such as the native habitat of H. verticillatus, fire can be extremely beneficial (Groeschl

et al. 1992; Whelan 2002; Fernandes and Botelho 2003; Hochkirch and Adorf 2007). Groschl et
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al. (1992) observed an increase in species diversity after prescribed burns, thought to be
because of the removal of mid-canopy growth.

The fragmented populations and potential habitat loss found in H. verticillatus could be
an outcome of reduction in naturally occurring wildfires and controlled prescribed burning. As
seen in H. schwenitzii, wildfire have decreased but haven't been have not been completely
eradicated in the areas inhabited by H. verticillatus. This is due in part to prescribed burns being
employed for hazard reduction as well as conservation purposes (Whelan 2002; Fernandes and
Botelho 2003). Because these controlled burns are less intense than naturally occurring
wildfires, there is less mortality of upper and mid-canopy plants, thus removing the benefit for
smaller herbaceous species needing open spaces for colonization..

In the realm of species preservation, little is known and planned for Helianthus
verticillatus conservation efforts. In addition, our knowledge regarding pathogens and insects
affecting this species is limited. In April 2015, powdery mildew caused by Golovinomyces
ambrosiae was observed on H. verticillatus at two residential sites in Knoxville, TN (Trigiano et
al. 2015), although the pathogen has not been confirmed to affect wild populations of H.
verticillatus (Trigiano et al. 2015). Later that year in October, small necrotic lesions were
observed on wild plants at the Cave Springs, GA as well as the Alabama sites. Our investigations
confirmed that the causal pathogen was Alternaria alternata (Edwards et al. 2016). However,
A. alternata appeared to cause only cosmetic damage as the lesions and premature loss of
foliage was non-fatal when observed on greenhouse propagated plants (Edwards unpublished).

No other pathogens have been observed or confirmed on this plant. However, other Helianthus
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species are known to be affected by at least 30 pathogens, some of which are fatal to infected
plants, that could be problematic in the future for H. verticillatus (Markell et al. 2015).

There are many avenues to frame potential conservation efforts and ample
opportunities for continued research, however there is no federally mandated conservation
plan for H. verticillatus. The similarities of these former cases could provide insight into
development of a plan for H. verticillatus and provide assistance in creation of a recovery plan.
This and previous studies have revealed valuable insights into the genetics contained within
these populations (Ellis et al. 2006; Ellis 2008; Ellis et al. 2008; Ellis and McCauley 2009; Mandel
2010). The presence of moderate genetic diversity within these populations could prove useful
in translocation of specimens between populations to promote gene flow (Keller et al. 2001).
However, many studies have pointed to translocations being a double-edged sword (Lienert
2004). On one hand, the introduction of different genetics could increase diversity and lower
the risk of inbreeding depression (Lienert 2004). On the other, these populations may be
specifically adapted to that particular habitat and the introduction of new alleles could lower
the fitness of highly adapted plants by way of breaking up beneficial gene complexes (Lienert
2004).

However, there is still much that is not understood about this H. verticillatus’ biology
and its relation to the environment. Further research into seed viability and in vitro propagation
could prove to be crucial for preservation of this species in seed banks and botanic gardens
(O'Donnell and Sharrock 2017; Volis 2017). The continued monitoring of these populations will
provide much needed data of the differences of fitness from site to site and how this species

interacts with its environment. With this and previous research coupled with an expanded

26



understanding of H. verticillatus’s predicament and ecology, a strong recovery plan could
promote this rare plant’s persistence in its native habitat (USFWS 2002; Bowen 2011).
Combining previous research on H. verticillatus, other Helianthus species, data on
endangered and recovered plants, we recommend the five following actions: 1) Continued
research of H. verticillatus’s biology and ecology; 2) placement of this species in botanical
gardens and seed banks; 3) exploration for unknown populations; 4) the continued monitoring

of known populations; 5) in vitro propagation and germplasm preservation.
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Table 1. Fourteen microsatellite loci used to examine genetic diversity and spatial population
structure of Helianthus verticillatus in Georgia and Tennessee, USA.

Number Allele

Core Renamed Forward and reverse primers 5'-3' Repeat of size
Loci? Loci® motif alleles range
(bp)

F: CATGGGTGATCAATGGAGTG 225-

BLOOO6  HVOO6 ¢ ~cGeacaTAACAAGTGCTTC (gtga)3 14 279
F: CGAGACGGTTAAGAGCTTGC 319-

BLOOI3 — HVO12 ¢ GGTGTACAACCAACTCACACC (tta)3 16 364
F: ACTTACCGTTGCATTTGGTG 105-

BLOO22  HVOL7 o GCTTATCCCTAGAACACGATTACAG (@) 3 111
F: AATTGGAGCGGATGGTATTG 356-

BLOOLS  HVO24 o ATATCTCTTATTTCAATAGTCCAACG (2184 > 369
F: GAGTCCTGGCCTGAACAGAG 292-

BLOO1S  HVD26 ¢ AAACTGCAATGTACCTTCTTGAC (gaaa)3 8 316
F: CTCCCGCACTTCAAGCTAAC 117-

BLO024  HVO28 o cATACACCTTTGCGGTTTCC (gtaa)3 > 126
F: CCGGAAGATAACGACGAGTG 405-

BLOO3L — HVO31 ¢ rccaTcGCTTTCCCTAAATC (gac)4 10 437
F: GGGAGTTACACGCCTCCAG 270-

BLOO33  HVO33 ¢ CACAACCATACGCCATCAAG (cac)4 > 284
F: GGTCGTCTACTACGGCTTCG 155-

BLOO34  HVD34 ¢ TAACCGAACGACCATTCTTC (tgtr)4 4 165
F: GGTTAGGGTGAGGGTGGTG 153-

BLOO37  HVO37 o AAGCCATAGTAAGTTCCTCTTACAAAC  (8€3)3 / 179
F: ACATTTGGACGTTTGGAAGC 185-

BLOOAL — HVO4l . TCCATCGAGATGTTGACACG (ctt)4 2 189
F: GGTTACAACGGTGGAAGTCG 364-

BLOO42  HVDA2 ¢ cCGGTTCACCAATTCATTC (ggc)4 16 430
F: GAACCAACACAACCAAATCC 312-

BLOO46  HVO46 ¢ rercGeTTCAACGCATAAAC (aca)3 10 339
F: TTIGTGGAGACGGTGAATGAG 515-

BLODAS — HVO48 o TAACCGAACGACCATTCTTC (gaa)4 > 233

A— All core loci taken from Pashley et al. (2006); & — Loci renamed for the purpose of this study

only
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Table 2. Genetic diversity indices of Helianthus verticillatus samples from two sampling sites (Cand R
populations) analyzed as fourteen collection zones using fourteen microsatellite loci.

Collection Zone N MLG H Pa Hexp fd P-value (tq)
C1 27 26 3.26 0 0.44 0.15 P<0.001
C2 17 17 2.83 2 0.41 0.15 P<0.001
C3 5 5 1.61 0 0.54 0.25 P<0.001
c4 11 11 2.4 0 0.43 0.11 P<0.001
C5 14 13 2.56 0 0.36 0.23 P<0.001
R1 19 19 2.94 3 0.54 0.08 P<0.001
R2 19 19 2.94 1 0.51 0.05 P<0.001
R3 17 17 2.83 2 0.55 0.09 P<0.001
R4 18 18 2.89 1 0.51 0.1 P<0.001
R5 19 19 2.94 3 0.52 0.08 P<0.001
R6 14 14 2.64 0 0.45 0.03 P=0.07
R7 8 7 1.95 0 0.57 0.28 P<0.001
R8 8 8 2.08 2 0.59 0.13 P<0.001
R9 10 10 2.3 7 0.54 0.09 P<0.001
Total/Mean 206 203 2.58 21 0.50 0.13

N - total number of samples; MLG - number of multi locus genotypes observed after clone correction; H -
Shannon-Wiener index of MLG diversity; Pa - number of private alleles in each population; Hexp - Nei's genotypic
diversity corrected for sample size; tq - the standardized index of association.



Table 3. Analysis of molecular variance (AMOVA) for Helianthus verticillatus across
fourteen microsatellite loci for the all collection zones structured as one hierarchal
group (A), two groups separated by sampling site (B), two clusters as indicated by
STRUCTURE (C), and two clusters as indicated by discriminate analysis of principle

components (DAPC) results (D).

Percentage
Sum of Variance of

Source of Variation d.f. Squares Components Variation P Value
A. Analysis of 14 Collection zones as one hierarchal group
Among Collection 13 449.39 1.08 Va 23.96 P<0.001
Zones
Within Collection 3904 13517  3.43Vb 76.04  P<0.001
Zones
Total 407 1801.1 4.51
Fixation indices: Fst=0.24
B. Analysis of two sampling sites (C and R sites)
Among Collection 1 181.82 0.93Vva 18.87 P<0.001
Sites
Among Individuals 202 11073 1.49Vb 30.17  P<0.001
within Collection Sites
Within Individuals 204 512 2.50 Vc 50.96 P<0.001
Total 407 1801.1 4.93
Fixation indices: Fst=0.19, Fis=0.37, Fit=0.49
C. Analysis of 2 clusters as indicated by STRUCTURE results
Among Clusters 1 206.02 0.99 Va 20.18 P<0.001
Among Individuals 202 1083.1 1.43Vb 28.92  P<0.001
within Clusters
Within Individuals 204 512 2.51Vc 50.99 P<0.001
Total 407 1801.1 4.93

Fixation indices: Fst=0.20, Fis=0.36, Fit=0.49

Fst - variance among sampling sites relative to the total variance; Fis - inbreeding coefficient of
individuals relative to the population; Fit - variance in the total population
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Table 3 cont.

Percentage
Sum of Variance of

Source of Variation d.f. Squares Components Variation P Value
D. Analysis of 2 clusters as indicated by DAPC results
Among Clusters 1 210.04 1.02 Va 20.67 P<0.001
Among Individuals 202 1079.05  1.42Vb 2861  P<0.001
within Clusters
Within Individuals 204 512 2.51Vc 50.72 P<0.001

Total 407 1801.09 4.95

Fixation indices: Fst=0.21, Fis=0.36, Fit=0.49
Fst - variance among sampling sites relative to the total variance; Fis - inbreeding
coefficient of individuals relative to the population; Fit - variance in the total population




Table 4. Pairwise population matrix of Nei's unbiased genetic distance of Helianthus verticillatus samples from
two sampling sites (C and R) split into fourteen collection zones.

Cl C2 C3 Cc4 C5 R1 R2 R3 R4 R5 R6 R7 R8

C2 0.14 -

C3 0.25 0.12 -

c4 033 0.18 0.15 -

¢s 032 018 017 0.02 -

Rl 026 0.22 0.17 0.19 0.18 -

R2 066 066 060 050 057 0.33 -

R3 056 056 0.53 0.43 0.48 0.35 0.14 -

R4 066 059 0.53 0.45 051 038 0.14 0.10 -

R5 060 056 051 0.39 044 030 0.09 0.09 0.06 -

R6 064 062 058 045 0.51 0.35 0.08 014 0.11 0.08 -

R7 052 0.53 0.61 0.62 0.68 044 0.18 0.22 0.23 0.23 0.17 -

R8 0.89 1.06 0.84 0.92 099 068 042 0.38 046 044 042 0.37 -
R9 0.93 092 086 0.95 1.03 091 0.73 070 0.70 0.77 0.69 0.52 0.27
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Table 5. Pairwise population differentiation for Helianthus verticillatus samples from two sampling sites
(Cand R) divided into fourteen subpopulations using 14 microsatellite loci. Fst values are based on
9,999 permutations.

C1 Cc2 c3 c4 c5 R1 R2 R3 R4 R5 R6 R7 R8

C2 0.09 -

C3 0.08 0.05 -

C4 0.12 0.06 0.05 -

¢5 0.16 0.09 0.08 0.02 -

R1 0.11 0.10 0.05 0.07 0.09 -

R2 021 021 0.12 0.18 0.22 0.12 -

R3 0.17 018 0.12 0.17 0.21 0.12 0.07 -

R4 021 020 012 0.17 0.21 0.13 0.07 0.06 -

R5 019 019 0.11 0.15 0.19 0.11 0.06 0.05 0.04 -

R6 0.22 025 0.17 023 0.27 0.15 0.08 0.08 0.08 0.06 -

R7 0.15 0.19 018 023 0.26 0.13 0.09 0.08 0.09 0.08 0.06 -

R8 019 025 019 0.25 0.28 0.16 0.13 0.10 0.13 0.11 0.13 0.10 -
R9 023 028 021 028 031 021 020 0.18 0.19 0.19 0.20 0.15 0.09
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Table 6. Bottleneck determination by sign tests for Helianthus verticillatus
samples using fourteen microsatellite loci and grouped by STRUCTURE results
(A), by sampling site (B) and by discriminate analysis of principle components

(DAPC) results (C).

A. Bottleneck results when grouped by STRUCTURE results.

Mutation Model

(Excess/Deficit)*
STRUCTURE Group IAM TPM SMM Mode-Shift® P-value
1 14/0 14/0 12/2 Shifted P<0.01
2 14/0 14/0 12/2 Shifted P<0.01
B. Bottleneck results when grouped by collection zone.
Mutation Model
(Excess/Deficit)*
Collection Zone IAM TPM SMM Mode-Shift® P-value
R 14/0 14/0 12/2 Shifted P<0.01
C 14/0 14/0 12/2 Shifted P<0.01
C. Bottleneck results when grouped by DAPC results.
Mutation Model
(Excess/Deficit)?
DAPC Group IAM TPM SMM Mode-Shift® P-value
1 14/0 14/0 12/2 Shifted P<0.01
2 14/0 14/0 12/2 Shifted P<0.01

I.LA.M. = infinite allele model; T.P.M. = two-phase mutation model; S.M.M. =
stepwise mutation model. # — Excess/deficit indicates the number of loci
showing excess/deficit of gene diversity under mutation-drift equilibrium; 8B—A
shift in the distribution of allelic frequency classes is expected in populations

that experienced recent bottleneck event.

47



Table 7. Comparing sample size, genetic diversity and genetic structure from multiple species of
Helianthus in past studies with data generated in this study on H. verticillatus.

Species Sample Size  Number of Genetic Genetic
(N) Loci Tested  Diversity (Hexp) ~ Structure (Fst)
H. angustifolius® 48 11 0.34 0.17
H. annus?® 12 11 0.58 N/A
H. grosseseratus® 56 11 0.44 N/A
H. nieveus spp. tephrodes* 119 11 0.31 0.17
H. porteri® 200 18 0.62 0.12
H. verticillatus® 71 11 0.48 0.12
H. verticillatus® 206 (203°) 14 0.50 0.24

A — Data taken from Mandel et al. (2013) and Gevaert et al (2013); ® — Data generated in this
study; © — Number of samples after clone correction
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Figure 1 Diagram showing sampling (grid) methods employed at sites one (upper) and two
(lower). Site one consisted of five contiguous 1 meter x 1 meter plots (only two of which are
represented in the diagram). At site two, a 3 meters x 3 meters grid was created. The circles
represent sampling locations within the grid. Sample names (RX.X) are inlayed within each
circle and collection zones (R1-9) are differentiated by color. Empty circles represent locales
where no plant was present and no sample was taken (lower diagram).
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2-3) of samples from

the two sampling sites (C and R) divided into fourteen collection zones. Each bar

Figure 2. STRUCTURE bar graphs representing genetic clusters (K

represents an individual sample and colors code membership of each sample’s assigned

2) was found to

cluster. Using Evanno's method, the presence of two genetic clusters (K

be the best fit for this data.
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Figure 3. Population structure and clustering for Helianthus verticillatus by collection zone using
the Bayesian analysis program BAPS. The first graph (A) is assuming two clusters and the second
graph (B) is assuming three clusters.
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Eigenvalues

Figure 4. Principle coordinates analysis (PCoA) using discriminant analysis of principle
components (DAPC) method among fourteen collection zones of Helianthus verticillatus
samples using fourteen microsatellite loci.
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Figure 5. Minimum spanning network (MSN) of Helianthus verticillatus based on Bruvo’s
genetic distance for fourteen microsatellite loci. The nodes of the MSN represent individual
multilocus genotypes (MLG) with the size and color representing population membership size
and designated collection zone, respectively. To avoid overlapping nodes, the size was scaled to
logl.75n, where n equals the node sample size. Lines between nodes represent genetic
distance between MLG as determined by Prim’s algorithm.
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