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CHAPTER I

INTRODUTION

Conservation Biology and Genetics

The field of conservation biology is a relatively young scientific discipline whose goals
are to examine, analyze, and protect the Earth’s biodiversity. The field’s beginnings were
prompted by awareness in the 20™ century of issues surrounding habitat loss and fragmentation,
pollution, and escalating human population growth. During the first half of the century,
conservation was mostly practiced by departments of natural resources and forestry (Primack
2002). In the 1970’s, traditional biologists began to discuss the need for a conservation science
(Takacs 1996). The First International Conference on Conservation Biology was held at the San
Diego Wild Animal Park in 1978 where a variety of people interested in conservation came
together to discuss the emerging field (Gibbons 1992). In 1981, Soulé¢ and Wilcox edited a book,
Conservation biology: an evolutionary-ecological perspective, which is regarded as one of the
founding documents of the field. Subsequently, Soulé (1985) published an article entitled ‘What
is conservation biology?’ where he discussed the goals of the field to conserve the Earth’s
biodiversity. The journal, Conservation Biology, introduced its inaugural issue in 1987 to
provide an international voice for this growing discipline. The field of conservation biology has
developed, over the past 25 years, into an interdisciplinary science drawing from the subjects of
ecology, population genetics, evolution, and systematics. Studies of conservation biology often
also incorporate a practical application through providing management strategies and suggestions

to preserve biodiversity.



While the field’s aims are quite broad, a main goal is to conserve endangered species
through the maintenance of genetic diversity within species and the preservation of biological
communities and habitats, i.e., conservation genetics (Primack 2002). Scientific studies of
endangered species involve understanding ecological and evolutionary issues when populations
are rare or isolated, as well as identifying populations of conservation concern through
measuring population size, levels of genetic diversity and gene flow, and fitness of individuals.
Population genetic and inbreeding theory connect the issues of population size, levels and
partitioning of genetic diversity, and fitness together to describe and understand the evolutionary
processes occurring in rare and endangered species (Figure I-1).

Human-induced habitat destruction has led to the loss and fragmentation of populations
of many taxa, including over 6000 plant species, causing reductions in both the number of
populations and the size of individual populations (Wilcove et al. 1998) (Figure I-1A). Genetic
diversity declines in small populations since heterozygosity is an inverse function of the effective
population size, and loss of alleles due to genetic drift is more pronounced in small populations
(Lynch et al. 1995; Young et al. 1996; Hedrick 2000) (Figure I-1B). Moreover, small and
isolated populations are subject to inbreeding because of reduced numbers of potential mates
(Barrett and Kohn 1991; Ellstrand and Elam 1993). Inbreeding leads to a loss of genetic diversity
through the redistribution of alleles from the heterozygous to the homozygous state, and often,
inbred individuals have lower fitness than outbred individuals owing to inbreeding depression
(Keller and Waller 2002; Edmands 2007) (Figure I-1C). This fitness reduction is often due to the
expression of deleterious recessive alleles in homozygous inbred individuals (Charlesworth and

Charlesworth 1987). The interconnection of these factors suggests that positive feedback loops



exacerbating one another may lead to the demise of a population or species—the so called
‘extinction vortex’ (Gilpin and Soulé 1986; Lynch et al. 1995).

Conservation geneticists are interested in knowing if there are generalities that can be
made with regard to rare species, such as whether or not reduced genetic diversity or restricted
gene flow between populations are commonly associated with rarity and whether these aspects
can predict population viability. Therefore, we often study various aspects of the feedback loop
in an effort to understand why and how a population is declining. Many studies evaluate the
effects of rarity and isolation on the genetic diversity of species by quantifying levels of genetic
variation within and among populations with genetic markers, e.g., Song and Mitchell-Olds
(2007); Neel (2008). Population surveys and estimates of effective or genetic population size are
also conducted to aid in identifying populations of immediate concern, especially since
population size and fitness are often related, e.g, Newman and Pilson (1997), Winter et al.
(2008). Others studies investigate the consequences of habitat loss and fragmentation on
endangered species by assessing fitness related phenotypic characteristics in populations through
crossing studies either in the field or in controlled environments, e.g., Heiser and Shaw (2006);
Bossuyt (2007). These different types of inquiries are often conducted independently due to time
and monetary restrictions. However, when conducted in concert, they provide a more complete
picture of how rarity and isolation negatively affect population viability, long term evolutionary
potential, and how management efforts and resources are best focused.

Population Genetics

Levels of genetic diversity, both within and among populations, are of great interest to

conservation geneticists since theoretical and experimental examinations have emphasized the

importance of possessing genetic variation in order for populations to adapt to changing



environments (reviewed in Willi et al. 2006). In general terms, there is a trend for rare species to
exhibit reduced genetic diversity. Hamrick and Godt (1989) reported limited genetic diversity at
allozyme loci as a consequence of rarity in many plant species. In a large literature survey, they
found that at the species level, geographic range (endemic, narrow, regional, or widespread) was
a good predictor of levels of genetic diversity with endemic species having the lowest and
widespread taxa possessing the highest genetic diversity. At the population level, widespread
species also had greater genetic diversity than more geographically limited species.

Hamrick and Godt’s (1989) study is often used as a compendium of allozyme genetic
diversity in plants; such a compendium for dominant DNA markers and anonymous
microsatellites exists as well (Nybom 2004). However, a limitation of these compendiums is that
they do not account for phylogenetic relatedness. Felsenstein (1985) and Silvertown and Dodd
(1996) suggest that comparisons to common congeners may minimize the confounding effects of
phylogeny. Therefore, in order to determine if a rare species does indeed exhibit low genetic
diversity, it is advantageous to compare genetic diversity measures in the rare species to a more
widespread, common congener. Gitzendanner and Soltis (2000) reviewed congeneric species
comparisons to determine if geographic distribution was related to genetic diversity measures
when controlling for phylogenic effects. They found that, overall, rare plants had lower levels of
genetic diversity when compared to their more widespread congeners. However, some rare
species exhibit equivalent, and oftentimes, higher levels of diversity when compared to their
common congeners.

In the genus, Agastache, Vogelmann and Gastony (1987) found that measures of genetic
variation for narrowly endemic species were higher than their geographically widespread

congeners. Ranker (1994) found that the only known population of a rare Adenophorus periens



fern demonstrated high levels of allozyme genetic variability when compared to two widespread
congeners. This high level of variability was attributed to its outcrossing mating system and
perennial life cycle. In another narrowly endemic fern, Polystichum otomasui, genetic variability
at 13 allozyme loci was unexpectedly high given its limited distribution in only a few valleys
(Maki and Asada 1998). These authors also found that the sites consisted of a relatively large
number of individuals. They posited that recent decline in the species, the large effective
population size, and outcrossing mating system have contributed to the high levels of genetic
diversity. The buffering effects of large population sizes and long generation times on genetic
diversity have also been seen in animals (Kuo and Janzen 2004; Lippe et al. 2006). These studies
suggest that life history traits and population size may play a major role in determining the
amount of genetic variation at the population and species level.

The partitioning of genetic variation between and within populations is also important
when considering a conservation strategy for an endangered species. Knowledge of population
genetic structure can give insight into population connectivity and identify populations of
reduced or unique genetic diversity. This is particularly important if not all populations can be
protected. In some rare species, the loss of a single population may have little impact on the
species-wide genetic diversity, whereas in another this might significantly reduce total genetic
variation and have implications for the survival of the species.

The organization of genetic diversity, or population structure, can be assessed by
measuring the proportion of total genetic variation that resides among populations, i.e. Fsr
(Wright 1951), 8 (Weir and Cockerham 1984) or Gst (Nei 1973). Somewhat surprisingly,
geographic range does not tend to influence measures of population structure at nuclear loci.

Hamrick and Godt (1989) found no significant differences in allozyme measures of Gsr between



endemic, narrow, regional, or widespread taxa. Similarly, Gitzendanner and Soltis (2000)
observed no differences in how nuclear genetic variation is partitioned within and among
populations in their comparisons of rare and widespread plant congeners. However, for
maternally inherited DNA markers, Duminil et al. (2007) found that narrowly restricted taxa had
higher population structure (higher values of Gsr) than those regionally distributed. Other factors
that appear to be most influential in determining population structure are mating system, for
nuclear markers, and mode of seed dispersal, for maternally inherited markers (Duminil et al.
2007).

Levels and patterns of genetic diversity may also be shaped by natural hybridization, in
which hybrids are likely to exhibit high levels of genetic diversity resulting from the mixing of
parental genomes (Arnold 1997; Rieseberg and Wendel 1993). Thus, when a history of
hybridization is suspected, comparisons made with congeners may not reveal the true loss of
genetic variation. For example, if a rare species is of hybrid origin but subsequently loses genetic
diversity, the rare hybrid could still maintain higher variation than a common congener, for some
time. Thus, for rare or endangered species in which hybrid origin has been suggested, it is
important to test for hybridity. In addition, introgression, the permanent incorporation of alleles
from one species into another, can increase genetic diversity in a rare species (Arnold 1997). A
further complicating issue with regard to hybridization and endangered species is that hybrid
ancestry can affect the protection status of an endangered species. The listing of hybrids for the
US Endangered Species Act has historically been a difficult undertaking (Allendorf et al. 2001).
Hybrid ancestry is most reliably established with molecular data—biparentally and/or
uniparentally inherited makers (Rieseberg and Ellstrand 1993), and conservation studies that use

appropriate genetic markers may help to characterize genetic relationships between taxa when



instances of hybridization and introgression are in question (e.g. Bruneau et al. 2005). Thus,
studies of genetic diversity and its organization should employ both nuclear (biparental) markers
and uniparentally inherited DNA markers.

Organellar genomes are largely uniparentally inherited (Sears 1980; Corriveau and
Coleman 1988; Zhang et al. 2003). The traditional rule for organellar genomes, mitochondrial
and chloroplast, in angiosperms is maternal transmission (paternal transmission in conifers)
(Petit et al. 2005). As such, organellar DNA markers are employed in a variety of evolutionary
applications including studies of hybridization (Rieseberg and Ellstrand 1993), phylogeography
(Dobes et al. 2004), seed dispersal (Petit et al. 2005), and population genetics (McCauley et al.
2003). Biologists typically accept this rule and rarely test this assumption. However, occasional
paternal and/or biparental inheritance of organellar DNA in angiosperms has been documented
(Hansen et al. 2007; McCauley et al. 2005; 2007). Therefore, in population genetic studies
utilizing organellar DNA, the mode of inheritance should be verified since incorrect conclusions
may be drawn if the organellar DNA is not strictly maternal.

Population Size

As mentioned previously, population size surveys and inventories are quite useful for
identifying populations of immediate conservation concern, especially since these endeavors are
relatively inexpensive (Primack 2002). However, this undertaking may be complicated if a
species exhibits some level of asexual, or clonal reproduction, as do many plant species (Cook
1983; Sipes and Wolf 1997; Esselman et al. 1999; Brzosko et al. 2002). Plants are able display
clonal growth, in part, due to their construction: almost all plants grow through sequential
reiteration of a basic module or structural unit (Harper 1981). This modular form of growth

means that active meristem can always be available to reproduce these structural units; this type



of reproduction is vegetative since it does not involve meiosis and fertilization. Clonal growth is
achieved through a variety of forms including the creation of bulbils or plantlets, stolons, and
rhizomes (Moore et al. 1998). A clone is biologically defined by two terms: the genet and the
ramet. A genet, or genetic individual, consists of all of the genetically identical members that
derive from a single zygote (Sarukhan and Harper 1973). A ramet is an independent
physiological individual consisting of its own shoot and root system and which is capable of
independent survival and death (Cook 1983).

Determining the extent of clonality, including the spatial structure and clonal diversity in
a population, may be achieved through excavating the root system. However this method is not
only extremely intrusive, it may incorrectly estimate the true number of individuals if root
systems have degenerated or if ramets of the same genet have been disassociated. Therefore, the
use of polymorphic genetic markers to distinguish individuals is advantageous given that it is a
non-invasive sampling strategy yielding a high probability of distinguishing genets when
sufficient markers are surveyed (Ainsworth et al. 2003).

Populations of endangered species often have low numbers of individuals because of
habitat reduction, but clonal growth may give the appearance of a large population even if there
are far fewer genetic individuals. For example, a study of the rare Bartley’s reed bent grass
(Calamagrostis porteri ssp. insperata) using allozymes, Random Amplified Polymorphic DNA
(RAPD), and Intersimple Sequence Repeat (ISSR) markers revealed low numbers of genetic
individuals indicating extensive clonal reproduction in four populations of this species (Esselman
et al. 1999). Another investigation, using both Simple Sequence Repeat (SSR) and RAPD

markers, showed that 170 apparently individual trees of the endangered Elaeocarpus



williamsianus across seven sites actually represented the same genetic individual (Rossetto et al.
2004)!

In addition to generating estimates of genetic population size, clonal studies aid in
understanding the ecological and spatial dynamics of related individuals (Murawski and Hamrick
1990) and how pollinator movement influences gene flow in insect pollinated species (Cook
1983). Identifying the clonal diversity and structure of a plant population is important to
understanding population dynamics since the genetic individual is likely the unit of selection
(Harper 1985; Eriksson and Jerling 1990). Brzosko et al. (2002) were able to determine the
clonal structure and diversity in three populations of a rare and endangered lady’s slipper
(Cypripedium calceolus) using five polymorphic allozymes. They found that clonal reproduction
had a significant impact on the genetic structure and diversity in these populations. Spatial
structure and clonal diversity are also quite influential in species which exhibit a self-
incompatible (SI) mating system since relatedness at SI loci will reduce the number of potential
mates (Eriksson and Jerling 1990). Therefore the identification of clonal structure and diversity
using genetic markers gives insight into ecological and evolutionary processes in plant
populations exhibiting such features.

Population Fitness

Small and isolated populations of endangered species may be subject to inbreeding
because of reduced opportunities for mating. Consequently, such inbreeding may lead to a
decrease in fitness relative to outcrossed individuals (inbreeding depression) due to decreased
heterozygosity or expression of deleterious recessive alleles. Inbreeding depression or lowered
population fitness may increase extinction risk (Newman and Pilson 1997; Saccheri et al. 1998;

Wright et al. 2008). In addition, inbreeding depression is usually more severe in outcrossing



species. Husband and Schemske (1996) reviewed inbreeding depression in fifty-four plant taxa
and found that predominately outcrossing species exhibited higher measures of inbreeding
depression than those of predominately selfing species. Additionally, the deleterious effects of
inbreeding depression are often more pronounced in stressful versus benign environments
(Armbruster and Reed 2005). While small size alone is detrimental to population fitness, even
relatively large populations separated by great distances may suffer negative fitness
consequences since extreme isolation can inhibit gene flow from mediating the deleterious
effects of inbreeding due to genetic drift (Keller and Waller 2004) and hinder the spread of
advantageous mutations across populations (Rieseberg and Burke 2001). Isolated populations
may also experience differentiation with regard to phenotypic fitness characters; these
differences in quantitative traits are important for determining populations of immediate
conservation concern or which populations would serve as appropriate sources for ex situ
conservation reserves.

Many conservation studies have accordingly investigated the fitness effects of crossing
within and among populations to understand how rarity and isolation affect population viability
(reviewed in Keller and Waller 2002). These studies often address the influence of population
size and geographic proximity of populations on fitness. Frequently, studies find that there is
increased fitness, or heterosis, in the F; generation when gene flow is from a large to small
population or in crosses between populations separated by large distances indicating inbreeding
depression in those populations. Heterosis is thought to occur if inbred populations are fixed for
different sets of deleterious recessive alleles that are masked in the F; individuals (dominance) or
if the F; individuals exhibit higher levels of heterozygosity and thus higher fitness

(overdominance). For this reason, a possible conservation strategy for increasing the likelihood
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of survival in rare species is to introduce new genetic material into populations suffering from
inbreeding depression, i.e., genetic rescue (Ingvarsson 2001; Tallmon et al. 2004).

In the rare perennial, Scabiosa columbaria, van Treuren et al. (1993) found that crosses
among populations enhanced fitness as compared to within population crosses. Self and intra-site
crosses had significantly lower values for seed mass, germination rates, and survivorship rates
than inter-site crosses of the extremely rare yellow pitcher plant, Sarracenia flava (Sheridan and
Karowe 2000). In experimental crosses of the weedy perennial, Silene alba, Richards (2000)
demonstrated that crosses among isolated sites restored germination rates, highlighting the
importance of population connectivity and suggesting possible conservation strategies for rare
and endangered species. Finally, Newman and Tallmon (2001) found evidence for the beneficial
fitness effects of gene flow into experimentally fragmented populations of Brassica campestris.
In this study, they simulated gene flow using different numbers of migrants into populations over
five generations. In a sixth generation, they planted individuals in a common garden and
evaluated individual fitness in the different treatments. Populations with a higher number of
migrants per generation fared better than those with a lower number of migrants, providing
evidence for the beneficial effects of gene flow.

The immigration of genetically divergent individuals into a population can also lead to a
decrease in fitness owing to the dilution of local adaptations or the disruption of favorable gene
combinations. This decrease in fitness is termed outbreeding depression (Templeton 1986; Waser
and Price 1989; Lynch and Walsh 1998). Waser and Price (1994) found evidence for outbreeding
depression in the larkspur, Delphinium nelsonii, where progeny from intermediate crossing
distances grew larger and survived longer than plants from more distant crosses. Similarly,

Fenster and Galloway (2000) found evidence for reduced fitness in inter-population crosses of
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the legume, Chamaecrista fasciculata, when compared to the parental fitness, indicating
outbreeding depression. The negative fitness effects of outbreeding depression, however, may
not be manifested until the F, generation and beyond. The disruption of positive epistatic
interactions among parental alleles will not occur until the F, generation (and beyond) when
recombination proceeds to break up co-adapted gene complexes (Lynch 1991; Tallmon et al.
2004). Edmands (2007) reviewed evidence for inbreeding and outbreeding depression across a
wide variety of taxa and found ample evidence for inbreeding depression. However, evidence for
outbreeding depression was much less common in the literature; Edmands (2007) asserts that the
experimental design of many studies does not provide for revealing outbreeding depression since
many are limited to measuring fitness in a single F; generation. Edmands (2007) and others
(Tallmon et al. 2004) argue that it is important to study fitness past the F; generation to fully
investigate the effects of both inbreeding and outbreeding on population fitness.
Comprehensive Studies

The relationships between population size, genetic diversity, and fitness are of great
importance to conservation biologists and managers. Positive correlations among these factors
may indicate an “extinction vortex.” Thus, it is important to investigate whether and how these
factors are connected and what role they play in the population viability of endangered species.
Often in the case of endangered plant species, time and/or money constraints allow the study of
only one or two of these aspects. Population estimates and surveys are relatively inexpensive but
may require a large amount of search time, especially for relatively inconspicuous plants. If
genetic markers are available, these studies may yield quick results; however, developing the
high quality, polymorphic markers needed to study a population that may already be suffering

from reduced genetic diversity is often time-consuming and expensive. Studies of the fitness
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consequences of genetic isolation are quite informative but can take years depending on the
biology of the organism. If there are strong correlations between the three aspects of the
feedback loop, it may not be necessary to assess all three. Decisions of which populations are in
need of immediate protection (in sifu conservation strategies) or which populations would serve
as a good source for genetic material (ex sifu conservation strategies) could then be made in a
timely manner using, for example, population genetic marker information (recommended by
Center for Plant Conservation 1991; Primack 2002).

Positive correlations have been found between population size and heterozygosity
(Frankham 1996; Palstra and Ruzzante 2008), measures of genetic diversity and fitness (Reed
and Frankham 2003), and population size and fitness (Newman and Pilson 1997; Reed 2005).
The negative effects of rarity and habitat fragmentation are highlighted in a recent meta-analysis
in which Leimu et al. (2006) reported overall positive relationships between population size,
genetic diversity, and fitness. However, a conclusive association is not always clear since the
variation in quantitative traits important to fitness may not be accurately revealed by neutral
genetic variation (Lynch 1996), and some studies report non-significant or even negative
relationships among the factors. Moreover, the sign and magnitude of these correlations may
depend on a variety of factors including population history, mating system, life cycle, etc.

In the rare biennial, Gentianella austriaca, a negative correlation was found between
fitness and genetic diversity, and between population size and genetic diversity, whereas a
positive correlation was found between population size and fitness (Greimler and Dobes 2000).
By combining the population size with reproductive and genetic traits data, these authors
concluded which populations were in most need of conservation. Further, Lammi et al. (1999)

found that population size and genetic diversity were not associated with number of seeds,
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germination rate, or seedling mass, but population size was correlated with genetic diversity in
the regionally endangered, perennial clammy campion, Lychnis viscaria. These authors
concluded that conservation efforts should include even the small populations with low genetic
diversity since they showed no fitness declines—a point that may have been overlooked had only
genetic diversity been evaluated. Thus, it is evident that to fully address the effects of habitat loss
and fragmentation, studies should combine estimates of accurate population sizes, measurement
of genetic diversity, and assessments of the fitness consequences of rarity.

In this dissertation, I address these types of conservation genetic issues, including genetic
population size, levels and patterns of genetic diversity, and fitness of populations in an
extremely rare sunflower species. The whorled sunflower, Helianthus verticillatus Small, is a
perennial sunflower restricted to only four locations in the United States: two in western
Tennessee (Madison Co. and McNairy Co.), one in northeastern Alabama (Cherokee Co.), and
one in northwestern Georgia (Floyd Co.) (Figure 1-2). The species is a candidate for federal
listing for the Endangered Species Act (ESA) and is listed as endangered by the state natural
programs in each of the three states. It was first collected in western Tennessee in 1892 and 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 discovered. In the fall of 2006,
another population in McNairy Co., Tennessee, about 50 km from the first, was discovered. The
Alabama and Georgia populations are about 3.5 km from each other whereas the Tennessee
populations are about 350 km from the others. The species has slender rhizomes, a glaucous
stem, leaves mostly verticillate in three’s or four’s, and ranges in height from 0.6-4.2m. H.
verticillatus is clonal—growing in somewhat distinct clusters of stems in nature (personal

observation). It has the diploid number of chromosomes for sunflowers: n=17 (Matthews et al.
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2002). There is virtually no information on the historical range of H. verticillatus; the species
may represent a narrow endemic or a relictual species that was once more extensive through this
region.

Since the species was not collected during most of the twentieth century, several authors
studying an 1892 herbarium specimen speculated on its origin as an aberrant hybrid of either H.
angustifolius L. (n=17) X H. eggertii Small (n=51) (Beatley 1963) or H. angustifolius X H.
grosseserratus Martens (n=17) (Heiser et al. 1969). The former hybrid combination is not likely
since H. eggertii is a hexaploid and H. verticillatus is a diploid species. However, H.
angustifolius and H. grosseserratus are both diploid species and could represent parents of H.
verticillatus. Matthews et al. (2002) reported on the current status of the species, concluding,
based on morphological characters, that H. verticillatus should be considered a distinct diploid
species. However, the United States Department of Agriculture Plant Database
(http://plants.usda.gov) continues to list the species as a hybrid between H. angustifolius and H.
grosseserratus. Natural hybridization and hybrid speciation is well documented in Helianthus
with several named hybrids, stable hybrid zones, and three homoploid hybrid species in the
genus (Heiser et al. 1969; Rieseberg 1991). Morphological characters can be unpredictable in
how they will be expressed in hybrids (Rieseberg and Ellstrand 1993), therefore a genetic study
of hybridization using molecular markers with known inheritance patterns should be carried out
to either corroborate or reject the findings of Matthews et al. (2002). Since the species is a
candidate for federal listing on the ESA, a study of hybrid ancestry may have important
implications for the species’ listing. Specifically, hybrids have represented a concern for listing
on the ESA, and there has been little resolution concerning the issue of whether or not they

warrant legal protection (Allendorf et al. 2001).
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First, I investigate patterns of genetic diversity, population structure, and hybridization, in
H. verticillatus using 22 gene based simple sequence repeats (SSRs). Generally, primer
development for SSR markers is laborious and time-consuming and may be prohibitively
expensive (Zane et al. 2002, Squirrell et al. 2003). An alternative to developing an SSR library
de novo is to search EST databases for SSRs (Kantety et al. 2002). There are hundreds of EST
libraries for organisms available on GenBank, including a library for H. annuus L., the
domesticated sunflower. SSRs developed from ESTs of H. annuus have proven to be more
transferable across Helianthus species than traditionally derived anonymous SSRs (Pashley et al.
2005), and EST-SSRs may be more highly conserved than anonymous SSRs since they are in
genes. In this study, [ will use H. angustifolius as a phylogenetic and ecological control with
which to compare genetic diversity and population structure. The two species are in the same
section of the genus Helianthus and grow in similar habitats—they overlap in some parts of their
ranges. These genetic markers amplify in both species, therefore when the same loci are
evaluated in cross-species comparisons, one can include the inherent differences in the level of
variation from one locus to another in statistical analyses.

Next, [ study the inheritance patterns of chloroplast DNA (cpDNA) in controlled crosses
of H. verticillatus to determine if cpDNA is indeed passed on strictly maternally as is thought to
occur in most angiosperms. Inheritance of cpDNA can be expressed as a continuous trait ranging
from strict maternal to strict paternal inheritance with all values of intermediate levels of DNA
being passed from both parents (Welch et al. 2006). When both parents contribute DNA to their
offspring, the mode of inheritance is bi-parental. DNA transmitted from the paternal donor in a
typically maternally transmitted system constitutes paternal leakage. This can result in an

individual who consists of a mixture of parental organellar genomes, i.e., the individuals are
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heteroplasmic (McCauley et al. 2007). Utilizing three chloroplast SSRs, I examine 323 offspring
haplotypes along with the respective maternal and paternal haplotypes to look for any evidence
of non-maternal transmission of cpDNA.

Then, I examine the genetic population size in the four known populations using EST-
SSRs. Previous reports made to the US Fish and Wildlife Service indicate that Georgia, the only
formally protected site, contains thousands of individuals. However, this estimate was made by
counting stalks and may significantly overestimate the number of distinct genetic individuals.
Measurements of clonal diversity and spatial structure of clones are carried out to determine the
extent of clonality in populations of H. verticillatus.

Finally, I evaluate population differentiation with regard to phenotypic fitness
characteristics of this rare sunflower and determine the potential consequences of gene flow
among populations. The effects of rarity and isolation on the fitness of H. verticillatus
populations are addressed by conducting controlled intra-population crosses in a common
environment and asking 1) do the populations differ in their phenotypic fitness characteristics,
and 2) how are these phenotypic fitness characteristics related to population genetic information?
The potential for genetic rescue, through gene flow events among disjunct populations of
extremely rare species, is examined by conducting inter-population crosses through the F,
generation. In particular, questions relating to the genetic, or intrinsic, fitness consequences are
addressed by asking: 1) is there the potential for genetic rescue as evidenced by the fitness
outcomes of F, crosses and 2) is there evidence for intrinsic outbreeding depression, especially in
the F, generation? Given these results, I discuss the implications for combining genetic marker
information with that of controlled crosses for the management of extremely rare species. [ will

relate the results of this crossing study to the population size and genetic diversity studies.
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In light of all of these results, I will consider the implications for conservation of this
endangered species as well as those of combining population estimates, population genetic
studies, and crossing experiments for the study of population viability in rare and endangered

plant species.
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Figure I-1. Extinction vortex schematic of the problems associated with rare and endangered
species. Credit: Christopher G. Brown.

29



Figure I-2. Location of the four known Helianthus verticillatus populations.
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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 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, H. angustifolius L. using both nuclear and chloroplast SSRs. We also investigated its
proposed hybrid origin from H. grosseserratus Martens and H. angustifolius. Twenty-two
nuclear SSRs originating from the cultivated sunflower (H. 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 multi-locus
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 diversity 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
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
comparisons minimize the confounding effects of phylogeny and life history on population
genetic parameters (Felsenstein 1985; Karron 1987, 1991; Baskauf ef 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, 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
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have little impact on the species-wide genetic diversity. With a high level of structure, the loss of
a single population might significantly reduce overall genetic variation. Further, a species whose
distribution has been reduced to small and isolated populations may be at particular risk of
extinction due to: (1) the fixation of deleterious alleles within populations as a result of
inbreeding due to restricted gene flow, (2) reduced genetic variation, and consequently an
inability to adapt to a changing environment (Barrett & Kohn 1991), and/or (3) 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 (Arnold 1997; Rieseberg & Wendel 1993). 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 et al. 2005). Furthermore, hybrid ancestry can impact the status of
endangered species that might otherwise be eligible for listing under the U.S. Endangered

Species Act (ESA), as the listing of hybrids has sometimes been difficult (Allendorf et al. 2001).
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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 (H. annuus L.)
EST database (http://cgpdb.ucdavis.edu) and have been found to be highly transferable across
species within the genus Helianthus (Pashley et al. 2006). 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 ez al. 2005). Thus, we were able to
include in our survey a more widely distributed congener (H. 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 individual
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. angustifolius
and H. grosseserratus Martens. If H. verticillatus is a hybrid, then its genome should consist of a

mixture of alleles from its parents.
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Materials and Methods

Study Species

The whorled sunflower, Helianthus verticillatus, 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 Co.), one in northeastern Alabama (34.13N, -
85.44; Cherokee Co.), and one in northwestern Georgia (34.14N, -85.38W; Floyd Co.). This
species is a candidate for federal listing for the Endangered Species Act (ESA) and is listed as
endangered in each of the three states. First collected 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).
Helianthus verticillatus is clonal with slender rhizomes, a glaucous stem, leaves mostly
verticillate in three’s or four’s, prefers wet habitats, and flowers August to October. This species
ranges in height from 0.6-4.2m, 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 twentieth century, several

authors studying the 1892 herbarium specimen speculated that it might be of hybrid origin,
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having resulted from matings between either H. angustifolius (n = 17) x H. eggertii Small (n =
51) (Beatley 1963) or H. angustifolius x H. 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. verticillatus. 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 and alternate,
usually found in moist, shady areas, and flowers September to October (Heiser et al. 1969). In
the areas where H. verticillatus is located, H. angustifolius is the most common sunflower
species. Helianthus grosseserratus is a perennial with short to medium rhizomes, leaves
lanceolate to ovate and mostly opposite, 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 Atrorubens 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 locations in Tennessee (TN), Georgia (GA), and Alabama (AL), respectively.
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The species grows in clusters of up to five or six stalks, separated from other clusters by at least
one meter. 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 to 200
meters.

Helianthus angustifolius leaf material was collected from two locations: (1) a population
located about 10 km from the H. verticillatus TN population, and (2) 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, [A); 20 individuals of H. grosseserratus were assayed. 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

quantified using a TKO-100 fluorometer (Hoefer Scientific Instruments, San Francisco).
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Selection of Loci, PCR Conditions, and Genotyping

Twenty-two EST-SSR loci developed for H. annuus and proven cross-transferable to H.
verticillatus were chosen as genetic markers for this study (Pashley et al. 2006). Nineteen loci
amplified in both H. verticillatus and H. angustifolius, and the remaining three amplified in H.
verticillatus alone (Table II-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 analyzed in the three species.

SSR genotyping was performed using a modified version of the fluorescent labeling
protocol of Schuelke (2000), as detailed in Wills et al. (2005). PCR was performed in a total
volume of 20 pl 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 mM Tricine pH 8.4-KOH, 50 mM KCl,
2 mM MgCl2, 125 uM of each dNTP, 0.2 uM M13 Forward (-29) sequencing primer labeled
with either VIC, 6FAM or TET, 0.2 uM reverse primer, 0.02 uM forward primer and 2 units of
Taq polymerase. Th