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Abstract

Determining the genetic structure of isolated or fragmented species is of critical importance
when planning a suitable conservation strategy. In this study, we use nuclear and chloroplast
SSRs (simple sequence repeats) to investigate the population genetics of an extremely rare
sunflower, Helianthus verticillatus Small, which is known from only three locations in
North America. We investigated levels of genetic diversity and population structure
compared to a more common congener, Helianthus angustifolius L., using both nuclear and
chloroplast SSRs. We also investigated its proposed hybrid origin from Helianthus grosse-
serratus Martens and H. angustifolius. Twenty-two nuclear SSRs originating from the
cultivated sunflower (Helianthus annuus L.) expressed sequence tag (EST) database, and
known to be transferable to H. verticillatus and its putative parental taxa, were used in this
study thereby allowing for statistical control of locus-specific effects in population genetic
analyses. Despite its rarity, H. verticillatus possessed significantly higher levels of genetic
diversity than H. angustifolius at nuclear loci and equivalent levels of chloroplast diversity.
Significant levels of population subdivision were observed in H. verticillatus but of a
magnitude comparable to that of H. angustifolius. Inspection of multilocus genotypes also
revealed that clonal spread is highly localized. Finally, we conclude that H. verticillatus is
not of hybrid origin as it does not exhibit a mixture of parental alleles at nuclear loci, and
it does not share a chloroplast DNA haplotype with either of its putative parents.
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Introduction

The genetics of endangered species have been of great
interest to both evolutionary biologists and conservation
managers for some time (Hedrick 2001, e.g. volumes by
Falk & Holsinger 1991; Avise & Hamrick 1996; Young &
Clarke 2000). Conservation biologists are interested in
knowing if there are generalities that can be made with
regard to rare species, such as whether or not they typically
exhibit reduced genetic diversity or restricted gene flow
between populations, as predicted by population genetic
theory when populations are small and isolated. While
there is indeed a trend for rare species to exhibit reduced
genetic diversity, some exhibit equivalent levels of diver-
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sity compared to their common congeners (Gitzendanner
& Soltis 2000). In order to determine if a rare species does
exhibit low diversity, we must have a measure or standard
with which to compare. Many studies of rare plants can
make comparisons against other plant species that share
similar life histories by making use of compendiums of
studies of genetic diversity that utilize allozyme (Hamrick
& Godt 1989), RAPD (randomly amplified polymorphic
DNA), or anonymous SSR (simple sequence repeat)
markers (Nybom 2004). However, when using novel types
of markers for which no compendium exists, comparisons
against a common congener provide a useful standard
against which rare species can be evaluated. Such compar-
isons minimize the confounding effects of phylogeny and
life history on population genetic parameters (Felsenstein
1985; Karron 1987, 1991; Baskauf et al. 1994).

In addition to considering species-wide levels of
diversity, knowledge of the partitioning of genetic variation
within and between populations, or population structure,
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is important when considering a conservation strategy for
an endangered species, especially if not all populations can
be protected. With a low level of population structure, the
loss of a single population may have little impact on the
species-wide genetic diversity. With a high level of struc-
ture, the loss of a single population might significantly
reduce overall genetic variation. Further, a species whose
distribution has been reduced to small and isolated popu-
lations may be at particular risk of extinction due to: (i) the
fixation of deleterious alleles within populations as a result
of inbreeding due to restricted gene flow, (ii) reduced
genetic variation, and consequently, an inability to adapt
to a changing environment (Barrett & Kohn 1991), and/or
(iii) demographic or environmental stochasticity (Lande
1988, 1993). In fact, Lande (1988) argues that demographic
factors may have a more immediate effect on population
persistence than genetic factors. Despite this, Reed &
Frankham (2003) found a significant positive correlation
between heterozygosity and fitness in a meta-analysis of 34
plant and animal data sets, indicating that genetic variability
is an important component to consider when formulating
management plans.

Levels and patterns of genetic diversity can also be
shaped by natural hybridization, wherein hybrids might
exhibit elevated levels of genetic diversity resulting from
the mixing of parental genomes (Rieseberg & Wendel 1993;
Arnold 1997). Given this possibility, comparisons made
with a common congener may not accurately reflect the
overall effects of rarity on the level of genetic variation
found within a rare hybrid derivative. Thus, for rare or
endangered species in which a hybrid origin has been
suggested, it is important to test for hybridity. Hybrid
ancestry is most reliably established with molecular data
(Rieseberg & Ellstrand 1993; Chapman & Abbott 2005),
and conservation studies that use appropriate genetic
markers may help to characterize genetic relationships
between taxa when hybridization and introgression might
have occurred (e.g. Bruneau etal. 2005). Furthermore,
hybrid ancestry can impact the status of endangered
species that might otherwise be eligible for listing under
the US Endangered Species Act, as the listing of hybrids
has sometimes been difficult (Allendorf et al. 2001).

Here, we report the results of a population genetic
survey of a rare and endangered sunflower species,
Helianthus verticillatus Small, using both EST (expressed
sequence tag) nuclear and chloroplast SSRs. Our nuclear
markers are derived from the cultivated sunflower (Heli-
anthus annuus L) EST database (http://cgpdb.ucdavis.edu)
and have been found to be highly transferable across spe-
cies within the genus Helianthus (CH Pashley & JR Ellis,
unpublished data). As such, they are particularly useful for
our purposes. Similarly, the chloroplast markers that we
employed have been used successfully in species from
across the Compositae (Wills et al. 2005). Thus, we were

able to include in our survey a more widely distributed
congener (Helianthus angustifolius L.) as a phylogenetic and
life history control whilst statistically controlling for inherent
differences in the level of genetic variation from one locus
to another. Specifically, we compare the species with
regard to the level of standing genetic variation found at
these markers and the degree to which that variation is
partitioned among populations. Further, since H. verticillatus
is thought to be clonal, we used EST-SSRs to determine if
closely spaced stalks were indeed a single genetic indi-
vidual or perhaps represented several individuals. This is
an important issue when evaluating genetic effective
population size from census data. Finally, we looked for
a genetic signature of hybridization in H. verticillatus
through a comparison with its putative parents, H. angustif-
olius and Helianthus grosseserratus Martens. If H. verticillatus
is a hybrid, then its genome should consist of a mixture of
alleles from its parents.

Materials and methods

Study species

The whorled sunflower, Helianthus wverticillatus, is an
extremely rare, diploid (n =17), perennial restricted to
only three locations in the southeast interior of the United
States: one in western Tennessee (35.49N, —88.72W; Madison
County), one in northeastern Alabama (34.13N, —85.44;
Cherokee County), and one in northwestern Georgia (34.14N,
-85.38 W; Floyd County). This species is a candidate for
federal listing for the Endangered Species Act and is
listed as endangered in each of the three states. First col-
lected in western Tennessee in 1892, H. verticillatus was not
found again in the field until 1994 in Georgia (Matthews
et al. 2002). In 1996 and 1998, populations of H. verticillatus
in Alabama and Tennessee were also discovered. The
Alabama and Georgia populations are about 3.5 km from
each other whereas the Tennessee population is about 350 km
from the others. The soil type in the Alabama and Georgia
habitats is deep, poorly drained soils formed in alluvium
and residuum from limestone, and the Tennessee soil type
is silt loam from alluvial deposits of Tertiary Porters Creek
clay (Matthews et al. 2002). H. verticillatus is clonal with
slender rhizomes, a glaucous stem, leaves mostly ver-
ticillate in threes or fours, prefers wet habitats, and flowers
August to October. This species ranges in height from 0.6
to 4.2 m, and its clones occur in somewhat distinct clusters
in nature.

There is no information available on the historical range
of H. verticillatus; the species may represent a narrow
endemic or a relictual species that was once more extensive
throughout this region. Since this species was not collected
during most of the 20th century, several authors studying
the 1892 herbarium specimen speculated that it might be of
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hybrid origin, having resulted from matings between
either Helianthus angustifolius (n = 17) x Helianthus eggertii
Small (n = 51) (Beatley 1963) or H. angustifolius x Helianthus
grosseserratus (n = 17) (Heiser et al. 1969). The former
hybrid combination seems unlikely since H. eggertii is
hexaploid and H. verticillatus is diploid. However, H.
angustifolius and H. grosseserratus are both diploid species
and might reasonably represent the parents of H. verti-
cillatus. Matthews et al. (2002) reported on the current
status of the species and concluded on the basis of several
morphological characters that H. verticillatus should be
considered to be a distinct species. However, the USDA
Plant Database (http://plants.usda.gov/) continues to list
H. verticillatus as a hybrid between H. angustifolius and
H. grosseserratus.

Helianthus angustifolius, a close relative of H. verticillatus,
is commonly distributed over most of the eastern United
States from New York to Florida and west to Texas. The
species is perennial with slender or lacking rhizomes,
leaves linear to narrowly lanceolate, usually found in
moist, shady areas, and flowers from September to Octo-
ber (Heiser ef al. 1969). In the areas where H. verticillatus is
located, H. angustifolius is the most common sunflower
species. H. grosseserratus is a perennial with short to
medium rhizomes, leaves lanceolate to ovate, found in
dry to moderately wet prairies, and flowers August to
October. The species is also commonly distributed across
the eastern United States from New England to South
Dakota and south to Texas (Heiser et al. 1969). All three
species are members of the section Afrorubens within the
genus Helianthus (Seiler & Gulya 2004), have overlapping
distribution ranges, and are outcrossers pollinated by
generalists.

Collection of plant material and DNA extraction

Leaf material of H. verticillatus was collected from 22, 22,
and 27 clusters of stalks found in the three known loca-
tions in Tennessee (TN), Georgia (GA), and Alabama (AL),
respectively. The species grows in clusters of up to five or
six stalks, separated from other clusters by at least 1 m. In
order to determine if each cluster represented a single
clone we collected leaves from two to three stalks per
cluster for analysis. The total number of clusters varies
among the populations, with about 70 in Tennessee and 30
in Georgia. In Alabama, the species is not found in well-
defined clusters as in the other two populations — there are
about 200-300 stalks. Individuals collected from GA were
found in a single field, as was the case for the AL
population. In contrast, the TN collection consisted of three
subpatches separated by 100-200 m.

Helianthus angustifolius leaf material was collected from
two locations: (i) a population located about 10 km from
the H. verticillatus TN population, and (ii) a large continuous

population consisting of thousands of plants, which
connects the GA and AL H. verticillatus populations. We
collected 13 individuals from the TN population and 25
individuals from throughout the continuous GA/AL site
(hereafter referred to as the AL population). While H.
grosseserratus is known to occur in Tennessee, difficulties
in making collections from TN populations required us
to obtain seeds from the North Central Regional Plant
Introduction Station (NCRPIS; Ames, IA). Seeds were
nicked with a razor blade, germinated on moist filter
paper, and grown in the Vanderbilt University Department
of Biological Sciences greenhouse. When the resulting
plants were large enough, a leaf was collected for DNA
extraction. Sampled accessions were: South Dakota (NCRPIS
accession Ames 2742), North Dakota (Ames 22739),
Wisconsin (PI 547187), Illinois (PI 547205) and Iowa (PI
613793). In all species, total genomic DNA was isolated
from ~200 mg of fresh leaf tissue using the Doyle &
Doyle (1987) CTAB method. All DNA samples were quan-
tified using a TKO-100 fluorometer (Hoefer Scientific
Instruments).

Selection of loci, PCR conditions, and genotyping

Twenty-two EST-SSR loci developed for Helianthus annuus
and proven cross-transferable to H. verticillatus were chosen
as genetic markers for this study (CH Pashley & JR Ellis,
unpublished data). Nineteen loci amplified in both H.
verticillatus and H. angustifolius, and the remaining three
amplified in H. verticillatus alone (Table 1). All but one of
the 22 EST-SSRs amplified in H. grosseserratus. For the
survey of cpDNA (chloroplast DNA) variation and hybrid
origin, three polymorphic chloroplast SSRs [cpSSRs: N39
and N30 (Bryan et al. 1999) and C7 (Weising & Gardner
1999)] were analysed in the three species.

SSR genotyping was performed using a modified
version of the fluorescent labelling protocol of Schuelke
(2000), as detailed in Wills et al. (2005). Polymerase chain
reaction (PCR) was performed in a total volume of 20 uL
containing 2 ng of template DNA for H. verticillatus, or
10 ng of DNA in the cases of both H. angustifolius and H.
grosseserratus, 30 mMm Tricine pH 8.4-KOH, 50 mm KCl,
2 mm MgCl,, 125 um of each dNTP, 0.2 pm M13 Forward
(29) sequencing primer labelled with either VIC, 6-FAM
or TET, 0.2 um reverse primer, 0.02 um forward primer
and 2 U of Tag polymerase. The PCR conditions were
as follows: 3 min at 95 °C; 10 cycles of 30 s at 94 °C, 30 s at
65 °C and 45 s at 72 °C, annealing temperature decreasing
to 55 °C by 1 °C per cycle, followed by 30 cycles of 30 s at
94 °C, 30s at 55 °C, 45s at 72 °C, followed by 20 min at
72 °C.

PCR products were visualized on an MJ Research Base-
Station automated DNA sequencer, and MapMarker
1000 ROX size standards (BioVentures) were run in each
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Table1 Locus descriptions and mean values for Nei’s gene
diversity (1987) for Helianthus wverticillatus and Helianthus
angustifolius

Type of H. H.

Locus repeat Location  wverticillatus angustifolius
BL0001 tri UTR 0.711 0.336
BL0002tf  tetra UTR 0.133 N/A
BL0003 tri Coding 0.689 0.704
BL0004% tri Coding 0.347 0.090
BL0005F  tri UTR 0.817 0.699
BLO006tf  tetra UTR 0.656 N/A
BL0007% tri Coding 0.609 0
BL0008% tri Coding 0.777 0.646
BL0010 tri Coding 0.703 0.508
BL0011 tetra UTR 0.586 0
BL0012% tetra UTR 0.222 0
BL0013+ tetra UTR 0.659 N/A
BL0014 tri Coding 0 0.213
BL0017% tri UTR 0.533 0.442
BL0018t§  tri Coding 0.738 0.784
BL0020 tri Coding 0.493 0.529
BL0022 tri UTR 0 0
BL0023 tri UTR 0.381 0.419
BL0025 tetra Coding 0.651 0.400
BL0027 tri Coding 0.820 0.767
BL0029 tetra UTR 0 0
BL0030 tetra UTR 0 0
Mean 0.478 £0.06*  0.344 £0.07*

*Mean values + SE are significantly different from each other at the
P < 0.05 level, two-factor ANOVA, see text for details.

tEST-SSRs that amplified in H. verticillatus only.

1Nine EST-SSRs genotyped for analysis of clonal structure.
§EST-SSR that did not amplify in H. grosseserratus.

lane to allow for accurate determination of fragment size.
CARTOGRAPHER version 1.2.6 (MJ Research) was used to
infer individual genotypes according to the fragment sizes
of the PCR products.

Analysis of clonal structure

Leaves collected from 13 putative clones of H. verticillatus
were initially genotyped for nine arbitrarily selected
polymorphic EST-SSR loci (Table 1 and see below). The
probability that each cluster was a single genet and that
identical genotypes were not simply obtained by chance, was
calculated using a multilocus probability for codomin-
ant genotypes, P, = (Ilp)2", where p; is the frequency
of each allele observed in the multilocus genotype and
h is the number of heterozygous loci (Parks & Werth 1993;
Sydes & Peakall 1998). The probability of obtaining n — 1
more copies of that genotype by chance is given by (P,,)*1,
where 1 is the number of times the genotype was observed.

Analyses of genetic diversity and population structure

Measures of genetic diversity, including mean number of
alleles, observed and expected heterozygosities, and the
inbreeding coefficient (f, Weir & Cockerham 1984) were
calculated for each population of H. verticillatus and H.
angustifolius using GpA version 1.0 (Lewis & Zaykin 2001).
Unbiased gene diversities (Nei 1987) were calculated for
each locus in the two species using FsTAT (Goudet 2001).
Since H. grosseserratus seeds were obtained from NCRPIS
and the collections were made without knowledge of
specific location, this species was not included in the
population genetic calculations but was used in the
investigation of hybrid origin.

ANovas were performed using jMP version 4 (SAS
Institute) to test for significant differences in measures
of genetic diversity between H. verticillatus and H. angus-
tifolius, without regard to population. We ran the models
with the 19 markers that amplified in both species
(Table 1). The main effects included in the ANOvA were
species and locus, with the dependent variables being
either the number of alleles at a locus or the expected
heterozygosity. Use of the same genetic markers in both
taxa resulted in increased statistical power because
locus-to-locus variation was explicitly included in the
model. Differences between the two species in population
level measures of diversity were also tested for statistical
significance. These comparisons were made for number
of alleles, observed and expected heterozygosity, and the
inbreeding coefficient. We calculated Spearman’s nonpara-
metric correlation to test whether there was a significant
correlation among gene diversities across loci in H.
verticillatus and H. angustifolius. The effects of species and
repeat motif (i.e. tri- or tetranucleotide repeat) on gene
diversity were investigated via nested anova with loci
nested within repeat motifs. All proportions were
transformed with an angular transformation prior to
analysis (Sokal & Rohlf 1995).

Population genetic structure was estimated in an analysis
of molecular variance (amova) framework (Weir &
Cockerham 1984; Excoffier ef al. 1992) using ARLEQUIN
version 2.0 (Schneider ef al. 2000). This hierarchical
analysis of variance (ANovA) partitions the total variance
into that found within and among populations. The
proportion of total diversity that was found among popu-
lations was reported as Fgr. Fgp estimates were analysed in
a two-factor ANovA with species and locus as main effects.
Once again, this model allows locus effects to be included
as a factor in the model instead of being ascribed to error,
thereby increasing the power to detect differences between
species’ Fgr (McCauley et al. 1995; Sokal & Rohlf 1995).
Principal coordinate analysis (PCO) was conducted on
pairwise genetic distances among all three populations of
H. verticillatus using the covariance standardized method
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implemented in the program GENALEX (Peakall & Smouse
2002).

Analysis of genetic admixture

The Bayesian clustering program STRUCTURE (Pritchard
etal. 2000) was used to test whether H. verticillatus
represented a genetic mixture of its putative parents, H.
angustifolius and H. grosseserratus, as might be expected if it
is a hybrid derivative. We used the admixture model and
correlated allele frequencies parameter. In this program,
one assumes K populations contribute to the gene pool
of the sample population. In this analysis, we set K =2
and the data input consisted of multilocus genotypes
from individuals of all three species. For our analysis,
the admixture model considers H. angustifolius and H.
grosseserratus as the two populations and determines
what proportion of each ‘parent’ is present in each of the
H. verticillatus individuals. The putative parents were
used as prior population information by employing the
USEPOPINFO feature. We assume that a proportion
of a proposed hybrid’s genotype is drawn from both
population one and two (Beaumont et al. 2001; James &
Abbott 2005). Results are reported as g, the estimated
proportion of membership from a given cluster. We used
a burn-in period of 50000 with 106 MCMC iterations.
GENALEX (Peakall & Smouse 2002) was again used to
conduct PCO using the covariance standardized method
on pairwise genetic distances among all three species
in order to evaluate how distinct they are from one
another.

Results

Clonal structure in Helianthus verticillatus

Ample levels of genetic diversity were found at the nine
nuclear loci used to detect clonal structure in Helianthus
verticillatus (Table 1 and see below). Our investigation of
clonal structure revealed that all stalks from the same
cluster yielded identical multilocus genotypes, consistent
with the hypothesis that they are members of the
same genet. In fact, the probabilities that the same EST-
SSR multilocus genotype would be encountered a second
time in an obligate outcrosser purely by chance ranged
from 9.67 x 10-8 to 4.01 x 10-1, and the probabilities that
the same genotype would be encountered n more times
(where n is the number of ramets that we surveyed) ranged
from 2.05 x 10-9 to 2.62 x 10-20. Thus, it is highly unlikely
that these genotypes are the result of sexual reproduction.
Rather, all stalks from each of the observed clusters most
likely represent the same genet, and we never found
the same multilocus genotype in disjunct clusters. This
result suggests that genets can be identified in the

field based solely on the clustering of stalks and that
the genetic population size is much smaller than the
number of stalks.

Genetic diversity

In H. verticillatus, 18 of 22 EST-SSRs were polymorphic,
13 of 19 were polymorphic in Helianthus angustifolius, and
19 of 21 markers were polymorphic in Helianthus grosse-
serratus. Average gene diversities calculated without
regard to the population from which samples were drawn
for each locus in H. verticillatus and H. angustifolius are
shown in Table 1. Gene diversity ranged from 0 to 0.82
(0.48 +0.06, mean + SE) in H. verticillatus (based on 22 loci)
and from 0 to 0.78 (0.34 + 0.07) in H. angustifolius (based
on 19 loci). Gene diversity was significantly positively
correlated across shared loci (r,=0.74; P =0.0006). A
nested two-factor ANOvVA on average gene diversities with
species and repeat motif as main effects, and loci nested
within motifs, yielded significant results for all effects
(Table 2), and revealed that H. verticillatus had significantly
higher average gene diversity than H. angustifolius (F, ;, = 6.95,
P =0.017). For H. wverticillatus, the mean number of
alleles per polymorphic locus was 7.7 £ 0.96 (6.3 + 0.83,
allloci), and for H. angustifolius, the mean number of alleles
per polymorphic locus was 4.9 + 0.72 (3.3 % 0.64, all loci).
These differences were significant (one-way ANOva, poly-
morphic loci F1,29 =5.01, P=0.033; all loci F1,29 =5.74,
P =0.022). Calculations of number of alleles, observed and
expected heterozygosity, and the inbreeding coefficient
were also made with regard to populations (Table 3). Mean
expected heterozygosity within populations was significantly
higher in H. verticillatus than in H. angustifolius (one-way
ANOVA H, Fl,3 =30.94, P =0.012). The other measures of
diversity (number of alleles, observed heterozygosity,
inbreeding coefficient) did not differ significantly between
the two species.

Twelve unique chloroplast haplotypes were found in the
three populations of H. verticillatus, whereas eight were
found in the two populations of H. angustifolius. Among all
the H. grosseserratus individuals, six unique chloroplast
haplotypes were found. None of these haplotypes

Table 2 Two-factor nested ANovA of Nei's gene diversity (1987)

Degreesof  Sum of

Source freedom squares Fratio P
Species 1 0.360 6.95 0.017
Repeat motif 1 1.42 27.8 < 0.0001
Locus (repeat motif) 17 3.08 4.42 0.002
Species x repeat 1 0.079 1.54 0.231
Error 17 0.870

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 10.1111/j.1365-294X.2006.02937 x
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Table 3 Expressed sequence tag-simple

Species Population (N) A Hy Hg f sequence repeat (EST-SSR) diversity in three
populations of Helianthus verticillatus and
H. verticillatus TN (22) 43054 0.35(0.05) 046(031) 023(0.14)  two populations of Helianthus angustifolius
GA (22) 45(0.57) 0.40(0.08) 0.51(0.31) 0.22(0.04)
AL (27) 35(0.43) 0.32(0.01) 046029 0.32(0.10)
H. angustifolius TN (13) 2.8(0.45) 0.23(0.05) 0.34(0.31) 0.39(0.08)
AL (25) 3.6(0.43) 0.28(0.04) 0.36(0.30) 0.14(0.06)
Mean H. verticillatus 4.1(0.31) 0.36(0.02) 0.48 (0.02)* 0.26(0.03)
Mean H. angustifolius 3.2(0.40) 0.26(0.03) 0.35(0.01)* 0.27(0.13)

Values are averaged over all loci in each population: A, mean number + SE of alleles per
locus; H, mean observed heterozygosity + SE; Hy, mean expected heterozygosity + SE; f,
within population coefficient of inbreeding + SE. *Mean values significantly different from
one another, P < 0.05; two-factor ANOvVA, species and locus effects (see text for details).

Table 4 Chloroplast simple sequence repeat (SSR) diversity in
three populations of Helianthus verticillatus and two populations of
Helianthus angustifolius

Population
Species N) Haplotypes Hy
H. verticillatus TN (22) 4(A,B,C,D) 0.29

GA (22) 6(EF GHL] 055

AL (27) 2(, L) 0.05
H. angustifolius TN (13) 5M,N,O,P,Q 0.31

AL (25) 3(R,S,T) 0.35
Mean H. verticillatus 4(1.2) 0.30 (0.14)
Mean H. angustifolius 4(1.0) 0.33 (0.02)

Mean =* SE values in the two species were not significantly
different from each other.

were shared between populations or species, and measures
of chloroplast genetic diversity did not differ between
H. verticillatus and H. angustifolius (Table 4).

Population structure

The H. verticillatus populations were moderately differen-
tiated in terms of both nuclear and chloroplast diversity
(Fgnye = 0.118, P < 0.0001; Fgr., = 0.620, P <0.0001). The
two H. angustifolius populations were somewhat more
differentiated with Fgp,, . = 0.207 (P < 0.0001) and Fgrep =0.700
(P < 0.0001). These nuclear and chloroplast measures
of population differentiation are similar to values reported
in other studies of plant populations (Petit et al. 2005).
The two-factor aANova conducted on 12 common, poly-
morphic loci revealed variation among loci, but not among
species for Fgr,, (locus effect Fy;,;=2.84, P=0.049;
species effect F; ;; = 0.23, P = 0.63). Pairwise values, all
of which were significantly different from zero (P < 0.0001),
were as follows: Georgia and Alabama (Fg,,. = 0.083

and Fgr, = 0.589), Tennessee and Georgia (Fgr,,,. = 0.146
and Fgro, = 0.389), Tennessee and Alabama (Fgr, . = 0.128
and Fgr, = 0.814). Subdividing the three patches of the TN
population revealed slight but significant differentiation
in nuclear markers among these patches (Fgp,, . = 0.048,
P <0.0323) and greater differentiation for chloroplast
markers (Fgr., = 0.432, P < 0.0001). The PCO carried out
on H. verticillatus revealed some overlap between indi-
viduals from GA and AL, whereas the TN population
formed a distinct cluster, separated along PCO1 (PCO 1:
10.0%, PCO 2:7.2%; Fig. 1a).

Several loci in each of the H. verticillatus and H. angustifolius
populations were found to be significantly out of Hardy-
Weinberg equilibrium. Among the three populations of
H. verticillatus five loci were consistently out of Hardy-
Weinberg: BL0001, BL0008, BL0010, BL0018, and BL0027.
Loci significantly out of Hardy—Weinberg equilibrium
for H. angustifolius were BL0018 and BL0025. We used
ARLEQUIN to calculate Fg across loci with and without the
assumption of Hardy-Weinberg equilibrium. Values of Fg;
were only slightly different in both cases (i.e. H. verticillatus
Forpue = 0.118 vs. Fgp.. = 0.113, respectively), and in no
instances did the level of significance change. A test for
linkage disequilibrium was not carried out on the data as
a rejection of the linkage test could be due to departures
from Hardy-Weinberg equilibrium (Excoffier & Slatkin
1998). Furthermore, with the large number of alleles per
locus and large number of loci, a likelihood ratio test of
linkage disequilibrium may not be valid due to a small
number of expected individuals per genotypic class
(Schneider et al. 2000). However, because the number of loci
exceeds the number of chromosomes (17), undoubtedly
some markers occur on the same linkage group.

Genetic admixture in Helianthus verticillatus

The three species under consideration shared equivalent
numbers of nuclear SSR alleles with each other. The mean
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Fig.1 (a) Principal coordinate analysis (PCO) plot based on
22 loci among three Helianthus verticillatus populations. (b) PCO
plot based on 18 common loci among H. verticillatus (squares),
Helianthus grosseserratus (circles), and Helianthus angustifolius
(triangles).

number of shared alleles per locus was 1.79 + 0.31 between
H. verticillatus and H. angustifolius, 2.09 + 0.20 between H.
verticillatus and H. grosseserratus and 1.50 £ 0.31 between
H. angustifolius and H. grosseserratus. For one locus, BL0022,
H. verticillatus and H. angustifolius were fixed for different
alleles. On the other hand, H. grosseserratus was poly-
morphic for this locus exhibiting four alleles, including the
H. verticillatus allele. As noted above, each population of
the three species possessed unique sets of chloroplast
haplotypes.

Genetic admixture analysis indicated that H. verticillatus
is not a hybrid derivative of H. angustifolius and H. gross-
eserratus. The proportion of population membership of
each species assigned by STRUCTURE using K = 2 was 99.8%
of the H. angustifolius individuals in one population, and
99.4% and 99.8% of H. grosseserratus and H. verticillatus

individuals in the other. Therefore, using a model with two
groups corresponding to the two putative parents, all
H. verticillatus individuals were assigned into the cluster
with H. grosseserratus, suggesting that H. verticillatus
is more closely related to H. grosseserratus than to H. angus-
tifolius. It is important to note that, when using K = 3,
H. verticillatus no longer groups with H. grosseserratus;
rather, it formed a distinct cluster, indicating that H. ver-
ticillatus is genetically distinct from both H. grosseserratus
and H. angustifolius. A PCO of all individuals from the
three species also demonstrated these species are genetic-
ally distinct, with no overlap of H. verticillatus individuals
with either of the putative parental clusters (PCO 1:26.3%,
PCO 2: 6.9%; Fig. 1b).

Discussion

Levels and patterns of genetic diversity

Despite the general expectation of reduced genetic
variation in a rare species, Helianthus verticillatus does
not exhibit a reduction in genetic diversity at either the
population or the species level relative to its more common
congener, Helianthus angustifolius. In fact, for nuclear
EST-SSRs, H. verticillatus has significantly higher levels of
gene diversity than does H. angustifolius. While this is not
a common result, Gitzendanner & Soltis (2000) demon-
strated that endangered species sometimes exhibit levels of
diversity as high as, or higher than, a common congener
[e.g. in the genera Agastache (Vogelmann & Gastony 1987),
Adenophorus (Ranker 1994) and Daviesia (Young & Brown
1996)1.

Ellstrand & Elam (1993) proposed that high levels of
genetic diversity might be expected in rare species assuming
they consist of relatively large populations. While the
accurate determination of population sizes can be difficult
in clonal species in general, the large number of available
EST-SSR markers made the determination of clonal
identity straightforward in TN and GA. We genotyped 2—
3 stalks from 13 putative genets and found that all stalks
within an observed cluster exhibited the same nine-locus
genotype indicating that clonal identity can be reliably
assessed by eye when the species is found in clusters. The
number of distinct clusters in TN is about 70, whereas the
GA population contains around 30. Because the clusters
are less well-defined in AL, an estimate of the number
of genets is more difficult to make; this population is,
however, not likely to be large, as there are only a few
hundred stalks, and some fraction of these are likely to be
ramets of the same genet. Thus, large population size does
not seem to be a likely explanation of the relatively high
level of diversity present in this species.

An alternative explanation of the relatively high diver-
sity in H. verticillatus is that the widespread H. angustifolius
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exhibits unexpectedly low diversity. However, gene
diversity in H. verticillatus does not differ significantly
from the extremely widespread common sunflower,
Helianthus annuus. In this latter species, average gene
diversity for the same 19 EST-SSRs, based on data from 13
populations (52 individuals in total), was 0.57 + 0.02 (range
0.45-0.70; C.H. Pashley & J.M. Burke, unpublished), as
compared to 0.48 in H. verticillatus (two-factor ANova with
species and locus as effects; F; ;5 =2.65, P = 0.12). While we
did not do a formal statistical comparison with Helianthus
grosseserratus because of differences in the way the samples
were obtained, it is worth noting that gene diversity in
H. verticillatus did not differ markedly from that of H.
grosseserratus at the 19 loci (0.48 vs. 0.44, respectively).
Because we have no information concerning the historical
distribution or population size of H. verticillatus, we have
no way of knowing how long it has been since the species
became rare. When combined with the presently small
population sizes, the relatively high levels of genetic
diversity in H. verticillatus may indicate that this species
has not been rare for a long time, especially when we
consider that it is a clonal perennial (see below).

Another explanation for the relatively high levels of
genetic variation exhibited by H. verticillatus is that it is of
hybrid origin, as higher levels of genetic diversity may
result from a mixing of parental alleles. Hybridization
often plays a significant role in the evolution and speci-
ation of plants (Arnold 1997; Rieseberg 1997), and its role
in the evolution of the annual Helianthus species has been
studied extensively (e.g. Heiser 1947; Rieseberg 1991;
Rieseberg et al. 1995, 1996). Some Helianthus species freely
hybridize in the wild, resulting in hybrid swarms, and
three homoploid hybrid sunflower species have been
reported (Rieseberg 1991). Based on our SSR data, however,
H. verticillatus does not appear to be the product of hybrid-
ization between H. angustifolius and H. grosseserratus, as
was proposed by Heiser et al. (1969). The STRUCTURE anal-
ysis with K=2 places H. angustifolius into one population,
whereas H. grosseserratus and H. verticillatus correspond to
another. This result clearly indicates that H. verticillatus
does not exhibit mixed ancestry as would be expected in
the case of a hybrid swarm, as individuals of hybrid origin
would likely consist of a mixture of the genomes of each of
its parents. When combined with the findings of Matthews
et al. (2002), who concluded from morphological evidence
that H. verticillatus should be considered a distinct species,
our data suggest that H. verticillatus represents a good
taxonomic species of nonhybrid origin. While introgressive
hybridization could account for the high levels of hetero-
zygosity observed in this study, our analysis likewise
failed to provide any evidence of introgression.

A final possibility is that the unexpectedly high levels of
genetic variation in H. verticillatus result from the fact that
relatively few generations have passed since it became

rare. H. verticillatus is a clonal perennial and, because of
these life history attributes, populations may have not
experienced extensive loss of variation due to the effects of
small populations such as genetic drift and inbreeding.
While nothing is known of the prior history of the species,
Fgrpue may give insight into the historical distribution. The
number of populations of H. verticillatus is very low (only
three are known), and one of these is quite disjunct from
the other two. Hence, gene flow between TN and GA/AL
is probably rare. Despite this, there is only modest genetic
differentiation among populations (Fgp,,.=0.118). It is
therefore reasonable that a larger number of populations
existed in a more continuous range in the past, but the
species has experienced severe reduction in population
numbers due to the removal of suitable habitat. In fact,
other plant species associated with H. verticillatus popu-
lations are considered to have strong prairie affinities (e.g.
Hypericum sphaerocarpum Michaux, Silphium terebinthinaceum
Jacq., Andropogon gerardii Vitman), and fire suppression
and conversion of large tracts of land to farmland during
European settlement may have significantly reduced the
prairie habitat that was once present in this region (Allison
1995). Another possible explanation is that H. verticillatus
represents a historically narrow endemic, and one of the
complexes (TN or GA/AL) has recently been derived from
the other. However, we did not see evidence for a recent
bottleneck in the form of loss of diversity associated with a
founder event. In any case, genetic divergence is not as
high as might be expected for disjunct populations with
a long history of isolation, especially when compared
to estimates of population structure in H. angustifolius
(Fgrpye = 0.207).

On the utility of EST-SSRs in evolutionary genetics

This study is unique in that it involves a population genetic
survey of an endangered plant species based on a large
number of EST-SSRs. Compared to traditional methods
of SSR development which are laborious and expensive
(Zane et al. 2002; Squirrell et al. 2003), the transfer of
SSRs from a species with an existing EST database to an
endangered species is far less time-consuming and costly.
In addition, since EST-SSRs are more transferable across
taxonomic boundaries than are anonymous SSRs (Varshney
et al. 2005; CH Pashley & JR Ellis, unpublished data), one
can survey two or more taxa with a common set of genetic
markers, thereby allowing for the statistical control of
locus-specific effects when comparing estimates of genetic
diversity and/or population structure. Indeed, if we had
conducted a one-way ANOVA (accounting only for the effect
of species identity) on genetic diversity in H. verticillatus
and H. angustifolius, the means would not have been
statistically different from one another (Fl,36 =1.60,P =0.21).
Thus, the higher statistical power afforded by the use of
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common markers across taxa allowed us to detect real
differences between these species that would have otherwise
gone undocumented.

A point to consider when using EST-SSRs is that
selection on these loci could affect population genetic
parameters. However, Woodhead et al. (2005) found that
population differentiation does not seem to be affected by
selection as Fg; values based on EST-SSRs were similar to
those based on anonymous SSRs and AFLPs (amplified
fragment length polymorphisms). Given that EST-SSRs
appear, on average, to be neutral, they can be used to study
the effects of demography on the standing level of genetic
variation, a common goal in conservation genetics. Such
insights are a prerequisite for understanding the potential
influence of rarity and/or fragmentation on adaptive
variation, which is likely to play a role in population
persistence.

Another possible concern with SSRs in general has to do
with the occurrence of null alleles (i.e. alleles that fail to
amplify because of mutations in the primer sites flanking
the SSR repeat; Callen etal. 1993). Null alleles could
account, at least in part, for the significant heterozygote
deficits that were observed at some loci. Other explana-
tions for the deviations may be selfing or biparental
inbreeding due to spatial structuring. Sunflowers typically
exhibit sporophytic self-incompatibility with rare selfing
seen in the annuals but none encountered in the perennials
(C.B. Heiser, personal communication). Furthermore, green-
house work with all three of these species has resulted
in no seed set from selfed flower heads (J.R. Ellis, unpub-
lished). It seems more likely that this pattern results
from biparental inbreeding due to spatial structuring and
nonrandom mating within populations. Recall that in the
Tennessee population, a small but significant amount of
micropopulation structure was seen.

An additional finding of this study was that gene
diversity in H. verticillatus and H. angustifolius was
dependent upon the repeat motif of the locus in question.
In the two-factor nested ANoOvA, repeat motif had a signifi-
cant effect on genetic diversity, with trinucleotide repeats
exhibiting higher genetic diversity than tetranucleotide
repeats (0.74 vs. 0.30, F1’17 =27.77, P < 0.0001). This point
is particularly important in the context of cross-species
comparisons, as the use of different loci in different taxa
could easily bias estimates of genetic diversity. This
possibility highlights the value of being able to use the
same genetic markers across related species as different
loci are likely to have quite different evolutionary histories.

Conclusions and conservation implications

It is clear that the expectation of reduced genetic diversity
in rare species is not always borne out, and low genetic
diversity does not appear to be an immediate concern for

H. verticillatus at this time. Furthermore, populations of
H. wverticillatus exhibited moderate levels of population
differentiation using presumably neutral markers. Since
these populations are geographically distinct and vary
somewhat in ecological conditions, they are likely to be
at least as differentiated at adaptive loci, if not more.
Therefore, to preserve maximum species diversity, all
three populations of H. verticillatus should be protected.
Habitat loss is probably the cause of rarity in H. verticillatus
as the species seems to be adapted to prairie habitats which
have declined since European settlement (Matthews ef al.
2002). Thus, habitat protection is of great concern and is
probably the most immediate action to take at this time
to preserve the species. Finally, the species is a candidate
for federal listing on the US Endangered Species Act, and
our results have important implications for the species’
listing. More specifically, there has been little resolution
concerning the issue of whether or not hybrids should
warrant legal protection under the Endangered Species
Act (Allendorf et al. 2001). However, H. verticillatus does
not appear to be a hybrid between the two proposed taxa;
as such the hybrid issue should not inhibit its listing.
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