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The central Florida scrub is considered the third biodiversity hotspot in the United 

States after Hawaii and the California Floristic Province. This habitat is threatened, with 

90% already lost to development. For my dissertation research, I took a multispecies, 

multidisciplinary approach to conservation planning.  

Five plant species, ranging from herbs to trees, were selected to allow for a 

multispecies comparison, and to understand if common events shaped the system as it 

is today: Asimina obovata (Willd.) Nash (Annonaceae), Persea humilis Nash 

(Lauraceae), Ilex opaca Aiton var. arenicola (Ashe) Ashe (Aquifoliaceae), Polygala 

lewtonii Small (Polygalaceae) and Prunus geniculata Harp. (Rosaceae).  

To provide a historical context, test species delimitation and phylogeographic 

origins, I reconstructed the phylogenies for each of the genera to which the focal 

species belong. One central question was that of the historical origins of the species, 

which have traditionally been hypothesized to be either Eastern North American (having 

retreated following Pleistocene glaciations), or Southern US/Northern Mexican (from the 

continuous xeric belt in the Pliocene). I found that both Ilex and Polygala supported the 
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Eastern North American hypothesis, and it was also the more likely origin for Prunus. 

The placements of the Florida scrub species of Persea and Asimina in their respective 

phylogenies were unresolved, precluding evaluation of their geographic origins. In 

addition, my results indicate that Ilex opaca var. arenicola does not form a monophyletic 

group, but should instead be merged with Ilex opaca var. opaca. The Pleistocene, 

Eastern North American hypothesis was therefore supported for two species and the 

more likely hypothesis for one, confirming the last glacial maximum to be one of the 

major events that has shaped the central Florida scrub.  

In order to examine the level of diversity within species, I developed microsatellite 

markers for Polygala lewtonii, Ilex opaca, Asimina obovata and Prunus geniculata and 

surveyed diversity in these species and their widespread sister species. For Polygala 

lewtonii, I further studied the evolutionary patterns at microsatellite loci, comparing 

among the commonly used genotypic data based solely on fragment length, a data set 

made from the actual number of repeat units as determined by sequencing alleles, and 

sequence variation in the regions that flank the microsatellites. Fragment lengths and 

repeat number gave different results for most measures of diversity. I offer some advice 

for microsatellite primer design in light of my results.  

Lastly, I combine the results of my studies with data from the literature to examine 

broad patterns of genetic diversity among Florida scrub endemics. Some general 

patterns arose: the differentiation between the Lake Wales Ridge and Mount Dora is 

generally more pronounced for animals than plants, the central part of the Lake Wales 

Ridge hosts a complex network of genetic diversity and partitioning, and the 

southernmost Lake Wales Ridge populations are highly differentiated from others.  
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CHAPTER 1 
INTRODUCTION 

The Central Florida Scrub 

The central Florida scrub is an ecosystem naturally regulated by fire and 

dominated by xeric-adapted species. The characteristic sandy soil hosts a large number 

of narrow endemics, making it a biodiversity hotspot in North America (Christman and 

Judd, 1990). The Lake Wales Ridge (LWR), lying principally in Polk, Highlands, and 

Orange counties (Huck et al., 1989; Weekley, Menges, and Pickert, 2008), and Mount 

Dora in Lake and Marion counties form the two main, oldest and highest ridges of the 

region. Several smaller and younger ridges flank them (Figure 1-1). The xeric upland 

habitat along the central sandy ridge of peninsular Florida is a unique and ancient 

ecosystem rich in endemics, many of which are specially adapted to this dry, sandy 

environment. Tragically, this environment is rapidly disappearing: by the mid-1940s, half 

of the LWR habitat had been converted to agriculture and housing, and today, more 

than 85% is estimated to have been lost to anthropogenic activity (Weekley, Menges, 

and Pickert, 2008), up from 82% in 1990 (MacDonald and Hamrick, 1996). Fire 

suppression is also a continuing problem for the maintenance of the natural ecosystem 

(Abrahamson, 1984a, b; Evans, Menges, and Gordon, 2003). The combination of the 

unique habitat and geologic history, and continued human encroachment has left 40 

species federally listed as threatened or endangered.  

It is believed that in the Pliocene and Pleistocene interglacial times, most of 

peninsular Florida was inundated as sea levels rose, but that the LWR and Mount Dora 

were emergent and suitable for plant habitation since the late Miocene or early Pliocene 

(12 million yrs B.P.), with the Ridges serving as a refuge for terrestrial species (Webb 
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and Myers, 1990). Plant fossils have been found in Lake Annie, at the southern end of 

the LWR, dating from 37,000 to 13,000 yrs B.P. indicating the presence of scrub habitat 

with Ceratiola ericoides, Polygonella fimbriata, P. ciliata, Selaginella arenicola and 

various Asteraceae, species that are still present today (Watts, 1975) 

Justification of the Study 

One of the main problems for species with small or declining population is the risk 

of loss of diversity and the potential for fixation of deleterious alleles (Frankham, 2005). 

This loss of diversity in turn may reduce the ability of a species to evolve with the 

selective effects of environmental change. By quantifying genetic diversity in 

populations, we can assess overall levels of diversity compared to other populations 

and related species, patterns of gene flow and population structuring, if past bottlenecks 

have affected present diversity and what steps can be taken to limit further loss 

(Frankham, 2003). Patterns of diversity among populations can shed light on gene flow, 

and the biogeographic history of a group.  

However, not all changes in genetic diversity can be tied to recent anthropogenic 

events. The evolutionary history of the concerned species must also be considered. It is 

increasingly recognized that when studying a species with a restricted range, one 

should also investigate wider-ranging congeners for comparison and evaluation of 

diversity. In order to make better conservation management decisions, any rare species 

should be studied in parallel with one or two of its taxonomic relatives (Gitzendanner 

and Soltis, 2000; Broadhurst and Coates, 2004). 

In the case of the LWR, the glacial periods and the shifts of habitats have 

undoubtedly played an important role in shaping the diversity of species. The present 

populations are the results of these events, being old refugial populations or pre-glacial 
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populations, or having originated through long-distance dispersal (Godt, Johnson, and 

Hamrick, 1996; Chang, Kim, and Park, 2003). However, some endemic species may 

have gone through different histories that have differently affected their current level and 

partitioning of genetic diversity. For example, some central Florida scrub endemics are 

believed to be neo-endemics as they share a common ancestor or are derived from 

wide-ranging Eastern North American taxa while others seem to have Southwestern 

U.S. relatives (Huck et al., 1989).   

The Study Species 

In order to study the patterns of genetic diversity in the central Florida scrub and 

begin to understand the historical forces that have shaped this diversity, I studied 

several endemics and their congeners. This project focuses on five plant species 

representative of the central Florida scrub.  

Asimina obovata (Willd.) Nash (Annonaceae) is endemic to well-drained 

sandy soils of Central Florida (Nash, 1896; Huck et al., 1989; Nelson, 1996). Its 

nearest congener is thought to be Asimina incana, widespread in Florida and southern 

Georgia (K. M. Neubig pers. comm.), but the phylogeny of this genus is complex and 

still unresolved. Asimina obovata is a perennial shrub to small tree with typical reddish 

pubescence on the young twigs, petioles and veins of the lower surface of the leaves 

and buds, making it recognizable in the field. It flowers from March to May with broad, 

showy flowers with petals that are green at first and then turn white, with a thick, 

maroon, corrugated tissue towards the bottom of the inner surface of the inner petals. 

Flowers are fragrant at maturity. Fruit setting is thought to be higher for outcrossed 

pollination than selfing, as in other species of the genus. Seed dispersers remain 
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unknown, but gopher tortoises have been spotted consuming the fruit, and small 

mammals may be able to disperse seeds (Norman and Clayton, 1986).  

Prunus geniculata Harp. (Lauraceae), the scrub plum, is a federally 

endangered species known from only 21 sites, all of them on the LWR (Harper, 

1911; USFWS, 1999a). Although assumed from morphology to be closely related to 

Prunus texana and P. angustifolia, a molecular phylogenetic study placed it as sister to 

Prunus marimita from the northeastern U.S. (Shaw and Small, 2004, 2005). The scrub 

plum is a shrub up to 2 m tall, heavily branched, with strongly zigzag twigs and spiny 

lateral branches. Its deciduous leaves are finely toothed. The five-petaled white flowers 

bloom in late winter, when the plant is leafless, and the fruit is a small, bitter, red plum 

(Wunderlin, 1998). The amount of flowering and fruiting heavily depends on the 

occurrence of a fire in the past 3 years (Weekley et al., 2010). Prunus geniculata is 

andromonoecious, with both male and bisexual flowers on the same plant. Due to the 

strong fragrance of the flowers, it is pollinated by a variety of insects. It is believed to be 

self-incompatible. 

Polygala lewtonii Small (Polygalaceae), also federally listed, is endemic to 

the LWR and Ocala National Forest on Mount Dora (Small, 1898; USFWS, 2010). 

Lewton’s milkwort grows on yellow sand in sandhill and scrubby areas characterized by 

longleaf pine and low scrub oaks and on transitional habitats between high pine and 

turkey oak barrens (USFWS, 2010). It is also found in clearings and roadsides (CPC). A 

general trend of population recruitment 1-3 years after a prescribed burn supports the 

hypothesis that seed germination is dependent on regular burns. Even in populations 

that had disappeared completely, plants reappear a short time after a burn (Weekley 
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and Menges, submitted). This seems to show a dormant seed bank that can be 

activated with heat, dryness or other factors brought by fires (Slapcinsky and Gordon, 

2003; Slapcinsky, Pace-Aldana, and Gordon, 2005). Polygala lewtonii is an amphicarpic 

species that has both underground cleistogamous (closed, obligately selfing) flowers 

and chasmogamous (open-pollinated) flowers occurring on aboveground terminal 

racemes (Weekley and Brothers, 2006). This mode of reproduction is found in only a 

few dozen species in the world and, combined with its limited distribution and declining 

populations, makes this species a prime candidate for further investigation. Lewton’s 

milkwort is morphologically similar to the widespread P. polygama, the common 

milkwort (FNAI, 2000a).  

Persea humilis Nash (syn. Persea borbonia (Linnaeus) Sprengel var. humilis 

(Nash) Kopp) (Lauraceae) is a species endemic to the Florida scrub. The 

continental North American clade of Persea is composed of only 3 native species, P. 

humilis, P. palustris and P. borbonia (the last two widespread in the southeastern U.S.). 

More phylogenetic work is needed to confirm that these three species form a clade 

(Chanderbali, van der Werff, and Renner, 2001). A shrub or small tree, the branches 

are typically appressed and pubescent. The leaves are elliptic, small and the under 

surface is densely pubescent and rusty brown. The species flowers in the spring and 

early summer and produces few flowers and fruits compared to P. palustris and P. 

borbonia. Also, Persea is a genus of special conservation interest since the outbreak of 

laurel wilt, caused by the fungus Raffaelea sp. carried by the redbay ambrosia beetle 

Xyleborus glabratus Eichhoff (Hanula et al., 2008; Mayfield et al., 2008).  
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Ilex opaca Aiton var. arenicola (Ashe) Ashe (Aquilofiaceae) is endemic to the 

Florida scrub. A phylogeny places it and its nearest congener, Ilex opaca var. opaca 

(widespread in the eastern U.S.), sister to I. argentina and I. cassine (Ashe, 1925; 

Gottlieb, Giberti, and Poggio, 2005). Ilex opaca var. arenicola is a shrub or small tree 

with evergreen light green leaves, narrower than those of Ilex opaca var. opaca, 

distinctively revolute and serrate, and armed with a spine longer than 1mm at the apex 

(Wunderlin, 1998). The fruits are green and turn red, typical of Ilex, and are dispersed 

by birds.  

Project Outline 

The first goal of the study was to establish an understanding of phylogenetic 

relationships within the genera in order to establish the sister taxa of the focal species 

and address the hypotheses regarding geographic origin of the species. For each of the 

study species I use DNA sequence data from the internal transcribed spacer (ITS), and 

where necessary, several chloroplast regions. The two main goals were: to confirm the 

closest widespread congener of each Florida endemic to allow comparisons of genetic 

diversity in subsequent population-level studies; and to statistically test biogeographic 

hypotheses on the geographical origins of the central Florida scrub.  

As is common in the recent population genetics literature, I wanted to employ 

microsatellites for my genetic diversity studies. One aspect of microsatellite studies that 

is often overlooked is the effect that genotyping assumptions have on the data and 

conclusions drawn from them. It is common for microsatellite genotyping studies to 

score loci based on inferred allele size alone. Alleles are typically assumed to differ due 

to insertions and deletions of microsatellite repeats. However, several studies have 

demonstrated that when the sequences of alleles are investigated, other mutations play 
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roles in generating length variation. Taking Polygala lewtonii as a test case, I genotyped 

and sequenced microsatellites to compare and contrast the results of genetic diversity 

and population structure results using three data sets for the same loci: 1) scoring the 

fragment lengths, the repeat numbers (based on sequence data, omitting the flanking 

region) and the flanking region sequence (omitting the repeats). According to my 

findings, I provide advice on marker design and steps to avoid misinterpretation of 

results in a population-level genetic study. The implications for the biology of Polygala 

lewtonii are discussed.  

I used microsatellites on Asimina obovata, Ilex opaca var. arenicola and Prunus 

geniculata for a population-level study. After developing microsatellite markers for all 

three species, I inferred levels of genetic diversity and partitioning for each species and 

looked for common patterns.  

The last chapter pooled all species together in a comparative study that also 

incorporated inferences regarding genetic distribution of central Florida scrub endemics 

from the literature. Both plants and animals were included to get a representative set of 

co-distributed species. From these results, conservation management advice is given 

for further studies on other species endemic to the central Florida scrub. This will help in 

the understanding of past events that built this unique and highly threatened ecosystem 

and the future needs for its preservation.  
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Figure 1-1.  Historical coasts of Florida: 20,000 YBP (dark green), present (white), early 

Pleistocene (light green) (Webb, 1990) and interglacial shorelines (orange) 
(Lane, 1994); remnant scrub (red) and oldest ridges (yellow). 
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CHAPTER 2 
USING COMPARATIVE PHYLOGEOGRAPHY TO RETRACE THE ORIGINS OF AN 

ECOSYSTEM: THE CASE OF FOUR PLANTS ENDEMIC TO THE CENTRAL 
FLORIDA SCRUB  

The field of comparative phylogeography was first defined as the “comparison of 

geographical patterns of evolutionary subdivision across multiple co-distributed species 

complexes” (Arbogast and Kenagy, 2001). Comparative phylogeography enables 

exploration of regions of special interest, such as those with high levels of endemism, a 

particular natural history, or a need for conservation (Soltis et al., 2006; Avise and 

Riddle, 2009). Species with similar ranges have often been molded by the same 

historical biogeographical forces, resulting in similar genetic architectures. Studying the 

historical events that might have influenced a certain region may allow better 

conservation of its genealogical lineages and evolutionary adaptations. Conservation 

biogeography applies the principles and theories of biogeography to the problems of 

conservation of biodiversity (Whittaker et al., 2005). Integrating comparative 

phylogeography and conservation biogeography provides a multi-species perspective 

on a region of interest.  

In Europe, for example, congruent phylogeographical patterns revealed few 

patterns of migration from eastern to western Europe through the mountain ranges of 

central Europe and three main Pleistocene refugia—the Iberian peninsula, Italy, and the 

Balkans—resulting in extreme bottlenecks for most of the species (Taberlet et al., 1998; 

Petit et al., 2002). Similarly, common patterns of genetic diversity across herbaceous 

and woody plant species from western North America, ranging from Alaska to 

California, suggest shared refugia and recolonization routes during and following 

Pleistocene glaciation (reviewed in Soltis et al., 1998). In eastern North America, 
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however, studies reveal more variance among species in their historical biogeography, 

certainly due to the fine mosaic of geological and ecological patterns. This has resulted 

in current high levels of both endemism and widespread distributions in the region. An 

extensive review of the literature on phylogeographical patterns in the southeast by 

Soltis et al. (2006) emphasizes several common barriers in the distribution of lineages: 

the Atlantic vs. Gulf coast distribution (Saunders, Kessler, and Avise, 1986; Avise and 

Nelson, 1989; Gurgel, Fredericq, and Norris, 2004), the Apalachicola river-Tombigbee 

river (Avise et al., 1986; Oliveria et al., 2007), the Apalachicola river-Chattahoochae 

river (Mylecraine et al., 2004), and the Mississippi river (Al-Rabab'ah and Williams, 

2002). Some species exhibited a more complex pattern resulting from three different 

glacial refugia, one to the east of the Mississippi and two to the west (Leache and 

Mulcahy; Burbrink, Lawson, and Slowinski, 2000). All these patterns are thought to be 

the result of the repetitive glacial cycles throughout the Pleistocene (Delcourt et al., 

1985). Within this region, one of the more complex areas is one of the refugia, 

peninsular Florida. Central Florida has an especially high level of endemism and has 

been the focus of my studies.   

The Central Florida scrub consists of an area of approximately 150 km by 15 km, a 

long strip of dune systems dominated by the older LWR and Mount Dora, with smaller 

and younger ridges nearby. More than 20 federally listed plant species and over 40 

animal species are endemic to the scrub, with an equal number of narrow endemics 

with only slightly broader ranges (Abrahamson, 1984a; Christman and Judd, 1990). This 

makes the Florida scrub one of the three biodiversity hotspots in the United States, 

rivaling the California Floristic Province and the Hawaiian islands (Dobson et al., 1997). 
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This unique habitat is located on both the coastal and central parts of the peninsula. 

The focus of this study is the inland scrub, corresponding to past shorelines from the 

Miocene, Pliocene, or early Pleistocene, when sea level was higher and the peninsula 

was smaller, perhaps even isolated from the continent (Webb and Myers, 1990).  

The scrub is characterized by well-drained and nutrient-poor soils, hot and wet 

summers, and dry and mild winters (Abrahamson, 1984a). Intense fires maintain the 

sand scrub with a recurrence frequency of 5-30 years depending on the type of scrub 

(Menges, 2007). However, this scrub habitat is highly threatened, and already an 

estimated >85% of it has been lost to agriculture (especially citrus) and estate 

development (Weekley, Menges, and Pickert, 2008). The suppression of fires also 

presents a threat to the scrub endemics, resulting in the formation of oak-dominated 

xeric hammock (Myers, 1985; Menges et al., 1993; Menges and Hawkes, 1998). 

Surprisingly, the historical biogeography of this unique system has seldom been 

studied, and to our knowledge, no comparative analyses have retraced the 

biogeography of this region.  

Several hypotheses have been proposed to explain the geographical origins of the 

central Florida scrub (Berry, 1916; Pirkle and Yoho, 1970; Watts, 1975; Morgan, 1988; 

Myers and Myers, 1990; Webb and Myers, 1990). The first scenario (western 

hypothesis) suggests that the scrub’s current species arrived in Florida between 5 and 2 

Ma. By 2.5 Ma, a semi-arid biota extended from Florida into the western U.S. (Myers 

and Myers, 1990). In the mid-Pliocene, the scrub of Florida became isolated from the 

xeric habitats of western North America due to increased humidity along the Gulf of 

Mexico (Webb and Myers, 1990), potentially resulting in the origin of many scrub 
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species. The Florida scrub jay, Aphelocoma coerulescens, being most closely related to 

the western A. ultramarine, illustrates this western hypothesis (Peterson, 1992; 

MacDonald et al., 1999; Peterson, Martinez-Meyer, and Gonzalez-Salazar, 2004). 

However, Sceloporus woodii, the Florida scrub lizard, was thought to be closely related 

to S. virgatus and S. undulatus from western North America, but in light of molecular 

studies was found to be sister to S. undulatus undulatus, a widespread relative from the 

northern U.S. (Jackson, 1973; Smith HM, 1992; Clark, Bowen, and Branch, 1999; Miles 

et al., 2002; Wiens and Donoghue, 2004). Most of the inferences of close relationships 

between Florida scrub endemics and western relatives have been based on 

morphological similarities that might be convergent adaptations to the xeric 

environments found in Texas, Florida and the western U.S., rather than a reflection of 

recent common ancestry (Shaw and Small, 2004). 

The second scenario (eastern hypothesis) suggests that the central Florida scrub 

arose at the end of the last glaciation, about 10,000 years ago, as species migrated into 

Florida ahead of the advancing ice sheet. Some populations became adapted to the 

xeric substrate present on the ridges and remained there while other populations 

migrated back north, leading to divergence between the Florida and northern 

populations and eventually speciation (Watts, 1975). In many species, range expansion 

occurred without speciation, although speciation may have accompanied northward 

colonization in some cases. For those species that recolonized via founder events 

and/or “leading edge” dynamics, populations from refugia in the central Florida scrub 

may continue to serve as centers of genetic diversity, as observed for species of 
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Chamaecyparis, Dicerandra, Eryngium and Polygonella (Lewis and Crawford, 1995; 

MacDonald and Hamrick, 1996; Mylecraine et al., 2004).  

A third scenario argues for a much older origin of the scrub endemics. As early as 

20 Ma, the oldest sediments of Florida, from Thomas Farm (Pratt, 1990) and Alum Bluff 

(Berry, 1916; Morgan, 1988), show that environmental conditions were similar to 

today’s, though with more tropical species. However, the ridge habitats of central 

Florida date back to only 9 Ma, and many not until the Pliocene (5-3 Ma), so this 

hypothesis seems unlikely and will not be considered here. 

The first two scenarios, which we will consider, are both examples of vicariance, 

the process by which some populations become isolated from others, leading to 

speciation. In a phylogenetic context, vicariance translates into two reciprocally 

monophyletic groups representing two geographical regions, or here where the endemic 

and its sister species occur (Avise et al., 1987; Knowles and Maddison, 2002). In the 

context of the western hypothesis, I would predict that the central Florida scrub endemic 

would be sister to species occurring in the xeric regions of Texas and/or the western 

U.S. (origin between 5 and 2 My). The eastern hypothesis (origin about 10,000 ya) 

would predict sister relationships with eastern North American taxa. When 

reconstructing a phylogeny encompassing several populations for multiple species, a 

lack of reciprocal monophyly would reject the vicariance hypothesis and argue in favor 

of several long-distance dispersal events (Knowles and Maddison, 2002), or the 

formation of a paraphyletic metaspecies around the more geographically restricted one. 

Pseudocongruence (Cunningham and Collins, 1994) can also occur, but can be tested 

for in several ways (Soltis et al., 2006). In the case of pseudocongruence, where the 
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phylogenies are congruent in their topologies, but not in their divergence times, careful 

calibration is important (Avise, 2000; Donoghue and Moore, 2003). However, due to 

lack of pertinent fossils in the region, we cannot test for incongruence in the timing of 

the events that shaped the phylogeography of plants in central Florida. 

In order to test both hypotheses on the geographical origin of the central Florida 

scrub, as well as the processes that might have been involved, our study focuses on 

four angiosperm taxa endemic to the central Florida scrub habitat. Their different habits 

and life histories ensure that they are representative of the diversity found in this 

ecosystem. 

Prunus geniculata Harp. (Rosaceae), the scrub plum, is a federally 

endangered scrub species known from only 21 sites, all of them on the LWR 

(Harper, 1911; USFWS, 1999a). The scrub plum is a shrub up to 2 m tall, heavily 

branched, with strongly zigzag twigs and spiny lateral branches. Its deciduous leaves 

are finely toothed. The five-petalled white flowers appear in late winter, when the plant 

is leafless, and the fruit is a small, bitter, red drupe (Wunderlin, 1998). The amount of 

flowering and fruiting heavily depends on fire frequency. Prunus geniculata is 

andromonoecious, with both male and bisexual flowers on the same plant. Due to the 

strong fragrance of the flowers, it is pollinated by a variety of insects. It is believed to be 

self-incompatible (Weekley et al., 2010). Although assumed from morphology to be 

closely related to Prunus texana and P. angustifolia, a molecular phylogenetic analysis 

placed it as sister to Prunus maritima from the northeastern U.S. (Shaw and Small, 

2004, 2005) although the authors admit doubts of this relationship because of limited 

taxon sampling.  
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Polygala lewtonii Small (Polygalaceae), also federally listed, is endemic to 

the LWR and Ocala National Forest on Mount Dora (Small, 1898; USFWS, 2010) 

and is found on yellow sands in sandhills and scrubs. This short-lived perennial, 

with several annual stems up to 20 cm tall, has dark pink flowers that form racemes. 

Plants flower in the spring, and although capable of self-pollination, flowers are visited 

by a variety of insects (Weekley and Brothers, 2006). The seeds are dispersed by ants. 

Interestingly, this species distinguishes itself by the presence of underground 

cleistogamous flowers that are obligate selfers. It is heavily dependent on frequent fires 

for reproductive success and growth. Polygala lewtonii is thought to be most closely 

related to P. polygama, widespread in the southeastern U.S., and P. crenata, endemic 

to northern Florida (Abbott, 2009), although no published phylogeny has included more 

than one accession for P. lewtonii. 

Persea humilis Nash (Lauraceae), the scrub or silk bay, is endemic to the 

Florida scrub. This small tree has shiny dark green leaves and a very typical dense red 

pubescence on the abaxial side. This species is of particular interest due to the recent 

arrival of laurel wilt (caused by the eastern Asian Redbay Ambrosia Beetle Xyleborus 

glabratus Eichhoff) in central Florida, and the threat it represents for a species of such 

restricted range (Gramling, 2010). The continental North American clade of Persea is 

composed of only three native species, P. humilis, P. palustris and P. borbonia (the 

latter two widespread in the southeastern U.S.). No published work so far has included 

all three species in a phylogeny (Rohwer, 2000; Chanderbali, van der Werff, and 

Renner, 2001; Chen et al., 2009).  
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Ilex opaca Aiton var. arenicola (Ashe) Ashe (Aquifoliaceae) is endemic to the 

Florida scrub, although not abundant when found. This variety forms small trees 

with yellow-green, spiny, revolute leaves on rigid ascending branches. This dioecious 

species is pollinated by bees, and its seeds are dispersed by birds and other animals in 

the fall and winter. A phylogeny places it and its nearest congener, Ilex opaca var. 

opaca (widespread in the eastern U.S.), sister to I. argentina and I. cassine, but with 

only one accession per species (Gottlieb, Giberti, and Poggio, 2005). Ilex opaca var. 

arenicola and Ilex opaca var. opaca have been treated as either two varieties of the 

same species or two separate species (Brizicky, 1964; Wunderlin, 1998). 

Comparative phylogeographic analyses of these four species is employed to test 

the two competing hypothesis of the origin of the central Florida scrub. In this study, we: 

1) enhance current phylogenetic knowledge for each species, focusing on the endemic 

and putative relatives, 2) statistically test both hypotheses on the geographical origin of 

the central Florida scrub, and 3) infer the process by which the endemics differentiated 

from their sister species, testing the vicariance hypothesis. The congruence of historical 

biogeography among these four species, and others from the literature, demonstrates 

major trends that have led to the formation of this unique but fast-disappearing 

ecosystem. Finally, the impact of our results on our understanding of the processes of 

community assembly, as well as the conservation implications, are discussed.  

Materials and Methods 

Sample Collections 

Study species were selected partially based on the existence of relatively good 

molecular phylogenies for the genera. However, the Florida endemics were often 

omitted from, or only sampled from one specimen, in published phylogenetic studies. 
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We obtained data from authors and/or GenBank, and re-analyzed the data sets after 

adding our own sequence data for the endemics. We sequenced the internal 

transcribed spacer of the nuclear ribosomal DNA (ITS) for the following species: Persea 

humilis, Persea borbonia, Persea palustris, Polygala lewtonii, Polygala polygama, 

Prunus geniculata, Prunus maritima var. maritima, Ilex opaca var. arenicola, Ilex opaca 

var. opaca and Ilex cassine. For each species, several populations were sequenced to 

represent the breadth and diversity of their natural distribution in the wild. 

For all species, fresh leaf material was collected in the field and stored in silica gel. 

For the two federally listed plants, Polygala lewtonii and Prunus geniculata, a harvesting 

permit was issued by the Florida Department of Agriculture and Consumer Services, 

Division of Plant Industry (permit #714). Populations were chosen according to 

availability of permits and representativeness of the distributions of the species. When 

available, at least two populations of the congeners were selected from within Florida.  

All samples used are listed in supplementary table 1, with both GenBank 

accessions and voucher information.  

DNA Extractions, Amplification and Sequencing 

DNA was extracted from all specimens of Ilex, Prunus, and Polygala following a 

modified CTAB DNA extraction protocol (Doyle and Doyle, 1987; Cullings, 1992). For 

Persea, the protocol yielded mucilage, and an extraction kit (Invitrogen ChargeSwitch 

gDNA Plant Kit, Life Technologies, Carlsbad, CA) was required to yield DNA of good 

quality.  

For all genera except Persea, primers ITS1 and ITS4 (White et al., 1990) were 

used for PCR amplification. For these species, 1 μL of DNA (~10-100 ng) was added to 

49 μL of a master mix composed of 1x buffer (200 mM Tris-HCl (pH 8.4), 500 mM KCl), 
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2.5 mM MgCl2, 1 M betaine, 0.8 mM dNTPs, 0.5 μM each primer, and 2.5 units of Taq 

polymerase. PCR conditions were as follows: 95°C for 2 min, 5 cycles of 95°C for 1 min, 

53°C for 1 min and 72°C for 2 min, 40 cycles of 95°C for 1 min, 48°C for 1 min and 72°C 

for 2 min, then a 12-min hold at 72°C. The product was cooled to, and stored at, 4°C.  

For Persea, LAUR1 and ITSB were used, following other analyses of Lauraceae 

phylogeny (Blattner, 1999; Chanderbali, van der Werff, and Renner, 2001) (Table 1). 

In the case of Persea and Prunus, ITS alone did not provide the resolution 

needed, and the chloroplast spacers atpB-rbcL, psbC-trnS, rpl32-trnL, trnC-ycf6, trnH-

psbA, trnL-F and trnS-G were sequenced for all three North American Persea species, 

and rpl16, trnS-trnG, trnL intron, trnL-F and trnS-G were sequenced for the Prunus 

accessions (Table 1). PCR components were: 0.5-1.0 μL template DNA, 1x buffer, 2.5 

mM MgCl2, 0.25 μM dNTPs, 2.5 μM primers, and 0.5 unit Taq polymerase in a 25-μL 

solution. These regions were amplified using a “touchdown” protocol with the following 

parameters: 94˚C, 3 min; 8x (94˚C, 30 s; 60–51˚C, reducing 1˚C per cycle, 1 min; 72˚C, 

3 min); 30x (94˚C, 30 s; 50˚C, 1 min; 72˚C, 3 min); 72˚C, 3 min. 

All PCR products were verified on a 1.2% agarose gel for a strong single band and 

then sequenced at the Interdisciplinary Center for Biotechnology Research at the 

University of Florida using an ABI 3730 DNA sequencer (Applied Biosystems, Carlsbad, 

CA). Each product was sequenced with both primers to confirm results.  

Data Matrices, Sequence Alignment and Phylogeny Reconstruction 

For all phylogenies, published sequences were obtained from authors of published 

phylogenies and from GenBank in order to complement our own set of sequences 

(Supplementary Table 1). For Prunus, aligned chloroplast sequences were obtained 

from J. Shaw (Shaw and Small, 2004) and GenBank (Bortiri et al., 2001; Lee and Wen, 



 

33 

2001; Bortiri and Potter, unpublished) in order to complete our data set of ITS, rpl16, 

trnL intron, trnL-F and trnS-G. Prunus domestica and P. tomentosa were used as 

outgroups (Shaw and Small, 2004). For Polygala, our own sequences of ITS were 

added to those of J. R. Abbott from a larger phylogenetic analysis of Polygalaceae, and 

Moutabea, Atroxima and Carpolobia were chosen as outgroups (Abbott et al., in prep). 

For Persea, ITS sequences were downloaded from GenBank (Rohwer, 2000; 

Chanderbali, van der Werff, and Renner, 2001; Chen et al., 2009; Garcia-Chavez et al., 

unpublished), and ITS and chloroplast regions were generated (atpB-rbcL, psbC-trnS, 

rpl32-trnL, trnC-ycf6, trnH-psbA, trnL-F and trnS-G) for all three North American species 

and one P. americana accession as an outgroup. Finally, sequences of Ilex ITS were 

obtained from A. Gottlieb (Gottlieb, Giberti, and Poggio, 2005) and added to sequences 

from GenBank (Manen et al., 2010; Landherr and Higgins, unpublished), and Ilex 

cornuta was used as the outgroup.  

Phylogenetic analyses were conducted separately for each of the four genera.  

Sequences were assembled and aligned in Geneious 5.1.7 (Drummond et al., 2010) 

using MAFFT (Katoh, Misawa, and Kuma, 2002; Kuma and Toh, 2005), followed by 

manual adjustment to maximize positional homology.  Maximum likelihood analysis was 

performed in RAxML 7.2.8 (Stamatakis, 2006), using the GTRGAMMA model with 

10000 bootstrap replicates of a maximum likelihood search with partitioning of data sets 

into nuclear and chloroplast partitions for both Persea and Prunus. These trees were 

imported into FigTree v.1.3.1 (Rambaut, 2009) and exported in a NEXUS format in 

order to use PAUP* 4.0a114-x86-macosx (Swofford and Sinauer, 2003) for hypothesis 

testing.   
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Hypothesis Testing 

Following the reconstruction of the phylogenies, we formally tested each scenario 

on the origin of the central Florida scrub against our data. For each genus, several trees 

were constrained, placing the Florida endemic as sister to a species that would support 

either the western or the eastern hypothesis. For example, for Prunus (Figure 1) the 

western hypothesis would place Prunus geniculata sister to Prunus texana (Figure 1.a), 

while the eastern hypothesis would place it sister to P. maritima (Figure 1.b). For each 

biogeographic scenario, one or more putative sister species were tested. Corresponding 

tree topologies were manually constrained using MacClade 4.08 OS X (Maddison and 

Maddison, 2000) to adjust the placement of the Florida scrub endemic. In order to 

statistically test the two hypotheses, the simulated trees were tested against the most 

likely tree from our data set using the Approximately Unbiased (AU) (Shimodaira, 2002)  

and the Shimodaira-Hasegawa (SH) (Shimodaira and Hasegawa, 1999) tests 

implemented in PAUP*. We used a Resampling of the Estimated Log Likelihoods 

(RELL) with 100,000 replicates to test whether each hypothesis could be rejected as 

being identical to the best tree from the likelihood analysis. These tests use a 

bootstrapping (multi-scale bootstrapping in the case of AU) method on the site 

likelihoods of the different trees to produce a P-value. The resulting P-value for each 

hypothesis was considered significant if less than 0.05. In the cases where more than 

one sister species had to be tested for a given hypothesis, a Bonferroni correction was 

applied to the P-value.  

For Prunus, we tested the western hypothesis with P. texana and P. subcordata as 

sister to the Florida endemic, and the eastern hypothesis with P. maritima and P. 

americana. Prunus angustifolia was also tested because it has some morphological 
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similarities to the Florida endemic and occurs in Florida. For Polygala, the western 

hypothesis was tested with P. scoparia, P. myrtifolia and P. californica separately as 

sister to the endemic, and for the eastern hypothesis, P. polygama, P. incarnata and P. 

mariana were tested separately. Polygala crenata was also tested, although it does not 

reflect one particular hypothesis but appears in the trichotomy with Polygala lewtonii 

and P. polygama. For Persea, P. palustris and P. borbonia were tested separately as 

sister to the endemic, encompassing all three North American Persea species. Finally, 

no species of Ilex are native to the western U.S. (the only species occurring naturally in 

the wild are recent establishments of Asian species). Three eastern species, Ilex opaca 

var. opaca, I. cassine and I. myrtifolia, were all tested separately as sister to I. opaca 

var. arenicola, the central Florida scrub endemic.  

Results 

Phylogenetic Analyses 

Sequences of ITS (including 5.8S) varied in length, from 679 bp for Polygala, to 

632 bp for Prunus, from 500 bp to 684 bp for Ilex and 587 bp on average for Persea.  

For Prunus (Figure 2), the combined ITS + chloroplast tree has a topology 

somewhat different from that of Shaw et al. (2004). A well-supported clade (99% 

bootstrap value (BS)) contains P. geniculata, P. maritima var. gravesii and some 

accessions of P. maritima var. maritima. This coincides with results of the chloroplast-

only analysis of (Shaw and Small, 2005). However, not all the P. geniculata accessions 

(identified by the 3 or 4 digits following the name) form a monophyletic group, nor do all 

of the accessions of P. maritima var. maritima. Although one accession of the latter 

forms a clade with P. geniculata, three others form a clade (86% BS) with P. nigra, P. 

umbellata and P. angustifolia.  
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The broad relationships within the large genus Polygala will not be discussed in 

this paper (Abbott, 2009; Abbott et al., in prep). Within the clade of interest, containing 

all species occurring in the southeastern U.S., P. lewtonii, P. crenata and P. polygama 

each forms a monophyletic group, all included in a well-supported (99% BS) clade. 

However, the relationships among the three species are unresolved (Figure 3). 

For Persea (Figure 4), the tree combining ITS and chloroplast data places P. 

borbonia, P. palustris and the endemic P. humilis together in an unresolved trichotomy. 

Within this clade, the two accessions of P. palustris form a clade (87% BS). However, 

neither P. borbonia nor P. humilis appears to be monophyletic.  

For Ilex (Figure 5), a clade encompassing I. myrtifolia, I. cassine and both varieties 

of I. opaca shows strong support (96% BS). Within this clade, I. myrtifolia forms a clade 

with I. cassine (94% BS), and I. opaca var. opaca forms a clade with the scrub endemic 

I. opaca var. arenicola (75% BS). However, within those two clades, none of the species 

are monophyletic.  

Biogeographic Hypotheses 

Analyses of two of the species support the eastern hypothesis, and none support 

the western one (all results of all tests are shown in Table 2-2). For Prunus, both 

eastern (AU p=0.0000; SH p=0.0058-0.0155) and western (AU p=0.0000; SH p=0.0045-

0.0056) hypotheses are rejected. AU results clearly reject all scenarios, but SH values 

weakly support P. texana and P. americana being sister to P. geniculata, each 

respectively representing the eastern and the western hypothesis. These P-values are 

still significantly smaller than 0.05.   

For Polygala, the results are very clear: the only hypothesis that cannot be 

rejected is the eastern one, with the endemic Polygala lewtonii sister to the eastern 
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widespread P. polygama (AU p=0.4255; SH p=0.8450) or P. crenata (AU p=0.5179; SH 

p=0.9632). All other hypotheses are rejected at 99%.  

For Persea, neither hypothesis—of the endemic P. humilis being sister to P. 

borbonia (AU p=0.1399; SH p=0.2826) or to P. palustris (AU p=0.0558; SH p=0.2595) 

—can be rejected. The latter two species have similar southeastern distributions, but 

the western limit of their natural distribution reaches Texas. Even though their 

distributions reflect the eastern hypothesis more than the western one, the rejection of 

either hypothesis is therefore not possible.  

Finally, for Ilex, both hypotheses are rejected with AU (p=0.0000). However, with 

SH, which is usually more conservative (Shimodaira, 2002), the Ilex opaca var. 

arenicola/Ilex opaca var. opaca hypothesis cannot be rejected (p=0.3536). Ilex opaca 

var. opaca has a widespread eastern distribution, and these results therefore support 

the eastern hypothesis.   

Discussion 

Phylogenetic Relationships of the Focal Species 

All the phylogenies presented here show improved understanding from previously 

published work, even if they sometimes reveal more complexity than previously thought. 

For Prunus, the most recently published phylogeny found P. geniculata to be sister to P. 

maritima (Shaw and Small, 2005). Previously, P. geniculata had been considered 

closely related to P. texana due to their many morphological similarities, or to P. 

angustifolia due to the resemblance of their flowers (Harper, 1911; Shaw and Small, 

2005). The addition of our accessions shows several inconsistencies with the Shaw and 

Small results. First, the multiple accessions of P. geniculata do not form a clade. 

Instead, the two accessions of P. maritima from the Shaw and Small study form a clade 
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that is part of a trichotomy with P. geniculata accession 106 and a clade with the three 

other accessions of P. geniculata. Additionally, our own accessions of P. maritima var. 

maritima were placed in a clade sister to a clade of P. nigra, P. umbellata and P. 

angustifolia. The monophyly of both P. geniculata and P. maritima need to be 

reevaluated with additional accessions and sequence data. Prunus texana, however, 

falls outside of these two clades, making the western hypothesis less likely than the 

eastern one.  

For Polygala, the addition of several accessions of P. lewtonii and P. polygama to 

a larger data set (Abbott et al., 2009) shows a very well-supported clade encompassing 

P. polygama, P. lewtonii and P. crenata, all strongly reciprocally monophyletic. This is 

consistent with previous findings for the group (Abbott, 2009). Polygala crenata is a rare 

species found in the panhandle of Florida, along the Gulf coast and into eastern Texas. 

Because the rest of the tree is well resolved, the trichotomy of P. lewtonii, P. polygama 

and P. crenata suggests recent and/or rapid phylogenetic divergence. Additional loci—

either chloroplast spacers or nuclear gene introns—might be able to resolve this 

trichotomy.   

Persea borbonia, P. palustris and P. humilis formed a trichotomy that could not be 

resolved, and is best explained by a recent and rapid radiation of the lineage. Persea 

palustris is the only species for which all accessions form a clade; however, we have 

only two accessions of P. palustris. Despite very similar morphology between P. 

borbonia and P. palustris, both of which are distinct from P. humilis, the latter species is 

sometimes considered a subspecies of P. borbonia (Wunderlin, 1998). The phylogeny 
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fails to reject this hypothesis. Additional sequence data, or a population-level study, 

should be considered to shed light on the relationships among these three species.  

The Ilex phylogeny refines our current understanding of this complex genus. Ilex 

arenicola was first described as a separate species by Ashe (Ashe, 1924), who then 

merged it with Ilex opaca, resulting in two varieties (Ashe, 1925). According to our 

findings, Ilex opaca var. arenicola and Ilex opaca var. opaca are not reciprocally 

monophyletic, suggesting that the endemic variety might not be a valid taxonomic entity. 

More sequence data are needed to evaluate these relationships further. The Ilex opaca 

clade is itself sister to another clade that encompasses two species, I. cassine and I. 

myrtifolia. These have similar distributions and were historically considered a single 

entity (Sargent, 1889).  The placement of I. myrtifolia within a clade of I. cassine 

supports Sargent’s (1889) view.  However, the sampling of I. myrtifolia should be 

augmented, and more sequence data should be added before any firm conclusions can 

be drawn regarding the distinctness of these two species. Species of Ilex are known to 

hybridize where distributions overlap (Ashe, 1925; Setoguchi and Watanabe, 2000; Lee 

et al., 2006), and the placement of I. myrtifolia within I. cassine could possibly reflect 

this. A population-level study would be needed in the case of confirmed hybridization 

zones.  

Biogeography and the Origin of the Central Florida Scrub 

The results of my phylogenetic tests support an eastern origin of the Florida scrub 

endemics for both Ilex and Polygala. This hypothesis argues in favor of a glacial 

refugium in Florida for species that were previously widespread in the mesic 

environments of eastern North America. During the last glacial maximum (~10,000 ya), 

some of the populations dispersed to central Florida and became adapted to the more 
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xeric environment. Once the ice sheets retreated and the species migrated northward, 

the scrub-specialized populations stayed on the habitat island of Florida and those in 

the non-scrub habitat moved back to the mesic eastern U.S. With time, these 

populations diverged from those that moved northward through allopatric speciation. 

10,000 years is a very short time for full speciation to occur and so the lack of resolution 

of some phylogenies might be due to a lack of time for divergent populations to fully 

speciate.  

In the case of Prunus, our study cannot statistically support one hypothesis over 

another. The sister relationship of Prunus maritima to P. geniculata is rejected with both 

the AU or SH test. The placement of two P. maritima accessions within the Prunus 

geniculata clade calls for more work to clarify this relationship. The congruence test for 

the tree with Prunus geniculata sister to P. americana, distributed in the eastern half of 

North America, is not significant, nor is the constraint with P. texana, distributed in the 

west, as the sister taxon. Prunus texana, however, falls into a much further clade from 

the Florida endemic than P. maritima. I therefore think it is more likely that additional 

data will support the eastern hypothesis and reject the western one. Similar to the 

findings for the Florida scrub lizard, Sceloporus woodii (Clark, Bowen, and Branch, 

1999; Miles et al., 2002), P. geniculata has been hypothesized to be sister to a western 

relative, based on morphological similarities, but analyses of chloroplast data shifted 

this hypothesis, with the closest relative being distributed in eastern North America 

(Shaw and Small, 2005). Morphological similarities can be due to common ancestry, or 

to homoplasious adaptation to local conditions. The very small, dentate leaves, shrub 

habit and possibly pubescent fruits of both P. texana and P. geniculata may be 
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adaptations to their similar dry, sandy environments, and not synapomorphies. At this 

point, the phylogenetic signal is not sufficient to distinguish among the hypotheses. 

For Persea, neither hypothesis can be rejected. Additionally, both P. palustris and 

P. borbonia have similar distributions in the southeastern U.S. extending into Texas, 

preventing us from testing the two phylogeographic hypotheses.  

Lastly, Ilex opaca var. arenicola shows no phylogenetic distinction from the 

widespread southeastern I. opaca var. opaca. Despite the lack of statistical significance 

for the eastern hypothesis using the AU test, the SH test shows a rejection of all 

hypotheses except that of Ilex opaca var. opaca/Ilex opaca var. arenicola being closest 

relatives. In view of the phylogenetic results, we conclude that Ilex opaca var. arenicola 

and Ilex opaca var. opaca should not be considered separate taxonomic entities. This 

complex phylogeny can be interpreted in several ways in terms of biogeography. Ilex 

opaca var. arenicola could be a separate entity, but resulting from very recent events. 

Also, some Ilex opaca var. opaca populations could just happen to grow in more xeric 

environments and exhibit some different morphological traits as a result of plasticity. Ilex 

opaca is a morphologically variable species (Little, 1971); although the morphological 

differences from I. opaca var. arenicola are quite dramatic, with Ilex opaca var. 

arenicola having much smaller, very spiny leaves of a lighter green color and a highly 

revolute margin when compared to Ilex opaca var. opaca (Wunderlin, 1998). Finally, in 

situ speciation during the Pleistocene glaciations, as for Polygala, could have given rise 

to I. opaca var. arenicola, and subsequent gene exchange could mean that these two 

entities have not had the necessary time to fully speciate and become reciprocally 
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monophyletic. In either case, the western hypothesis for the origin of Ilex opaca var. 

arenicola is not supported by molecular evidence.  

Evidence for two of four species supports an eastern origin of the central Florida 

scrub endemics. Previous studies for Chamaecyparis, Eryngium and Polygonella have 

found similar results of an eastern origin with a glacial refugium explanation (Lewis and 

Crawford, 1995; MacDonald and Hamrick, 1996; Mylecraine et al., 2004). For Pinus 

clausa, the once-held belief that there was a Florida refugium was not supported; 

instead, the refugium was found to be in an ice-free northern part of North America, with 

subsequent colonization of Florida, accompanied by speciation by isolation of the P. 

clausa endemic (Parker et al., 1997). Similarly, Ceratiola ericoides is thought to have 

expanded its range during the Pleistocene glacial maxima, resulting in two northern 

populations. A subsequent long-distance dispersal event from Florida to coastal 

Georgia post-dates the last glaciation (Trapnell et al., 2007). These last two species 

illustrate the potentially complex histories of the Florida scrub endemics relative to their 

sister species, more complex than either of the hypotheses we have tested here. 

Notably, both studies shed light on complex histories with the help of population-level 

sampling, and of calibration of phylogenies (see below). Further research on our 

species of focus at the population level will most likely shed light on some of the 

questions that remain on the origins and processes that have shaped the central Florida 

scrub biota. 

Implications for Community Assembly and Conservation 

Examining community structure as a means to elucidate the different scenarios of 

community assembly is not a new exercise (Sutherland, 1974; Drake, 1991). However, 

testing different scenarios in a statistically sound manner can improve our 
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understanding of community structure, and the role of colonization history vs. present 

ecological interactions governing this community (Baldwin and Robichaux, 1995). 

Despite the fact that my study only encompassed four species from a targeted 

community, the molecular evidence presented here gives us a glance at one of the 

forces that have shaped the central Florida scrub. It is important for community ecology 

to incorporate historical, systematic and biogeographical information (Ricklefs, 1987). 

For each of the clades we examined, the present geographical distribution of species is 

determined by four main characteristics: their ancestral ecological niche, the 

geographical starting point for dispersal, the biotic and abiotic limitations to their current 

dispersal ability and their opportunities for niche evolution (Wiens and Donoghue, 

2004). If we consider Polygala and Ilex, the two endemics may have evolved when 

abiotic factors forced them to disperse into new niches in Florida, most likely during the 

Pleistocene. The ecologically adapted traits therefore evolved in situ, reinforcing the 

idea that the central Florida scrub endemics should not be expected to be 

morphologically similar to their congeners. For Ilex, the more complex evolutionary 

history of the scrub endemic could well be due to it being an easily hybridizing species.  

It is important to note that due to a lack of fossils in the region, associated with the 

absence of timelines in the published material, we do not have time estimations on the 

speciation events. We make the assumption that the eastern hypothesis, which was not 

rejected for all but one of the species, took place during the Pleistocene glaciations. 

However, rigorous timing of the phylogenies is needed to support this interpretation, or 

potentially reveal a more complex history that would have led to the same topology and 

inferences of community assembly (Ackerly, 2004).   
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Conclusions 

The different phylogenies successfully place three of the initial four Florida scrub 

endemics in well-supported clades, identifying one or a few close relatives, using these 

results to statistically test scenarios of origin of the central Florida scrub. These tend to 

converge towards the scenario of an eastern North American origin, most likely 

accompanied by in situ divergence during the Pleistocene glacial maxima, when Florida 

served as a refugium for more temperate species. This scenario has also been 

observed in numerous other species endemic to the central Florida scrub, in far more 

cases than species with western relatives. However, some stories are more complex 

than either an eastern or western origin, especially when data are obtained at the 

population level (Trapnell et al., 2007).  

The implications of one period of migration and in situ evolution of ecologically 

important traits is positive for the ability of the community to potentially adapt to 

changing conditions. An emerging field in biology is using phylogenetics to understand 

and predict long-term community dynamics (Willis et al., 2008), ecosystem processes 

(Cadotte, Cardinale, and Oakley, 2008) and response of ecosystems to global change 

(Edwards, Soltis, and Soltis, 2006). Increasing rates of environmental change, may it be 

climate, invasions or urbanization, mean that it is more important than ever to 

understand the causes of community structure in concluding the origin of a community 

in order to understand how species will respond to change (Cavender-Bares, Kozak, 

and Fine, 2009).  

Additional species endemic to the highly threatened central Florida scrub urgently 

need to be studied in order to better grasp some of the complexities of the history and 
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formation of this region. Further studies at the population level will also shed light on 

some of the questions that could not be answered through phylogenetic analysis.  

Table 2-1. List of primers used for all species in this study 

Taxon 
Gene 

region 
Primer name and sequence Reference 

Polygala    

 ITS ITS1: (TCCGTAGGTGAACCTGCGG) (White et al., 1990) 

  ITS4: (TCCTCCGCTTATTGATATGC) (White et al., 1990) 

Ilex    

 ITS ITS1: (TCCGTAGGTGAACCTGCGG) (White et al., 1990) 

  ITS4: (TCCTCCGCTTATTGATATGC) (White et al., 1990) 

Prunus    

 rpl16 71F: (GCTATGCTTAGTGTGTGACTCGTTG) 
(Jordan, Courtney, 

and Neigel, 1996) 

  1661R: (CGTACCCATATTTTTCCACCACGAC) 
(Jordan, Courtney, 

and Neigel, 1996) 

 trnL-F C: (CGAAATCGGTAGACGCTACG) (Taberlet et al., 1991) 

  F: (ATTTGAACTGGTGACACGAG) (Taberlet et al., 1991) 

 trnS-G trnG3'-UUC: (GTAGCGGGAATCGAACCCGCATC) (Shaw et al., 2005) 

  trnS-GCU: (AGATAGGGATTCGAACCCTCGGT) (Shaw et al., 2005) 

 ITS 17SE: (ACGAATTCATGGTCCGGTGAAGTGTTCG) (Sun et al., 1994) 

  26SE: (TAGAATTCCCCGGTTCGCTCGCCGTTAC) (Sun et al., 1994) 

Persea    

 atpB-rbcL F: (ACATCKARTACKGGACCAATAA) 
(Chiang, Schaal, and 

Peng, 1998) 

  R: (AACACCAGCTTTRAATCCAA) 
(Chiang, Schaal, and 

Peng, 1998) 

 psbC-trnS psbC: (GGTCGTGACCAAGAAACCAC) 
(Demesure, Sodzi, 

and Petit, 1995) 

  trnS: (GGTTCGAATCCCTCTCTCTC) 
(Demesure, Sodzi, 

and Petit, 1995) 

 rpl32-trnL trnL(UAG): (CTGCTTCCTAAGAGCAGCGT) (Shaw et al., 2007) 

  rpL32-F: (CAGTTCCAAAAAAACGTACTTC) (Shaw et al., 2007) 

 trnC-ycf6 ycf6R: (GCCCAAGCRAGACTTACTATATCCAT) (Shaw et al., 2005) 

  trnC (GCA): (CCAGTTCAAATCTGGGTGTC) 
(Demesure, Sodzi, 

and Petit, 1995) 

 trnH-psbA F: (TGATCCACTTGGCTACATCCGCC) (Xu et al., 2000) 

  R: (GCTAACCTTGGTATGGAAGT) (Xu et al., 2000) 

 trnL-F C: (CGAAATCGGTAGACGCTACG) (Taberlet et al., 1991) 

  F: (ATTTGAACTGGTGACACGAG) (Taberlet et al., 1991) 

 trnS-G trnG3'-UUC: (GTAGCGGGAATCGAACCCGCATC) (Shaw et al., 2005) 

  trnS-GCU: (AGATAGGGATTCGAACCCTCGGT) (Shaw et al., 2005) 

 ITS LAUR1: (ACCACCACCGGCAACCA) 

(Chanderbali, van der 

Werff, and Renner, 

2001) 

  ITSB: (CTTTTCCTCCGCTTATTGATATG) (Blattner, 1999) 
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Table 2-2. Results of the AU tests on different phylogeographical hypotheses for all 4 
central Florida endemic species. AU results are given by a P-value. * shows 
significance at 0.05. This means that the tree of the hypothesis is different 
from the consensus tree (null hypothesis: trees are the same). 

Genus Clades hypothesized Hypothesis AU P-

value 

SH P-

value 

Conclusion 

Prunus  P. geniculata/P. americana Eastern 0* 0.0155* Reject 

P. geniculata/P. maritima Eastern 0* 0.0058* Reject 

P. geniculata/P. subcordata Western 0* 0.0045* Reject 

P. geniculata/P. texana Western 0* 0.0109* Reject 

P. geniculata/P. angustifolia   0* 0.0056* Reject 

Polygala 

  

P. lewtonii/P. polygama Eastern 0.4255 0.8450 Fail to reject 

P. lewtonii/P. crenata   0.5179 0.9632 Fail to reject 

P. lewtonii/P. incarnata Eastern 0* 0* Reject 

P. lewtonii/P. mariana Eastern 0* 0* Reject 

P. lewtonii/P. scoparia Western 0* 0* Reject 

P. lewtonii/P. myrtifolia Western 0* 0* Reject 

P. lewtonii/P. californica Western 0* 0* Reject 

Persea P. humilis/P. borbonia   0.1399 0.2826 Fail to reject 

P. humilia/P. palustris   0.0558 0.2595 Fail to reject 

Ilex I. opaca var. arenicola/I. opaca var.  

opaca 

Eastern 0* 0.3534 Fail to reject 

I. opaca var.  arenicola/I. cassine Eastern 0* 0.0059* Reject 

I. opaca var.  arenicola/I. myrtifolia Eastern 0* 0.0059* Reject 
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Table 2-3. All accessions used, herbarium voucher number and location, sample location, reference, and all GenBank 
accessions (accessions with * are novel and were produced for this study 
 

 

herbarium 

voucher 
location reference GenBank accessions 

Ilex phylogeny    ITS        

I. opaca opaca 1201            

I. opaca opaca 202            

I. opaca opaca 120 CGA FL          

I. opaca arenicola 108 CGA FL          

I. opaca   

(Landherr and 

Higgins, 

unpublished) 

AF20059

0  
       

I. opaca opaca 1401            

I. opaca arenicola 116 CGA FL          

I. opaca opaca 1504            

I opaca opaca 1001 CGA FL          

I. opaca opaca 802            

I. opaca opaca 801            

I. opaca arenicla 106 CGA FL          

I. opaca arenicola 121 CGA FL          

I. opaca opaca 1204            

I. cassine (Manen)   

(Manen, Boulter, 

and Naciri-

Graven, 2002) 

AJ49266

7 
       

I. cassine (Loizeau)   
(Manen et al., 

2010) 

FJ39466

4 
       

I. myrtifolia 501            

I. cassine 702            

I. cassine (Landherr)   

(Landherr and 

Higgins, 

unpublished) 

AF20058

8 
       

I. cassine 107  FL          
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Table 2-3.  Continued. 

I. vomitoria   
(Gottlieb, Giberti, 

and Poggio, 2005) 

AF17462

5 
       

I. crenata  FL 
(Gottlieb, Giberti, 

and Poggio, 2005) 

AH0071

44 
       

I. glabra   
(Gottlieb, Giberti, 

and Poggio, 2005) 

AJ27534

2 
       

I. cornuta   

(Landherr and 

Higgins, 

unpublished) 

AF20059

1 
       

            

Prunus phylogeny    ITS rpl16 trnS-trnG 
trnL 

intron 
trnL-F    

P. unbellata 
JSh774-003 

(TENN) 
FL 

(Lee and Wen, 

2001; Shaw and 

Small, 2004) 

AF17949

3 

AY5006

47 

AY5007

09 

AY5007

52 
AY500771    

P. nigra 
JSh979 

(TENN) 
VT 

(Shaw & Small, 

2004) 
 

AY5006

48 

AY5007

10 

AY5007

53 
AY500772    

P. angustifolia 
JSh785 

(TENN) 
GA 

(Shaw & Small, 

2004) 
 

AY5006

44 

AY5007

06 

AY5007

49 
AY500768    

P. maritima maritima 902  DE          

P. maritima maritima 903  DE          

P. maritima maritima 901  DE          

P. geniculata 
JSh989 

(TENN) 
FL 

(Shaw and Small, 

2004) 
 

AY5006

51 

AY5007

13 

AY5007

56 
AY500775    

P. geniculata 107 CGA FL          

P. genicualta 105 CGA FL          

P. maritima maritima 
JSh877-045 

(TENN) 
MA 

(Shaw and Small, 

2004) 
 

AY5006

52 

AY5007

14 

AY5007

57 
AY500776    

P. maritima gravesii 

Conn 

Greenhouse 

(TENN) 

 
(Shaw and Small, 

2004) 
 

AY5006

53 

AY5007

15 

AY5007

58 
AY500777    

P. geniculata 106 CGA FL          

P. americana 
JSh038 

(TENN) 
TN 

(Shaw and Small, 

2004) 
 

AY5006

38 

AY5007

00 

AY5007

43 
AY500762    
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Table 2-3.  Continued. 

P. texana 
JSh924-077 

(TENN) 
TX 

(Shaw and Small, 

2004) 
 

AY5006

54 

AY5007

16 

AY5007

59 
AY500778    

P. subcordata 
J.Syring 

(TENN) 
CA 

(Shaw and Small, 

2004) 
 

AY5006

55 

AY5007

17 

AY5007

60 
AY500779    

P. domestica 
DPRU 350 

(TENN) 
 

(Shaw and Small, 

2004) 
 

AY5006

59 

AY5007

21 
     

P. tomentosa 

DPRU 

2316.4 

(TENN) 

 
(Shaw and Small, 

2004) 
 

AY5006

67 

AY5007

29 
     

            

Polygala phylogeny    ITS        

P. polygama 1206  MA          

P. polygama 101 CGA FL          

P. polygama (JH) JH           

P. polygama (JRA)            

P. polygama ( R)            

P. polygama 601  WI          

P. polygama 602  WI          

P. polygama 402  IL          

P. polygama 401  IL          

P. lewtonii 105 CGA FL          

P. lewtonii 102 CGA FL          

P. lewtonii 107 CGA FL          

P. lewtonii (R1)            

P. lewtonii (R2)            

P. crenanta ( R)            

P. crenata (JRA1)            

P. crenata (JRA2)            

P. incarnata            

P. setacea            
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Table 2-3.  Continued. 

P. mariana            

P. smallii            

P. galapageia            

P. scoporia            

P. vulgaris            

P. myrtifolia            

P. californica            

Carpolobia            

Atroxima            

Moutabea            

            

Persea phylogeny    ITS 
atpB-

rbcL 

psbC-

trnS 

rpl32-

trnL 
trnC-ycf6 

trnH-

psbA 
trnL-F  trnS-G 

P. palustris 112 CGA           

P. palustris 1401  PA          

P. borbonia 104 CGA           

P. borbonia 805 LM MI          

P. humilis 103 CGA           

P. humilis 107 CGA           

P. borbonia 113 CGA           

P. americana            
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Figure 2-1. Phylogeographical hypotheses for the Prunus complex. Figure 1a (left) represents the western hypothesis, 

and Figure 1b (right) the eastern hypothesis. These trees were generated in MacClade 4.08 OS X (Maddison 
and Maddison, 2000). 
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Figure 2-2.Prunus chloroplast + ITS combined maximum likelihood analysis with 

bootstrap values. Accessions are indicated by 3 or 4 numbers, and the central 
Florida scrub endemic is in bold. 

 
 
Figure 2-3. Polygala ITS maximum likelihood analysis with bootstrap values. 

Accessions are indicated by 3 or 4 numbers, and the central Florida scrub 
endemic is in bold. 

 

P. smallii

P. polygama (JRA)

P. polygama 602

P. crenata (JRA2)

P. mariana

P. polygama 401

P. vulgaris

P. lewtonii 105

P. polygama 601

P. lewtonii 102

P. myrtifolia

P. polygama1206

Moutabea

P. lewtonii (R2)
P. crenata (R)

Atroxima

P. galapageia
P. scoparia

P. poylgama (JH)

P. polygama (R)

P. crenata (JRA1)

P. lewtonii (R1)
P. lewtonii 107

P. californica

P. polygama101

P. incarnata
P. setacea

Carpolobia

P. polygama 402

77

66

79
84

83

94

98

98

59

96

100

67

99

77

92

99

100

89

57

100

99

98

96

78

100



 

53 

 
 
Figure 2-4. Persea plastid and ITS combined maximum likelihood analysis with 

bootstrap values. Accessions are indicated by 3 or 4 numbers, and the central 
Florida scrub endemic is in bold. 

 

 
 
Figure 2-5 Ilex ITS maximum likelihood analysis with bootstrap values. Accessions are 

indicated by 3 or 4 numbers, and the central Florida scrub endemic is in bold. 
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CHAPTER 3 
IS MICROSATELLITE FRAGMENT LENGTH VARIATION THE BEST MARKER FOR 

POPULATION-LEVEL STUDIES? THE CASE OF POLYGALA LEWTONII  

Genetic diversity is one of the three forms of biodiversity recognized by the 

International Union for the Conservation of Nature (IUCN). It is linked to the fitness of a 

species, as well as its capacity to adapt to future environmental changes (Reed and 

Frankham, 2003). Particularly in the case of endangered species, or endemics from 

threatened habitats, it is especially useful to consider genetic diversity and partitioning 

for conservation management plans (Ellstrand and Elam, 1993; Petit, El Mousadik, and 

Pons, 1998; Crandall et al., 2000; Frankham, 2003; Reed and Frankham, 2003; 

Frankham, 2005).  

Microsatellites and Flanking Regions 

The genetic study of plants at the inter- or intraspecific level has often been 

hampered by a lack of molecular markers. Plant cpDNA evolves more slowly than the 

popular animal mtDNA and is often not sufficiently variable for final-scale analyses of 

plant population diversity. Recombining autosomal DNA encompasses a bigger pool of 

genetic variation and information to reconstruct coalescence and recent evolutionary 

history.  

Microsatellites, or more generally simple sequence repeats (SSRs), have become 

popular due to their abundance, high polymorphism caused by repeat-length variation, 

their co-dominance and Mendelian inheritance (Morgante and Olivieri, 1993). But 

microsatellites, despite all their advantages, still present some problems (Selkoe and 

Toonen, 2006). Several studies have examined the different biases in the practice of 

microsatellite genotyping, namely our sole reliance on fragment length to score these 

loci despite the complexity of the composition of the repeats (Culver, Menotti-Raymond, 
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and O'Brien, 2001; Ramakrishnan and Mountain, 2004; Anmarkrud et al., 2008) and the 

influence of flanking region polymorphism on results (Blankenship, May, and 

Hedgecock, 2002; Selkoe and Toonen, 2006; Vali et al., 2008). In general, the extent of 

homoplasy among alleles of the same population, different populations of the same 

species, and between closely related species is still not well understood, and its effect 

has seldom been evaluated. 

Homoplasy occurs when an identical fragment length or repeat number results 

from different evolutionary histories. It has been shown in some studies to lead to an 

underestimation of population subdivision and genetic divergence between populations 

or species (Goldstein et al., 1995; Hedrick, 1999; Makova, Nekrutenko, and Baker, 

2000; Selkoe and Toonen, 2006) caused by an inflation of within-population 

polymorphism and allelic diversity. In the case of particularly fast-evolving loci, the 

tendency can invert itself and inflate levels of gene flow between populations (Rousset, 

1996; Epperson, 2005; Selkoe and Toonen, 2006). Other studies estimate that these 

biases are not significant, especially for populations with ‘shallow’ history and moderate 

effective population size (Estoup, Jarne, and Cornuet, 2002), or in the case of 

interrupted and/or compound microsatellites (Adams, Brown, and Hamilton, 2004).  

One of the ways to decrease the problem of homoplasy in a data set is to 

sequence the flanking regions of the microsatellite. The flanking region is the non-

repeat nucleotides on either side of the SSR tandem repeat, for about 100-150 bp on 

each side of the SSR repeat region, or 200-300 bp total. Nucleotide substitution in these 

regions is believed to be more slowly evolving than repeat-number evolution of the 

microsatellite itself, but the nucleotide substitution occurring in non-coding regions might 
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still exhibit some degree of polymorphism, and in some cases significantly so (Vali et 

al., 2008). Being able to identify different haplotypes in the non-repeat flanking 

sequences enables us to identify homoplasious alleles in microsatellite variation 

(Blankenship, May, and Hedgecock, 2002; Vali et al., 2008). More recently, the 

variability in the flanking regions has been the target of some low-level phylogenetic 

studies, and proved useful for resolving relationships among closely related species 

(Zardoya et al., 1996; Rossetto, McNally, and Henry, 2002; Chatrou et al., 2009). At the 

intraspecific level, very few studies have used microsatellite flanking regions, but those 

that have obtained resolution (Grimaldi and Crouau-Roy, 1997; Waters and Wallis, 

2000; Mogg et al., 2002; Won et al., 2005; Ablett, Hill, and Henry, 2006), and others 

have found the insertions/deletions (indels) in the flanking regions to be a source of 

homoplasy (Matsuoka et al., 2002). A few studies have been investigating this problem 

in non-model animal species, but none have been conducted to date on plants (Hey et 

al., 2004). I investigated the genetic variation in microsatellite flanking regions in a non-

model species from an endangered ecosystem and compared my findings with 

analyses of fragment length (as would be used in a straightforward population-level 

study using microsatellites) and strict tandem repeat numbers (inferred from sequence 

data).  

I also assessed the genetic variation of this endangered endemic to assess 

conservation priorities. Genetic diversity in one species has increasingly been 

recognized as a direct indicator of ecosystem health, the ability of a species to face 

present and future evolutionary pressures, and high diversity of other associated 
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species (Whitham et al., 2003; Vellend and Geber, 2005; Mitchell-Olds, Willis, and 

Goldstein, 2007; Wade, 2007). 

The Central Florida Scrub 

The Central Florida scrub consists of an area of approximately 150 km by 15 km, a 

long strip of dune systems dominated by the older Lake Wales Ridge and Mount Dora, 

with smaller and younger ridges nearby. More than 20 federally listed plants and over 

40 animals are endemic to the scrub, and as many are narrow endemics with only 

slightly broader ranges (Christman, 1990). This unique and fast-disappearing habitat is 

located on both the coastal and central parts of the peninsula. We are focusing on the 

inland scrub, the broader of which corresponds to past shorelines from the Miocene, 

Pliocene, and early Pleistocene, when sea levels were higher and the peninsula was 

smaller, perhaps even isolated from the continent (Webb, 1990).  

The scrub is characterized by well-drained and nutrient-poor soils, hot and wet 

summers, and dry and mild winters (Abrahamson, 1984b). Intense fires maintain the 

sand scrub with a recurrence frequency of 20-60 years (Menges, 2007). The 

suppression of these fires in scrubs from south-central Florida has resulted in an 

unusual domination of Quercus species and Carya floridana, showing the fragility of this 

system (Myers, 1985; Menges et al., 1993).  

Several species from the Lake Wales Ridge have been studied genetically and 

found to exhibit low genetic diversity (Menges, 2001; Weekley, Kubisiak, and Race, 

2002; Gitzendanner et al., 2011) and limited gene flow (Dolan et al., 1999), while others 

encompass higher diversity than expected (MacDonald and Hamrick, 1996; Menges, 

2001).  
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Some studies suggest that the oldest and highest ridges, the Lake Wales and 

Mount Dora Ridges, are the centers of origin of some species. The mole skink is 

inferred to have originated from both Mount Dora and the Lake Wales Ridge (where the 

genetic diversity is highest), but with a separation of the two lineages by 4 Ma (Branch 

et al., 2003). One recurrent trend is the lack of isolation by distance among populations 

in the Florida scrub species. Many have higher gene flow between the northern and 

southern Lake Wales Ridge than the geographically closer northern Lake Wales Ridge 

and Mount Dora (MacDonald and Hamrick, 1996; Clark, Bowen, and Branch, 1999; 

MacDonald et al., 1999). The endemic Nolina brittoniana and Warea carteri, however, 

reveal a peninsular effect, with a strong association between population location on a 

north-south axis and a cline in allele frequency (Evans et al., 2000). 

Polygala lewtonii 

Polygala lewtonii, Lewton’s milkwort, grows on yellow sand predominantly in 

sandhill, but also in scrubby areas, and on transitional habitats between high pine and 

turkey oak barrens (USFWS, 1999c). This short-lived herb (2-10 years) depends on fire 

for seedling recruitment and survival (Weekley and Menges, submitted).  

In Lake County, FL, a survey in 1995 counted 48 occurrences of P. lewtonii in the 

high pine system of the Ocala National Forest, but most of the habitat is gone today 

(Slapcinsky et al., 2005). The latest review of the species records 49 occurrences in 

2009, but no improvement in the management of these sites (USFWS, 2010). The 

distribution of Polygala lewtonii seems to be generally declining on The Nature 

Conservancy’s monitored sites (USFWS, 1999). A general trend of population 

recruitment two years after a prescribed burn confirms the requirement of fire for seed 

germination (Weekley and Menges, submitted). Even in populations that had 
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disappeared completely, plants reappear a short time after a burn. This seems to show 

a dormant seed bank that can be activated with heat, dryness or other factors 

associated with fires (Slapcinsky, Gordon, and progam, 2003; Slapcinsky et al., 2005).  

Polygala lewtonii is an amphicarpic species that has both below-surface or 

ground-level cleistogamous (closed, obligately selfing) flowers and chasmogamous 

(open-pollinated) flowers occurring on above-ground terminal racemes (Wunderlin, 

1998). This mode of reproduction is found in only a few dozen species in the world and, 

combined with its limited distribution and declining populations, makes this species a 

prime candidate for further investigation.  

Lewton’s milkwort is morphologically similar to the widespread P. polygama, the 

common milkwort (FNAI, 2000b). Although P. lewtonii was first described by Blake in 

1924, C. James was the first to recognize the differences among P. polygama, P. 

crenata (previously P. polygama forma obovata) and P. lewtonii in 1957. The habitats of 

P. lewtonii and P. polygama are distinct, with the former found in the sandhills and the 

latter in low, wet pine lands. Their range seems to overlap only in Lake County (P. 

lewtonii seems to be extirpated in Orange County where it was last recorded in 1957) 

(James, 1957) 

 In a phylogenetic analysis using ITS, Polygala lewtonii, P. crenata and P. 

polygama form an unresolved trichotomy, arguing for a history of refugia in Florida 

during the Pleistocene glacial cycles (Abbott et al., in prep; Germain-Aubrey et al., in 

prep-c). Here I analyze Polygala lewtonii and its widespread close congener P. 

polygama for rigorous comparison of species genetic measures (Gitzendanner and 
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Soltis, 2000), and to compare the effects of using microsatellites and their flanking 

region sequences to estimate population genetic parameters.  

Material and Methods 

Plant Collections 

I collected 148 and 118 individuals for Polygala lewtonii and P. polygama, 

respectively, from 10 and 8 populations encompassing the range of each species (Table 

3-1, Figures 3-1 and 3-2 for location and details of vouchers). Because P. lewtonii is a 

federally listed species, a permit was obtained from the Division of Plant Industry for 

each location (permits #714 and 954). I choose individuals within a location to cover as 

much of the population’s distribution as possible. Also, because the species can 

reproduce with cleistogamous flowers occurring on underground rhizomes, I was careful 

not to collect individuals too close to each other. For each individual, leaves were dried 

and stored in silica gel and taken back to the lab. DNA was extracted following a CTAB 

DNA extraction protocol (Doyle and Doyle, 1987). 

Population on the Nature Conservancy Saddle Blanket (108) 

Population 108, in The Nature Conservancy (TNC) Saddle Blanket, was labeled as 

P. lewtonii when collections were made although there were doubts about its identity. 

The morphology of the plant is somewhat intermediate between P. lewtonii and P. 

polygama, but looking more like P. polygama. It was unexpected at so far south in 

Florida, and the measurement of seed sizes resulted in a range that overlapped sizes 

for P. lewtonii and P. polygama. I checked for polyploidy of the individuals by comparing 

their genome size with those of other P. lewtonii populations. I then used flanking region 

polymorphism and genetic clustering with TESS (see below) to infer the status of this 

population.  
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Development and Amplification of Microsatellite Primers 

A microsatellite library was constructed using the voucher for population 107 and 

biotinylated probes (CA)8 and (GA)8. The protocol used was the same as that which has 

proven successful in our laboratory for approximately 10 other species, some from the 

same ecosystem (Edwards, Soltis, and Soltis, 2007; Edwards et al., 2007; Lopez-

Vinyallonga et al., 2010; Germain-Aubrey et al., 2011). Because we are here interested 

in studying variation in both repeat number of the microsatellite and sequences of the 

flanking regions, we designed the primers to encompass a longer flanking region (about 

300 bp) on the 5’ end of the repeat, designing the other primer close to the other end of 

the repeat. We checked if the primers amplified a comparable region in the sister 

species, P. polygama, and if not, we redesigned the primers. 

All loci were amplified in all samples of both Polygala lewtonii and P. polygama in 

a 10-μL solution containing 1x buffer, 1 M Betaine, 1.5 mM MgCl2

-FAM-, VIC-, NED-, PET-labeled 

M13 primer, and 0.2 unit Taq polymerase. PCR amplification conditions were 3 min at 

95°C, followed by 35 cycles of 45 sec at 95 °C, 1 min 15 sec at 52°C, and 1 min 15 sec 

at 72°C, with a final step of 20 min at 72°C. PCR products were stored at 4°C. PCR 

products were pooled in a NED/PET:VIC/FAM 2:1 ratio and then genotyped on an ABI 

3730 DNA analyzer (Applied Biosystems, Carlsbad, CA, USA) at the Interdisciplinary 

Center for Biotechnology Research at the University of Florida. Microsatellites were 

scored automatically and then checked by eye using Genemapper 1.6 (Soft Genetics, 

State College, PA, USA).  

The same PCR conditions were used to amplify loci destined for sequencing, 

replacing the biotinylated fluorescent dye with an unlabeled M13 primer. PCR products 
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were sequenced on an ABI 3130 DNA sequencer from the long flanking region towards 

the repeat. Sequences were visualized and edited using Geneious Pro 5.3.4 

(Drummond et al., 2010). In the case of clear and unambiguous sequences, the flanking 

regions were considered homozygous, and any fragment length difference was 

attributed to a difference in repeat number. Any ambiguous sequences were discarded, 

and those with more than two or three ambiguous sites were cloned and resequenced, 

assigning any fragment length difference to either an insertion/deletion event in the 

flanking region or a difference in repeat number between the two alleles. Sequences at 

four loci were edited manually and aligned in Geneious Pro 5.3.4 (Drummond et al., 

2010).  

Characterization of Markers 

Using the program ARLEQUIN (Excoffier, Laval, and Schneider, 2005), each locus 

was characterized by the number of alleles per population, the effective number of 

alleles, the observed and expected heterozygosity, and a Hardy-Weinberg Equilibrium 

test.  

All microsatellite data were imported in Excel and formatted for Genalex 6.41 

(Peakall and Smouse, 2006) for analysis and format conversion towards other software 

packages. Micro-Checker 2.2.3 (van Oosterhout et al., 2004) was used to test potential 

genotyping errors, selection biases of loci and the presence of null alleles. SpaGeDi 

1.3a (Hardy and Vekemans, 2002) was used to perform a randomization test with 

10,000 permutations of RST on alleles, for each locus separately and averaged over all 

loci in order to find the best-fitting evolutionary model for these loci. Linkage 

disequilibrium was tested using GENEPOP 4.1 (Raymond and Rousset, 1995; Rousset, 

2008), and because Polygala is a perennial with a few to dozens of annual stems, 
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GENODIVE 2.0b17 (Meirmans and Van Tienderen, 2004) was used to detect the 

presence of clones in the data set.  

Sequences were imported, edited and stored in Geneious Pro 5.3.4 (Drummond et 

al., 2010) and Genalex 6.41 (Peakall and Smouse, 2006) which was also used for 

formatting the files for different software packages. 

Comparison of Markers for Molecular Diversity Indices 

For all analyses, both the fragment length and the repeat numbers were used in 

order to compare them. Genalex 6.41 (Peakall and Smouse, 2006) was used to infer 

observed and expected heterozygosity (HO and HE), mean number of individuals per 

population (NE), mean number of alleles per locus per population (both absolute (Na) 

and effective (Neff)), and the inbreeding coefficient F. Also, an exact Hardy-Weinberg 

Equilibrium test was implemented with a 1,000,000-generation Markov chain (including 

a 100,000 burn-in) in ARLEQUIN 3.1 (Excoffier, Laval, and Schneider, 2005). All 

statistics were averaged over all loci for each population for an analysis of Polygala 

lewtonii alone, and averaged over all populations within each species for a comparison 

of the endemic and its widespread sister species.  

Bottleneck Detection 

The exploration of past bottlenecks and gene flow between populations or sets of 

populations can also help us to better understand the genetic variation and the 

conservation needs of a particular species. The program BOTTLENECK (Cornuet and 

Luikart, 1996) detects an excess of heterozygosity in comparison to the allele frequency 

reduction following a reduction in the effective number of individuals. It does so by 

simulating the coalescent process under the infinite alleles model (IAM), the stepwise 

mutation model (SMM), and a mixed model I set at 90% SMM and allowed for 10% of 
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IAM variance (Luikart et al., 1998). The detection of past bottlenecks is especially 

important for the Florida scrub to test the impact of anthropogenic and natural events on 

demography and genetic diversity.  

Population Structure 

To determine the number and composition of clusters of individuals, we used 

TESS 2.3.1 (Durand et al., 2009), which infers the number of clusters (K) based on 

allelic identity and frequency. It uses a Bayesian likelihood method to minimize 

departure of populations from Hardy-Weinberg equilibrium, in the same way as 

STRUCTURE (Pritchard, Stephens, and Donnelly, 2000; Falush, Stephens, and 

Pritchard, 2003, 2007). The DIC (Deviance Information Criterion) stabilizes around the 

optimal number of clusters (K). However, in contrast to STRUCTURE, TESS includes 

decay of correlation of membership coefficients with distance within clusters. This might 

lead to a slower stabilization of K, and Kmax (with the highest probability) might 

overestimate the true number of clusters. As advised in the manual, the analysis of the 

true number of clusters has to be assessed on the basis of DIC and bar plots. In 

determining the number of clusters, we therefore took into consideration both the curve 

of DIC against K, and the stabilization of the number of clusters in the bar plots. After 

exploratory runs, I ran 100,000 generations encompassing 10,000 burn-in, with 

admixture, for 10 replicates per K=2-6 for both Polygala species, and K=2-8 for Polygala 

lewtonii. I examined the different runs separately to verify the stability of the clusters 

over all runs. I then permutated all runs for the same K and ‘averaged’ them in CLUMPP 

(Jakobsson and Rosenberg, 2007) and subsequently visualized in DISTRUCT 

(Rosenberg, 2004). 
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FST and RST AMOVA analyses with 9,999 permutations were implemented within 

individuals, among individuals within populations, among populations within species, 

and between species through a permutation test that will enable us to infer gene flow 

between populations and ridges. RST is a statistic that corresponds to the evolution 

model of the loci, while FST is a commonly used measure of population structure that is 

less variable than RST, but less adapted to the stepwise mutation model (Hutchinson 

and Templeton, 1999; Hardy, 2003). Using Genalex 6.41 (Peakall and Smouse, 2006), 

a Mantel test was also implemented to test for geographical and genetic correlations 

throughout the range of P. lewtonii, and also along each ridge. The correlation between 

geographical and genetic distances, and its statistical significance, were examined, 

along with the distribution of the pairwise points on the graph:  a more clustered 

distribution of the points around a flat or non-significant line corresponds to a lack of 

isolation by distance due to strong gene flow between populations, while a more 

scattered distribution of the individual points is the sign of strong genetic drift in the 

species (Hutchinson and Templeton, 1999).  

Lastly, I evaluated the contribution of each population of Polygala lewtonii relative 

to other populations in the data set to enable the most careful planning of conservation 

management for this species using the program CONTRIB (Petit, El Mousadik, and 

Pons, 1998). This allelic contribution is then broken down into its contribution to total 

allelic diversity and its divergence from other populations.  

Sequence Analysis 

ARLEQUIN 3.1 (Excoffier, Laval, and Schneider, 2005) was used to infer the 

number of haplotypes, heterozygosity and nucleotide diversity within each population, 

as well as an FST AMOVA analysis with 9,999 permutations, comparable to the one 
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conducted for the microsatellite data sets. Also, the same analysis of allelic contribution 

was done for the sequence data set using CONTRIB (Petit, El Mousadik, and Pons, 

1998).  

Results 

Characterization of Markers 

Ten microsatellites were developed, 8 amplified easily for fragment length, and 5 

were selected for sequencing (Table 3-2). Of the latter five loci, two were found to be 

linked (PolyD12 and PolyE01). I kept both for the flanking region sequences as they 

were concatenated for analyses, but only used PolyE01 for the fragment and repeat 

length variation data set. I did all analyses with three data sets. The ‘traditional’ 

fragment length, as is used in most microsatellite studies. Then, from the sequences, I 

separated the repeat numbers (also a frequency-based data set) from the microsatellite 

flanking region sequences, ending up with three different data sets. No scoring error or 

null alleles were detected for any of the loci, and the RST permutation tests on the 

Polygala lewtonii data set revealed that all loci followed a stepwise mutation model 

(both fragment and repeats data sets) after a sequential Bonferroni correction (Rice, 

1989).  

The average number of alleles per population varied from 1.22 to 3.33 for the 

fragment lengths while the repeats had a similar range of variation of 1.22 and 4.77. 

The effective number of alleles per population varied more for the repeats (0.97-3.44) 

than for the fragments (1.01-1.87). For both data sets, the expected heterozygosity 

(0.01-0.41 for fragments and 0.26-0.69 for repeats) was significantly higher than the 

observed (0.09-0.11 and 0.00-0.06 for fragments and repeats, respectively). Only one 
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locus (Poly49) was in Hardy-Weinberg equilibrium, as might be expected for a rare 

endemic plant with small population sizes (Table 3-3).  

Five loci were successfully sequenced for flanking regions for most of the 

samples. PolyB08 (100 P. lewtonii and 65 P. polygama) is 211 bp long with 3 nucleotide 

substitutions; PolyD12 (66 P. lewtonii and 49 P. polygama) is 280 bp long with 5 

substitution sites, 2 deletions and one 4-bp indel; PolyE01 (48 P. lewtonii and 51 P. 

polygama) is 367 bp long with five substitutions; Poly1 (108 P. lewtonii and 61 P. 

polygama) is 222 long with 7 substitutions and 2 deletions; and Poly5 (135 P. lewtonii 

and 87 P. polygama) is 169 bp long with 3 nucleotide substitutions, 1 deletion, and a 30-

bp insertion inside which are 1 substitution and 1 deletion (Table 3-4).   

Comparison of Markers for Molecular Diversity Indices 

The number of individuals per population in the sequence data set was at least as 

high as for fragments and repeats, although because all loci were concatenated, this did 

not take missing data into account the same way as for frequency-based data (Table 3-

5). Also, when accounting for the number of polymorphic sites, missing data that might 

have occurred in the data set increased polymorphism as it was considered a deletion 

event. However, the number of haplotypes per population was higher than the number 

of effective alleles for both fragments and repeats (4-7), and HE also was consistently 

higher (Table 3-5).  

Hardy-Weinberg equilibrium 

Departure from Hardy-Weinberg equilibrium differed among data sets. The 

populations generally exhibited small differences in the number of significant, 

monomorphic and/or non-significant loci (apart from population 118 which was not 

significant for fragment length but had 2 of 4 loci highly significant in the repeat data 
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set). However, on close examination of the details of the three shared loci between the 

two data sets, 15 inferences of 21 (three loci for 9 populations of Polygala lewtonii) were 

different. The proportion of monomorphic populations for a locus was consistent from 

one marker to the next, with about 41% of monomorphic populations at any one locus. 

However, significantly more populations were non-significant when using fragment 

length (~18%) than repeats (~8%) (Table 3-6).  

Overall genetic diversity indices 

The number of alleles differs, with more alleles per population for the endemic P. 

lewtonii with repeats and fewer in the widespread congener P. polygama (Table 3-7). 

The effective number of alleles follows the same trend. The expected heterozygosity 

differs significantly between fragments and repeats (0.199 and 0.213 for fragments and 

0.335 and 0.062 for repeats for P. lewtonii and P. polygama, respectively), as does the 

observed heterozygosity. Lastly, F, the inbreeding coefficient (Weir and Cockerham, 

1984), also showed significant differences, the repeat data set giving much higher 

estimates of inbreeding than the fragment data set.  

Bottleneck detection 

The Wilcoxon test performed using the IAM, the SMM, and the Two-Phased Model 

(TPM) allowing 10% of infinite allele model-like mutations also showed some 

discrepancies between the fragment and repeats data sets. Using fragment lengths, 

populations 115 (Catfish Creek), 124 and 125 (both in the Ocala National Forest on the 

Mount Dora Ridge) were detected to have gone through a bottleneck under the SMM 

and the TPM, and 102 (Lake Wales Ridge State Forest), 107 (TNC Tiger Creek) and 

126 (Ocala National Forest) were detected to have gone through a bottleneck, but only 
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under the SMM model. Using repeats only, there was no detection of any population 

having gone through a bottleneck under any microsatellite mutation model (Table 3-8).  

Population structure 

Population 108. The results of TESS for continued analysis of Polygala lewtonii 

and P. polygama, and for P. lewtonii alone both showed that the repeats did not detect 

as much structure in the populations as the fragment lengths did for K=4. But when 

looking at the bar plots for K=2 and K=3, we can see that with both data sets, 108 

clusters with all other P. polygama populations to form a solid cluster (population 108 

was therefore excluded from other analyses encompassing P. lewtonii only). 

Visualization of plots for K=2 for each run separately shows consistency in the 

clustering of population 108 with P. polygama (results not shown). The results of the 

flow cytometer do not show any difference in the nucleus size of any populations of P. 

lewtonii with population 108 (results not shown). All mutations that are specific to P. 

polygama also encompass population 108 (Table 3-4).   

Polygala lewtonii 

Within Polygala lewtonii, the Deviance Index Criterion (DIC) curves detect an 

optimal number of clusters of K=3 for both the fragment length and repeats data sets. 

However, when examining the repeats data set bar plots, there does not seem to be 

any structure at all, even for K=2. The fragment lengths data set shows a dichotomy 

between the populations present on the Lake Wales Ridge and the populations on 

Mount Dora (124-127) in the K=2 bar plot. The “optimal” number of clusters K=3 bar plot 

exhibits a purple group containing populations 105 (Clermont), 107 (TNC Tiger Creek) 

and part of 102 (Lake Wales Ridge State Forest). However, this group does not hold 

when increasing the number of clusters to 4, most likely showing that the third purple 
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cluster is an artifact of the algorithm and not a real separate genetic group. K=2 is 

therefore the optimal number of clusters for the fragment data set.  

From the analyses of molecular variance based on FST, the flanking region 

sequence data set shows that most of the variance is due to the difference between 

species, while the repeats data set attributes most of the variance to differences among 

individuals within populations. The fragment lengths data set shows nearly equal 

variance between components for species, among populations and among individuals 

within populations (Figure 3-5).  

Finally, the populations’ contribution of allelic diversity seems to be mostly 

negative but for one or two populations for each marker type, always including 

population 118 (Catfish Creek). Since this population is only composed of four 

individuals, it could be disproportionately rich by chance when compared to larger 

populations. After removing this population from the data sets, I found that the fragment 

lengths data set includes population 102 (Lake Wales Ridge State Forest) as being 

solely positive. Removing this one also reveals that the rest of the populations all 

contribute to the allelic diversity, with populations 107 (Tiger Creek), 115 (Catfish 

Creek), 124 and 126  (both in Ocala National Forest) contributing more than others. 

Repeats reveal populations 102, 115 and 127 (Ocala National Forest) as contributing 

mostly to the species genetic diversity. Sequences, at first identifying only population 

118 as having a positive allelic diversity index, show 115 and 127 as positive (Figure 3-

5).  

Genetic Diversity of Polygala lewtonii 

The number of individual plants per population was consistently lower for the 

repeats data set than for the fragment data set due to the way we sequenced flanking 
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regions and inferred repeat number from them. The number of alleles per population is 

comparable with 2.192 alleles per population on average for fragment lengths and 2.074 

for repeats. The number of effective alleles also exhibits similar values (1.39 for 

fragments and 1.48 for repeats), revealing that the fragment length data set 

encompasses more differences in the allele frequencies within each population than the 

repeats data set does. Generally HO was much lower than HE, leading to high values of 

the fixation index F (0.244-0.574 for fragments and 0.362-1 for repeats, except for 

population 126) (Table 3-5). 

Reinforcing these data of high inbreeding, the results of the Hardy-Weinberg 

equilibrium tests showed that most populations are not in Hardy Weinberg equilibrium at 

most loci (Table 3-6), even after a sequential Bonferroni correction (Rice, 1989).  

The fragment data set showed most of the populations to have heterozygosity 

deficiencies under the SMM model (the appropriate model based on the RST 

permutation test for all loci), and several under the TPM model (Table 3-8). A 

heterozygote deficiency in a population is, with the Wilcoxon test, interpreted as the 

past presence of a genetic bottleneck that the population has not yet recovered from, or 

a sign of inbreeding significant enough to reduce the average heteroygosity.  

FST and RST permutation pairwise tests among populations of Polygala lewtonii 

reveal high gene flow values throughout both fragment and repeats data sets, with 

slightly higher and all significant values between more proximal locations, such as the 

four populations from the Ocala National Forest (124-127) (Table 3-9). If we consider 

populations of P. polygama that are as far apart or less than the geographically most 

distant P. lewtonii populations (12 population pairs), the average genetic distance value 
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is consistently higher than the average genetic distance between all population pairs of 

P. lewtonii (average P. lewtonii FST / RST =17.2%/19% and average P. polygama FST / 

RST =43.2%/32% for fragment lengths; for repeats in the same respective order, 

6.7%/28.7% and 13.9%/30%).   

The results of the Mantel test within P. lewtonii show slightly different results, with 

the fragment data set having a significant (p=0.00) but very small correlation (R2=0.02) 

while the repeats data set also gives a small, but non-significant (p=0.079), correlation 

(R2=0.03).  

The contribution of the populations to the total allelic richness was positive for 

population 118 (Catfish Creek), and for two out of three data sets for populations 115 

(Catfish Creek) and 127 (Ocala National Forest). Populations 115 and 118 both occur in 

the same state park, very close to one another (Figure 3-6).  

When comparing P. lewtonii to its more widespread sister species, P. polygama, 

most measures of genetic diversity are lower for the widespread species than the 

endemic (number of alleles, effective number of alleles, observed and expected 

heterozygosity), but their measures of inbreeding (F) are comparable. This is true for 

both fragments and repeats data sets (Table 3-7).  

Discussion 

Markers for the Study of Polygala 

The 8 loci used for the amplification of microsatellite fragments show variation at 

the intrapopulation level and prove to be useful for the population-level genetic study of 

both Polygala lewtonii and P. polygama. Due to the close phylogenetic proximity of P. 

crenata to the species of focus (Abbott et al., in prep; Germain-Aubrey et al., in prep-c), 

it is likely that these primers will amplify for this species, and possibly others in a 
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broader clade. The flanking regions amplified in this study should also prove useful for 

phylogenetic and phylogeographic studies of the genus due to their high variability 

among species, and to a lesser extent within species.  

Marker Comparisons and Implications for the Use of Microsatellite Fragment 
Lengths 

Genotyping fragment length does not seem to accurately reflect variation in repeat 

number within the microsatellite. We can see here that homoplasy can be detected with 

the use of flanking region sequencing and the discovery of substitutions (18 

substitutions total, including 10 within Polygala polygama but none within P. lewtonii) 

and even-number indels (one of the two indels is variable within P. lewtonii). Also, these 

indels can create homoplasy when, for example, a repeat is shorter by two repeats of 2 

bp each, but encompasses a 4-bp insertion in its flanking region. The fragment length is 

then the same, although the microsatellite itself is different. This situation appears in the 

data set. Single-point indels, however, cannot reveal or create homoplasy in a data set 

encompassing 2-bp-repeat SSRs (here, 6 single-point indels are present in the data set, 

4 vary within P. polygama and 1 within P. lewtonii) (Table 3-4). However, Estoup (2002) 

estimates that homoplasy problems in studies of populations with ‘shallow’ history 

and/or smaller effective population size, as is the case for P. lewtonii, do not affect 

overall results. This might be due to the fact that recently diverged populations have had 

less time to accumulate mutations in their flanking regions than populations that 

diverged further back in time.  

Between Polygala lewtonii and P. polygama, the presence of a 30-bp insertion, 

most substitutions and one single base-pair insertion in all P. polygama populations 

does mean that risks of homoplasy are higher between species than within species. We 
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therefore recommend that a subset of all populations be sequenced when existing 

primer pairs are used to amplify in a closely related species. The design of primers as 

close to the repeats as possible would also minimize the risk of interpreting variation in 

flanking regions as differences in repeat numbers, even if they might be harder to 

optimize and could result in an increased risk of null alleles in the data set.   

The presence of mutations in the flanking regions of microsatellite loci seems to 

have little effect on some results. The difference between the number of alleles and the 

effective number of alleles among populations of P. lewtonii is not affected by the 

presence of the flanking region in the fragment genotyped. The absolute values fall 

within the same range (Table 3-3). The same is true of the separation of populations of 

the two species, and the placement of the ambiguous population 108 in the P. 

polygama cluster, although it is more clear-cut in the case of whole fragment lengths 

than repeat numbers (Figure 3-3).  

Most of the indices of molecular variance differed substantially among data sets, 

sometimes dramatically. The expected heterozygosities, observed heterozygosities, and 

inbreeding coefficients (F) varied in terms of absolute values, and also in their relative 

values when comparing the two species, eventually leading to opposite conclusions on 

which species is the more diverse or more inbreeding (Table 3-6). The same is true of 

Hardy-Weinberg equilibrium Chi-square test results, with repeats detecting less 

departure from equilibrium than genotypes based on fragment lengths (Table 3-7). 

Similarly, the repeats data set did not detect any past bottlenecks while the fragment 

length data set did (Table 3-7). These conclusions are similar to those of other studies 

where polymorphism in flanking regions had a great influence on results and 



 

75 

conclusions (Blankenship, May, and Hedgecock, 2002; Vali et al., 2008), even though 

the direction of the differences might not be the same as what I found here. For 

example, Epperson (2005) and Rousset (1996) found that allelic diversity is 

underestimated with fragment lengths compared with repeat number, and that gene flow 

is overestimated. In the case of Polygala, allelic diversity from the absolute and effective 

number of alleles was higher with fragment lengths than repeat numbers. However, 

gene flow among P. lewtonii populations was lower with repeats than fragments.  

These discrepancies are useful if we consider that several authors say that the 

flanking regions evolve more slowly than, and independently of, mutations in repeat 

numbers, so that sequence polymorphisms might reflect a more ancient history of the 

populations than repeat number variation (Valdes, Slatkin, and Freimer, 1993; 

Blankenship, May, and Hedgecock, 2002; Matsuoka et al., 2002; Ablett, Hill, and Henry, 

2006). In the case of Polygala, the fact that the results of analyses of the fragment 

lengths data set seem to be somewhat intermediary to results from repeats only and 

flanking regions only (as for the AMOVA results) might confirm this hypothesis. In the 

case of the allelic contribution of the different P. lewtonii populations, the signal from the 

fragment length data set even seems to be ‘swamped’ by that from the flanking regions, 

with results from the repeats-only data set being different from the other two (Figure 3-

5). It is therefore interesting to depict the historical vs. the more recent genetic signal 

and infer a more detailed population history.  

In view of these observations, it seems more important than ever to include a 

detailed study of the microsatellite loci used in any population-level genetic study. It 

would include the sequencing of a subset of the samples, and the comparison of the 
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resulting data sets to try to depict more ancient from recent signal in the case of high 

polymorphism of the flanking regions. A careful design of microsatellite primers very 

close to the repeats could also avoid the problem altogether, but, in view of the high 

polymorphism in the flanking regions, would increase the risk of null alleles due to a 

mutation in the region of the primer site itself. The sequencing of the flanking regions 

could be particularly useful for population-level studies within a species, and also for 

phylogeographic studies of a clade of closely related taxa.  

Genetic Diversity in Polygala lewtonii and its Implications for the Conservation of 
this Federally Listed Species 

Comparison of Polygala lewtonii and P. polygama 

In order to interpret general measures of genetic diversity, P. lewtonii can be 

compared to its widespread congener, P. polygama. This approach accounts for the 

effects of shared ancestry on measures of genetic diversity and allows the differences in 

fast-evolving marker loci to be interpreted as a consequence of the recent history of the 

species (Gitzendanner and Soltis, 2000). Most indicators of diversity calculated here are 

higher for P. lewtonii than P. polygama (Table 3-7). This goes against the general 

patterns of lower genetic diversity in narrow endemics than their more widespread 

relatives (Hamrick et al., 1996; Dolan et al., 1999; Gitzendanner and Soltis, 2000). This 

could be due to one or more of several factors, but cannot be due to life-history 

differences between the species. The argument for narrow endemics to have lower 

(Godt, 1997; Parker et al., 2001) or higher (Lewis and Crawford, 1995; Trapnell et al., 

2007) overall genetic diversity therefore has to be explained by recent historical events 

rather than life history. The argument for a Floridian Pleistocene refugium for P. lewtonii 

seems like a plausible one (Webb and Myers, 1990; Germain-Aubrey et al., in prep-c), 
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just as advanced for Ceratiola ericoides, which exhibits more diverse populations 

(significantly higher HE and percentage of polymorphic loci using allozymes) in the 

central Florida scrub than in more northern populations in Georgia and South Carolina 

(Trapnell et al., 2007). The same scenario could very well explain this difference in 

number of alleles, effective number of alleles, and expected and observed 

heterozygosity between P. lewtonii and P. polygama. The endemic species was here 

during the glacial maxima while the now-widespread species recolonized its natural 

distribution post-Pleistocene. The leading edge effect means that the species lost 

alleles through a series of founder events as it spread northward, and now exhibits 

lower genetic diversity than the endemic, which remained in the refugium region. It 

should here be noted that because many populations of P. polygama were sampled in 

the northern part of the species’ natural distribution, a leading edge effect from the post-

Pleistocene recolonization scenario could lead to the northern populations being 

genetically poorer, driving the average allele number and heterozygosity down. The 

inbreeding coefficient, however, is lower for the endemic when using fragments but 

higher when using repeats. Given that fragment lengths also exhibit variation in the 

flanking regions, this could be interpreted as increased inbreeding in the more recent 

history of the endemic, reflected in the number of repeats, but not as much in the 

flanking regions’ more ancient historical signal. When comparing the levels of 

inbreeding found here with other published microsatellite studies on endemics of the 

central Florida scrub, the range seems similar that of the obligately outcrossing but 

highly clonal Ziziphus celata with an average F per population of 0.77 (Gitzendanner et 

al., 2011), but different from measures of inbreeding of narrowly endemic lizards from 
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the Lake Wales Ridge (F ranged between 0.06 and 0.30 for three species of lizards and 

skinks) (Schrey et al., 2011).  

In general, high levels of genetic diversity may help species deal with future 

environmental changes, but high levels of inbreeding might indicate that Polygala 

lewtonii has not recently had sufficient gene flow between populations. This could lead 

to a decrease in genetic diversity in the future.   

Genetic diversity and partitioning within Polygala lewtonii 

Within the threatened endemic species, we will interpret any significant 

discrepancy among flanking region sequences, fragment length and repeat number 

data sets as a reflection of the history of the species or population, with flanking regions 

evolving slightly more slowly than the repeat number mutations and therefore offering a 

more historical perspective on the pure microsatellite alleles (Blankenship, May, and 

Hedgecock, 2002; Matsuoka et al., 2002; Ablett, Hill, and Henry, 2006).  

Within Polygala lewtonii, populations cluster into two stable and genetically distinct 

groups. The first one encompasses all four populations on the Mount Dora ridge, and 

the second encompasses the Lake Wales Ridge populations (Figure 3-4). This 

clustering is reinforced by the high FST and RST values among the Ocala National Forest 

populations (124-127). Populations 115 and 118 also distinguish themselves by their 

isolation from each other and from other populations (Table 3-9). Other analyses also 

distinguish these two populations, as their contribution to total allelic diversity is 

consistently greater than any other population for both repeat number and flanking 

region sequence data sets (Figure 3-5). These populations contributing to allelic 

richness are considered important for the conservation of genetic diversity, sometimes 

even more so than other more classical indicators such as heterozygosity or absolute 
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number of alleles (Petit, El Mousadik, and Pons, 1998). In the more ‘recent’ history 

reflected by the repeats number data set, populations 102 (Lake Wales Ridge State 

Forest) and 107 (Tiger Creek) also play a crucial role in the genetic composition of the 

species, with population 107 being the only one contributing to total allelic richness due 

to its allelic departure from other populations (encompassing the greatest number of 

private alleles), also an important factor for conservation (Petit, El Mousadik, and Pons, 

1998) (Figure 3-6).  

The other distinct group of populations is present in the Ocala National Forest 

where four populations were sampled. The high levels of gene flow among those 

populations and strong genetic clustering might reflect geographical proximity and 

definitely reflects a conservation unit to maintain. The Ocala National Forest is a prime 

site for conservation. This clustering, however, is not the reflection of a gene flow barrier 

between ridges. Polygala lewtonii does not seem to follow an isolation-by-distance 

model, with very low or insignificant Mantel test results, but an AMOVA analysis failed to 

detect any molecular variance due to the variability among ridges (0%, p=0.00; results 

not shown). These results differ from studies of other species endemic to the central 

Florida scrub (Clark, Bowen, and Branch, 1999; Branch et al., 2003). Polygala lewtonii 

is a short-lived species, and the strong gene flow barrier between the two ridges might 

be the result of a more recent barrier that is not yet apparent in longer-lived species.  

Lastly, a closer look at the Mantel test results shows the presence of strong 

genetic drift in P. lewtonii. The lack of correlation and/or significance between genetic 

and geographic distances, coupled with a scattering of the points throughout the graph, 

reveals the presence of drift in all populations (Hutchinson and Templeton, 1999) 
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(Figure 3-6). The fixation of populations is problematic, and conservation management 

should urgently be oriented towards building or emphasizing corridors between 

populations.     

Conclusions 

For Polygala lewtonii, the idea that high levels of genetic diversity are coupled with 

high levels of inbreeding can be interpreted by a recent limitation to gene flow that will 

soon impact populations, and eventually the overall level of genetic diversity. Also, the 

two different types of flowers lead to different levels of inbreeding at different times, 

which might also explain the lag between the appearance of inbreeding and a lowered 

heterozygosity. Supporting this same idea is the discrepancy in bottleneck detection 

between the fragments and repeats data sets (Table 3-8) and AMOVA results (Figure 3-

5). Fragment length signal, reflecting a more ancient history of the species, detects 

several significant bottlenecks, maybe revealing past fluctuations in population sizes, 

possibly during Pleistocene glacial cycles. The more recent signal from the repeat 

numbers does not detect any bottleneck event in any populations, maybe reflecting a 

more stable recent history. However, the evidence for overall drift in the species means 

that limitations to gene flow, such as the development of human settlement in the past 

100 years, has already had an impact on the species. Conservation plans should 

therefore aim to maintain existing gene flow, and to remediate lower gene flow between 

some of the populations. An interesting analysis of our data would be to examine the 

relationship of genetic diversity in space with historical and current human population 

densities and anthropogenic activities that could impact gene flow and genetic diversity, 

as was done for other central Florida scrub species recently (Menges et al., 2010). 
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Within Polygala lewtonii, the presence of strong genetic clusters, but also 

significant gene flow among populations, is encouraging and should be taken as a 

positive sign for the potential of this species for the long term. However, early signs of 

strong departures from Hardy-Weinberg equilibrium, high inbreeding, overall drift and 

some low rates of gene flow between pairs of populations should be taken into 

consideration.  

This species is a good candidate for early preventative conservation action rather 

than waiting until heterozygosity and the number of alleles has been reduced. Proper, 

informed and focused action will help maintain this diverse species in a fragmented 

habitat. 
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Table 3-1. Populations, Location, Number of plants collected and population voucher for all Polygala lewtonii and P. 
polygama. LWRSF= Lake Wales Ridge State Forest; TNC= The Nature Conservancy; ADBCCSP= Allen David 
Broussard Catfish Creek State Park; ONF= Ocala National Forest. A voucher for pop 118 at ADBCCSP  was 
estimated not viable for the size of the population, and the authorities on site did not permit any ONF pop 
voucher collections. 

Species Pop Location No Voucher (herbarium) 

P. lewtonii 102 LWRSF, Polk Co, FL 16 CGA 11 (FLAS) 
P. lewtonii 105 Clermont, Lake Co, FL 16 JRA 22703 (FLAS) 
P. lewtonii 107 TNC Tiger Creek, Polk Co, FL 16 JRA 22685 (FLAS) 
P. lewtonii/polygama 108 TNC Saddle Blanket, Polk, Co, FL 16 JRA 22690 (FLAS) 
P. lewtonii 115 ADBCCSP, Polk Co, FL 16 CGA 50 (FLAS) 
P. lewtonii 118 ADBCCSP, Polk Co, FL 4  
P. lewtonii 124 ONF, Salt Spring, Marion Co. FL 16  
P. lewtonii 125 ONF, Hughes Island, Marion Co. FL 16  
P. lewtonii 126 ONF, Hughes Island, Marion Co. FL 16  
P. lewtonii 127 ONF, Hughes Island, Marion Co. FL 16  
P. polygama 102 Citrus Co, FL 13 JRA 24633 (FLAS) 
P. polygama 1301 Mansfield, Connecticut 8  
P. polygama 1801 Anoka Co, Minnesota 16  
P. polygama 1802 St Louis Co, Minnesota 16  
P. polygama 601 Richland Co, Wisconsin 15  
P. polygama 602 Sauk So, Wisconsin 16  
P. polygama 805 Lauderdale Co, Mississippi 10  
P. polygama 301 Ashtabula Co, Ohio 8  
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Table 3-2. List of markers developed for Polygala lewtonii. The library was constructed from the population vouchered 
JRA22703 (FLAS). Note that Pole 45 and Pole 47 develop from the same markers, but they are not linked and 
their fragment lengths do not overlap. 

marker   sequence annealing temp. Motif Genbank accession 

Poly1 Forward TGATGGAGCCAACACGAAG 52°C (CA)8 

 
 

Reverse TTGGAAGGGTGTCATCTCGT 52°C  
 PolyE01 Forward TGAGGATTGCACTTGATGCT 52°C (CA)9 
 

 
Reverse ATTTCCAGGAGCACAACACC 52°C  

 PolyB08 Forward CACATGCACCTACTGTTCAGG 52°C (GT)5(GC)3- 
 

 
Reverse TGCAAGCATCTCCTGTAATCC 52°C -(GT)6(GA)16 

 Poly44 Forward GGCATACAAGCCAATTCAGC 52°C (GT)6 
 

 
Reverse CACAACACAAAGGCATCGAC 52°C  

 Poly45 + 47 Forward AAAGGCCAGCATACATCAGG 52°C (GT)15(GA)8 
 

 
Reverse AAGCGAGCAGTTTGACAGAT 52°C  

 Poly46 Forward GCACACGTTTCCAGTATTGC 52°C (TG)9 
 

 
Reverse AGCCATCAACTCCATTACCG 52°C  

 Poly49 Forward GCAGCATGGCAAACTTATCC 52°C (TG)7 

 
 

Reverse TGGATTGGCTTAGAGAACGTG 52°C  
 PolyD12 Forward GGGGCAATAATTCAGGCATA 52°C   

 Reverse TTGGGATCGGAGAACTGAAG 52°C   

Poly5 Forward 
AACGAATCTAAGGAACTTGATG
G 55°C 

(CT)18(GT)13 

   Reverse TGGGATCCCGATGAGCTA 55°C    
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Table 3-3. Characterization of Polygala markers for fragment length and repeat number (italic). Average over all 
populations (S.E.) reported. 

Marker Species N Na Ne HO HE HWE P-value 

Poly1 Fragment 14.22(1.299) 3.333(0.687) 1.819 (0.260) 0.071(0.033) 0.349(0.092) 0.00(0.00) 

 
Repeats 11.22(1.18) 2.333(0.373) 1.531(0.203) 0.067(0.036) 0.267(0.079) 0.00(0.00) 

PolyE01 Fragment 14.00(1.28) 2.556(0.444) 1.497(0.178) 0.029(0.015) 0.260(0.078) 0.00(0.00) 

 
Repeats 5.11(1.47) 1.222(0.364) 0.976(0.233) 0.010(0.010) 0.267(0.079) 0.00(0.00) 

PolyB08 Fragment 11.11(1.48) 3.111(0.484) 1.871(0.180) 0.064(0.027) 0.416(0.067) 0.00(0.00) 

 
Repeats 10.56(2.042) 2.333(0.553) 0.976(0.223) 0.016(0.011) 0.277(0.094) 0.00(0.00) 

Poly44 Fragment 13.46(1.28) 2.444(0.530) 1.1802(0.096) 0.069(0.031) 0.195(0.062) 0.00(0.00) 
Poly45 Fragment 14.22(1.29) 2.111(0.261) 1.679(0.149) 0.112(0.027) 0.364(0.060) 0.00(0.00) 
Poly46 Fragment 14.33(1.31) 1.556(0.242) 1.137(0.103) 0.021(0.011) 0.082(0.053) 0.00(0.00) 
Poly47 Fragment 12.89(1.25) 1.222(0.147) 1.093(0.083) 0.009(0.009) 0.056(0.047) 0.00(0.00) 
Poly49 Fragment 14.00(1.33) 1.222(0.147) 1.015(0.010) 0.015(0.010) 0.014(0.010) 1.00(0.00) 
Poly5 Repeats 13.556(1.314) 4.778(0.434) 3.544(0.346) 0.000(0.000) 0.693(0.033) 0.00(0.00) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

85 

Table 3-4. Characterization of polymorphisms in flanking region sequences for the 4 loci. For the PolyD12 4bp indel, the 
number represents the number of individuals within the population exhibiting this insertion. For the Poly5 30 b-p 
insert, the checkmark means that all individuals within the population encompass the insertion. Any point 
mutation signaled as ambiguous means that only some individuals within the population have the mutation. N/A 
means that the substitution is within an insert that the population does not have. ? is for missing data for that 
population.  

 
locus Poly. L102 105 107 108 115 118 124 125 126 127 P102 1301 1802 1801 601 602 805 301 

PolyB08 58 C/A C C C C C C C C C C A C C C C C C C 

 
85 G/A G G G A G G G G G G A A A A A A A A 

 

207 G/A G G G G G G G G G G A G G G G G G G 

PolyD12 4 -/A - - - ? - - - - - - A A A A A A A A 

 

60-64 TAAT del 2 0 1 ? 0 0 3 0 0 0 0 0 0 0 0 0 0 0 

 

95 T/G T T T ? T T T T T T G T T T T T G T 

 

112 C/G C C C ? C C C C C C G C C C C C C C 

 

157 A/T A A A ? A A A A A A T T T T T T T T 

 

171 T/A T T T ? T T T T T T T T T T T T A T 

 

176 C/T C C C ? C C C C C C T T T T T T T T 

 

213 -/T - - - ? - - - - - - T T T T T T T T 

E01 1 C/T T T T T T T T T T T T T ? C C C T T 

 10 T/A A A A T A A A A A A A A ? A A A A A 

 97 C/G G G G G G G G G G G G G ? G G G C G 

 129 C/A A A A A A A A A A A A A ? A A A C A 

 231 A/C C C C C C C C C C C C C ? A A A C C 

Poly1 20 A/T A A A T A A A A A A T A/T A A A A T A 

 

21 -/G -/G -/G -/G G -/G -/G -/G -/G -/G -/G G G G G G G G G 

 

36 C/T C C C T C C C C C C T T T T T T T T 

 

40 C/T C C C T C C C C C C T T T T T T T T 

 

53 G/A G G G A G G G G G G A A G G G G A G 

 

66 A/- A A/- A A A A A A A A A A A A A A A A 

 

84 T/C T T T C T T T T T T T C T T T T C T 

 

87 G/A G G G A G G G G G G A A A A A A A A 

 

90 T/C T T T C T T T T T T C C T T T T C T 

Poly5 3 G/T G G G G G G G G G G G G T T T T G T 

 

5 A/- - - - - - G - - - - - - - - - - - - 

 

21 T/A T T T T T T T T T T T T A A A A T A 

 

75 C/T C C C T C C C C C C T T T T T T T T 

 

80-
110 

30 bp 
insertion 

NA NA NA ✔ NA NA NA NA NA NA ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

 

100 -/A NA NA NA A NA NA NA NA NA NA - - - - - - - - 

 

108 G/T G G G T G G G G G G T T G G G G T G 
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Table 3-5. Molecular diversity of Polygala lewtonii populations for all marker types (Fragment, Repeats, Sequence). 
Values are averages over all 11 loci. N= number of individuals in the population; Na= number of alleles/number 

of polymorphic sites; Ne = effective number of alleles/number of haplotypes; HE = expected heterozygosity; Ho= 

observed heterozygosity/nucleotide diversity, F = fixation index. 

Pop  102 105 107 115 118 124 125 126 127 

N Fragment 15.636 15.727 15.727 14.000 3.909 13.182 15.636 14.909 14.818 
Repeats 11.333 12.667 10.333 6.667 1.667 10.000 9.667 8.000 8.667 
Sequence 16 16 16 15 4 20 15 16 16 

Na/polymorphic 
sites 

Fragment 2.455 2.000 2.091 2.909 2.273 1.545 2.636 2.091 1.727 
Repeats 2.333 2.333 1.667 2.667 1.667 2.667 2.333 1.333 1.667 
Sequence 15 12 18 18 9 18 10 15 10 

Ne /number of 
haplotypes 

Fragment 1.446 1.340 1.364 1.446 1.306 1.439 1.553 1.314 1.349 
Repeats 1.844 1.612 1.272 1.967 1.533 1.472 1.342 1.044 1.239 
Sequence 5 4 6 7 4 7 4 6 3 

HO/nucleotide 
diversity 

Fragment 0.064 0.126 0.068 0.095 0.097 0.091 0.119 0.117 0.090 
Repeats 0.033 0.000 0.000 0.000 0.111 0.024 0.042 0.042 0.089 
Sequence 0.296 0.155 0.325 0.433 0.566 0.346 0.303 0.360 0.350 

HE Fragment 0.218 0.184 0.193 0.255 0.207 0.217 0.247 0.183 0.179 
Repeats 0.370 0.303 0.150 0.443 0.241 0.276 0.226 0.039 0.139 
Sequence 0.355 0.233 0.325 0.433 0.629 0.346 0.394 0.432 0.350 

F Fragment 0.354 0.244 0.475 0.402 0.574 0.573 0.436 0.449 0.396 
Repeats 0.903 1.000 1.000 1.000 0.538 0.913 0.805 -0.067 0.362 
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Table 3-6. Summary of Chi-Square tests for Hardy-Weinberg Equilibrium for Polygala lewtonii populations for all loci, 
based on fragment length (above) and repeat number (below). M=monomorphic; ns=not significant; * P<0.05; ** 
P<0.01; *** P<0.001. 

 
102 105 107 115 118 124 125 126 127 

Poly1 M M ns *** ns *** *** ** *** 

PolyE01 *** M *** *** ns *** *** *** M 

PolyB08 ** *** M ** M *** *** *** * 

Poly44 *** * ** ns M *** M M M 

Poly45 *** ns *** M ns ** ns ** *** 

Poly47 M M *** M M ns M M M 

Poly46 ns M M *** ns *** ns M M 

Poly49 ns M M ns M M M M M 

          

 
102 105 107 115 118 124 125 126 127 

Poly1 M *** ns M M *** ** ns ns 

PolyE01 * M M M M M M M M 

PolyB08 *** *** M *** *** *** *** M M 

Poly5 *** *** M *** *** *** *** *** *** 
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Table 3-7. Overall genetic diversity in Polygala lewtonii and P. polygama. Results for all but N are means per population 

and are presented with SE in brackets. N= number of individuals; Na= number of alleles; Ne = effective number 

of alleles; HE = expected heterozygosity; HO = observed heterozytosity; F = Fixation index. Note that for FST, an 

average of the P. lewtonii population geographic distance was computed, and only those P. polygama 
populations within this geographic distance range were considered. 

  
P. lewtonii P. polygama 

N Fragment 148 118 

 
Repeats 133 84 

Na Fragment 
2.127(0.120) 

1.966 
(0.162) 

 
Repeats 2.667(0.303) 1.095(0.194) 

Ne Fragment 1.363(0.048) 1.339(0.090) 

 
Repeats 1.889(0.210) 0.927(0.122) 

HE Fragment 0.199(0.020) 0.213(0.026) 

 
Repeats 0.335(0.050) 0.062(0.034) 

HO Fragment 0.100(0.016) 0.090(0.020) 

 
Repeats 0.023(0.010) 0.003(0.003) 

F Fragment 0.410(0.046) 0.564(0.055) 

 
Repeats 0.888(0.044) 0.741(0.113) 
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Table 3-8. Wilcoxon bottleneck detection test results for Polygala lewtoniifragment length (above) and repeats only 
(below) datasets. Analyzes for three models of evolution were performed: the Infinite Allele Model (IAM), the 
Stepwise Mutation Model (SMM) and the Two-Phased Model (TPM). For each population, the P-values for 
heterozygosity deficiency (left), and heterozygosity excess (middle) are reported. The shape of the allele 
frequency distribution(AFD) is  reported as L-shaped (LS) or in ShiftedMode (SM). 

pop IAM SMM TPM AFD 

102 0.1015/0.91797 0.0185/0.9863 0.0820/0.9355 LS 

105 0.4218/0.6525 0.0546/0.9609 0.2812/0.7812 SM 
107 0.4218/0.6562 0.0390/0.9865 0.0781/0.9453 LS 
115 0.0820/0.9355 0.0097/0.9931 0.0136/0.9902 SM 
118 0.4062/0.6875 0.3125/0.8906 0.4062/0.6875 SM 
124 0.0527/0.9580 0.0034/0.9975 0.0048/0.9965 LS 
125 0.1875/0.8515 0.0195/0.9882 0.0390/0.9726 SM 
126 0.2187/0.9218 0.0390/0.9765 0.0781/0.9453 LS 
127 0.9218/0.1093 0.5000/0.5937 0.9218/0.1093 LS 

     

pop IAM SMM TPM AFD 
102 1.0000/0.0625 0.8750/0.1875 1.0000/0.0625 LS 
105 0.9375/0.1250 0.6250/0.8125 0.9375/0.125 LS 
107 0.8750/0.2500 0.1250/1.0000 0.2500/0.8750 SM 
115 1.0000/0.1250 0.2500/0.8750 0.8750/0.2500 LS 
118 1.0000/0.1250 1.0000/0.1250 1.0000/0.1250 SM 
124 0.6250/0.8125 0.6250/0.8125 0.6250/0.8150 LS 
125 0.8750/0.1875 0.1875/0.8750 0.6250/0.8125 SM 
126 0.8750/0.2500 0.2500/0.8750 0.2500/0.8750 LS 

127 1.0000/0.1250 0.2500/0.8750 1.0000/0.1250 LS 
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Table 3-9. Among populations FST and RST values for Polygala lewtonii. FST values are below diagonal and RST above, 
both calculated with 9,999 permutations, for fragments (above) and repeats (below), * indicates non-
significance of permutation test (P-value>0.05). 

102 105 107 115 118 124 125 126 127 Population 

 
0.000* 0.004* 0.279 0.691 0.007* 0.000* 0.033* 0.199 102 

0.222 
 

0.082 0.355 0.732 0.053 0.000* 0.069 0.288 105 

0.060 0.154 
 

0.184 0.671 0.000 0.003 0.032 0.126 107 

0.209 0.343 0.280 
 

0.308 0.137 0.267 0.140 0.025* 115 

0.391 0.521 0.427 0.300 
 

0.575 0.660 0.443 0.395 118 

0.073 0.193 0.122 0.148 0.401 
 

0.007* 0.026* 0.106 124 

0.131 0.243 0.186 0.177 0.404 0.0140* 
 

0.000 0.177 125 

0.095 0.225 0.127 0.171 0.361 0.003* 0.000* 
 

0.034 126 

0.172 0.303 0.211 0.192 0.347 0.082 0.046 0.038 
 

127 

          

102 105 107 115 118 124 125 126 127 
 

 
0.216 0.000* 0.042* 0.275 0.139* 0.000 0.098 0.702 102 

0.122 
 

0.203 0.207 0.772 0.198 0.260 0.124 0.958 105 

0.126 0.029 
 

0.002 0.266* 0.105* 0.000* 0.078 0.688 107 

0.142 0.091 0.119 
 

0.347 0.027 0.037 0.065 0.736 115 

0.150 0.222 0.214 0.109* 
 

0.498 0.175 0.593 0.342 118 

0.262 0.201 0.159 0.079 0.247 
 

0.158 0.109 0.805 124 

0.038 0.056 0.041 0.088 0.079 0.203 
 

0.128 0.619 125 

0.135 0.133 0.070 0.158 0.268 0.193 0.034 
 

0.874 126 

0.344 0.380 0.360 0.251 0.055 0.341 0.269 0.441 
 

127 
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Figure 3-1. Sampling of Polygala lewtonii and P. polygama. P. lewtonii is 

represented with yellow stars and P. polygama with purple diamonds. 
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Figure 3-2. Distribution of Polygala lewtonii populations. The four northern 
populations are located on the Mount Dora Ridge while the rest are 
scattered along the Lake Wales Ridge. 
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Figure 3-3. Genetic and geographic clustering of both Polygala species. TESS 
results are shown as bar plots for number of clusters K=2-4. Fragment 
lengths data set is above and repeat number data set is below.  
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Figure 3-4. Genetic and geographic clustering of P. lewtonii . DIC values for each 
K value tested and their bar-plots for fragment length (above) and 
repeat number (below). 
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Figure 3-4.  Continued. 
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Figure 3-5. Contributions of populations of Polygala lewtonii to allelic richness. 
Allelic diversity of each population (blue dots) is composed of its 
contribution to the total diversity (red bar) and its divergence from other 
populations (green bar). Results are given for fragment length (top 
graphs a, b, and b’), repeat number (middle graphs c and d) and 
flanking region sequence (bottom graphs e and f). 
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Figure 3-5.  Continued. 
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Figure 3-5.  Continued. 
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Figure 3-5.  Continued. 
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Figure 3-6. Distribution of Mantel test results. Each point represents a pairwise 
genetic to geographic comparison. Fragment lengths data set above, 
and repeat number data set below.   
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CHAPTER 4 
FINE-SCALE POPULATION GENETIC STUDY OF THREE PLANTS ENDEMIC 

TO THE CENTRAL FLORIDA SCRUB  

Introduction 

The Florida scrub is a unique but highly threatened ecosystem 

characterized by sandy, nutrient-poor soils, and a very xeric environment (Webb 

and Myers, 1990). Most of the rainfall occurs in the summer, and the vegetation 

is regulated by frequent fires (Abrahamson, 1984a). The inland Florida scrub, on 

which this study is focused, is thought to be the result of the unique geological 

history of the region, where in the Pleistocene the peninsula was most likely a 

refugium (Chapter 2). This resulting unique habitat hosts an exceptional level of 

endemism and is considered a biodiversity hotspot in North America (Christman 

and Judd, 1990; Dobson et al., 1997). However, 85% of the central Florida scrub 

has already been converted to agriculture and residential areas, leaving a highly 

fragmented landscape with which the endemic species must cope (Christman 

and Judd, 1990; Weekley, Menges, and Pickert, 2008).  

Previous population genetic studies of plant species endemic to the central 

Florida scrub have found either a high level of genetic diversity, perhaps 

attributable to the presence of a Pleistocene glacial refugium (Lewis and 

Crawford, 1995; MacDonald and Hamrick, 1996; Menges, 2001; Mylecraine et 

al., 2004), or, to the contrary, very low genetic diversity (Evans et al., 2000; 

Menges, 2001), likely as a consequence of the fragmentation of this fragile 

ecosystem. 

Given the partitioning of genetic diversity in some species from the central 

Florida scrub, it has been hypothesized that the oldest and highest ridges, the 
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Lake Wales Ridge and Mount Dora, are the centers of origin of several species. 

The Florida scrub lizard, the sand skink, and the mole skink all show deep 

evolutionary separation between Mount Dora and the Lake Wales Ridge at 

different times in history, and with further lineage separation within the larger 

Lake Wales Ridge (Clark, Bowen, and Branch, 1999; Branch et al., 2003). The 

sand skink Neoseps reynoldsi is composed of four main lineages (Mount Dora, 

the Northern, Central, and Southern Lake Wales Ridge) and has high levels of 

genetic diversity. The central Lake Wales Ridge is considered the ancestral 

region, and the separation of the two ridges is estimated at 2 MY (Branch et al., 

2003). The mole skink, however, is more widespread (the subspecies, including 

the one endemic to the central ridges has not been shown to be monophyletic 

and so cannot be considered here) and is thought to have originated from both 

Mount Dora and the Lake Wales Ridge, where the genetic diversity is the 

highest. The separation of the two lineages, however, is estimated to date back 4 

MYBP, in the Pliocene (Branch et al., 2003). These results directly translate into 

inferences of higher gene flow within the Lake Wales Ridge than between the 

two ridges, even for geographically closer populations (MacDonald and Hamrick, 

1996; Clark, Bowen, and Branch, 1999; MacDonald et al., 1999). The endemic 

plant Warea carteri, on the other hand, reveals a peninsula effect with a strong 

association between population location on a north-south axis and a cline in 

allele frequency (Evans et al., 2000). A peninsula effect may be attributable to a 

leading-edge phenomenon in which the source populations for colonization are in 

the northern part of the peninsula, with colonization occurring southward 
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throughout Florida and loss of alleles through each founder event. These 

differences might be due to some life history traits, but also to the origin of the 

species themselves, arguing for different histories for different parts of the biota 

in central Florida.  

Many rare and threatened species have lower genetic diversity than 

widespread ones (Hamrick and Godt, 1996), although the importance of a 

phylogenetic context and the benefit of comparing rare species to widespread 

congeners has been highlighted (Karron, 1988; Gitzendanner and Soltis, 2000). 

A species in a reduced habitat that has already undergone a loss of diversity is 

anticipated to have generally lower genetic diversity than its more widespread 

congeners, while a naturally rare or restricted species may not. Additionally, 

levels of diversity are highly correlated within genera (Gitzendanner and Soltis, 

2000). Reduced diversity can lead to a lesser ability to respond to current and 

future environmental changes and evolutionary pressures, increased risks of 

inbreeding and drift, and ultimately extinction (Charlesworth and Charlesworth, 

1990; Ouborg and Treuren, 1994). In the case of the central Florida scrub, the 

high levels of anthropogenic pressure and habitat fragmentation (Weekley, 

Menges, and Pickert, 2008) may already have caused population bottlenecks, 

resulting in smaller effective population sizes, significant inbreeding, reduced 

genetic diversity and increasingly unstable demographics (Frankham, Ballou, and 

Briscoe, 2002). Also, the partitioning and geographical distribution of genetic 

diversity at the population level are crucial to any conservation efforts and proper 

long-term management (Prance, 1995). 
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I here present an analysis of the fine-scale population structure of three 

species endemic to the central Florida scrub. The genetic diversity of these 

endemic species was compared to their sister species, and their within-species 

genetic partitioning and gene flow estimated with the goal of better understanding 

their conservation needs.  

Materials and Methods 

Study Species 

The following three species—endemic to the central Florida scrub and with 

close relatives in eastern North America—were selected for study. In the case of 

Ilex opaca, variety arenicola is endemic to the central Florida scrub while variety 

opaca is widespread in eastern North America.  

Asimina obovata (Willd.) Nash (Annonaceae) is a shrub adapted to the well-

drained sandy soils of central Florida (Nash, 1896; Huck et al., 1989; Nelson et 

al., 2008). Asimina obovata is a shrub or small tree up to 2 m tall, distinguishable 

from other Asimina in the region by its bright reddish hairs, especially on the 

midrib and nerves. The leaves are large (4-10 cm long and 2-5 cm wide), the 

younger ones often oval and the larger ones obovate. The flowers are sessile, 

situated at the tips of branchlets, typically with 6 yellowish-white petals, 5-6 cm 

long (Nash, 1896), the inner three petals exhibiting a maroon corrugated base 

(Nelson, 1996). The flower is pollinated by several types of large beetles, all 

generalists except for one specialist (Norman and Clayton, 1986). The fruit is 

large and thought to be eaten by gopher tortoises (Kral, 1960), but with no 

published data. Its nearest congener is Asimina incana, widespread in Florida 

and southern Georgia (Germain-Aubrey et al., in prep-c).  
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Ilex opaca Aiton var. arenicola (Ashe) Ashe (Aquifoliaceae) is endemic to 

the Florida scrub. Ilex opaca is a shrub to small tree with coriaceous evergreen 

leaves with spinulose-serrate or entire leaves, and a typical rigid spine 1 mm long 

or longer on the leaf apex. Within Ilex opaca, dark green leaves without revolute 

margins characterize variety opaca. Light green, narrower leaves (1-2.5 cm) and 

margins distinctly revolute correspond to the distinct variety arenicola (Wunderlin, 

1998). A phylogenetic analysis places Ilex opaca (including both var. opaca, 

widespread in the eastern US, and var. arenicola) sister to I. myrtifolia and I. 

cassine (Ashe, 1925; Gottlieb, Giberti, and Poggio, 2005). However, the two 

varieties of Ilex opaca do not seem to be distinct biological entities (Germain-

Aubrey et al., in prep-c) and should therefore be considered one when 

investigating molecular diversity indices. Gene flow estimates and within-

population molecular measures will be discussed for the central Florida scrub 

populations, regardless of taxonomic variety.  

Prunus geniculata Harp. (Lauraceae), the scrub plum, is a federally 

endangered species known from only 21 sites, all of them on the Lake Wales 

Ridge (Harper, 1911; USFWS, 1999b). The scrub plum is a shrub up to 2 m tall, 

heavily branched, with strongly zigzag twigs and spiny lateral branches. Its 

deciduous leaves are finely toothed. The five-petalled white flowers appear in 

late winter, when the plant is leafless, and the fruit is a small, bitter, red plum 

(Wunderlin, 1998). The amount of flowering and fruiting heavily depends on fire 

frequency. Prunus geniculata is functionally andromonoecious, with both male 

(with a vestigial but not functional gynoecium) and bisexual flowers on the same 
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plant (Weekley et al., 2010). Due to the strong fragrance of the flowers, it is 

pollinated by a variety of insects, and is believed to be self-incompatible. 

Although assumed from morphology to be closely related to Prunus texana and 

P. angustifolia, a molecular phylogenetic study placed it as sister to Prunus 

maritima from the northeastern U.S. (Shaw and Small, 2004, 2005). 

Collections, Microsatellite Amplification and Genotyping 

Microsatellite primers have been developed for all species (Germain-

Aubrey et al., 2011; Germain-Aubrey et al., in prep-b; Germain-Aubrey et al., in 

prep-a). For each of the endemic species, a widespread close congener (or sister 

species in the case of Prunus geniculata) was included in the study in order to 

compare molecular diversity indices in a rigorous manner, controlling for the 

evolutionary history of each of the endemic species (Gitzendanner and Soltis, 

2000). For Asimina, 10 loci were amplified for 84 individuals from 8 populations 

of A. obovata and 47 individuals from 5 populations of A. incana (Table 5-1 and 

Figure 5-1). For Ilex, 10 loci were amplified for 102 individuals of I. cassine from 

12 populations, and 199 individuals of I. opaca (39 individuals of I. opaca var. 

arenicola from 4 populations and 160 individuals of I. opaca var. opaca from 16 

populations) (Table 5-2 and Figure 5-2). For Prunus, 8 loci were amplified for 56 

individuals of P. geniculata from 6 populations and 43 individuals of P. maritima 

from 6 populations (Table 5-3 and Figure 5-3). All Prunus maritima are of variety 

maritima, as var. gravesii is extinct in the wild (Louise Lewis and Donald Les, 

pers. comm.). Also, because Prunus geniculata is a federally endangered 

species, a permit from the Division of Plant Industry was used for each site 

visited (Permit #714). All populations were sampled as evenly as possible within 
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their natural distribution and according to collaboration with landowners, 

especially for the federally listed Prunus geniculata. Within a location, individuals 

were sampled from throughout the population, with a regular distance between 

individuals, especially for Ilex, which sprouts clonal stems from adventitious roots 

or callus. All population vouchers are deposited at the Florida Museum of Natural 

History Herbarium (FLAS).  

Microsatellite loci were amplified in 10-uL reactions as specified in the 

respective publications: 1 M Betaine, 1.5 mM MgCl2, 0.1 M dNTPs, 0.5 M 

forward and reverse primers, 0.5 M of one fluorescent-labeled M13 primer, and 

0.2 unit Taq polymerase.  All loci were amplified under the same optimal 

conditions, requiring 3 min at 95°C, followed by 35 cycles of 45 sec at 95 °C, 1 

min 15 sec at 52°C (55°C for Ilex), and 1 min 15 sec at 72°C, with a final step of 

20 min at 72°C. PCR products were stored at 4°C. A fluorescent-labeled M13 tail 

was added to the forward primer to bind to an ABI fluorescent dye, 6-FAM-, PET-

, NED- or VIC-labeled M13 primer. The orange 600-Liz ABI oligo was used as a 

standard, and all four dyes were pooled in a 20-L solution according to the 

strength of their band when run on a 1.2% agarose gel. All samples were 

sequenced on an ABI 3730 DNA analyzer (Applied Biosystems, Carlsbad, CA, 

USA) at the Interdisciplinary Center for Biotechnology Research at the University 

of Florida. Microsatellites were scored automatically using Genemapper 1.6 (Soft 

Genetics, State College, PA, USA), and then checked by eye.  
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Microsatellite Data Analysis 

For each species, Micro-Checker (van Oosterhout et al., 2004) was used to 

test for the presence of null alleles, scoring errors and selection biases of loci. 

The program SpaGeDi 1.3a (Hardy and Vekemans, 2002) was used to perform a 

randomization test with 10,000 permutations on alleles for RST to test the 

evolutionary model for each locus. Genepop On The Web (Raymond and 

Rousset, 1995; Rousset, 2008) was used to test for linkage disequilibrium 

between loci. A Bonferroni correction was applied to the resulting P-values (Rice, 

1989). Finally, GENODIVE 2.0b17 (Meirmans and Van Tienderen, 2004) was 

used to detect clones in our data set, which is especially relevant for Ilex given 

that new stems often sprout from a common underground root stock (Ashe, 

1925).  

All data were imported in Genalex 6.41 (Peakall and Smouse, 2006) for 

calculations and formatting of the data sets for other software packages. Genalex 

was used to implement diversity statistics (number of individuals N, number of 

alleles Na, effective number of alleles Neff, observed and expected heterozygosity 

HO and HE and the inbreeding coefficient F). Tests for conformance to Hardy-

Weinberg equilibrium were conducted using Fisher’s exact test (Fisher, 1922) 

with a 10,000-step Markov chain, including a 1,000 burn-in for 100 batches in the 

program Genepop On The Web (Raymond and Rousset, 1995; Rousset, 2008). 

A Mantel test was performed for each endemic to test for a correlation between 

genetic and geographic distance, and also for the presence of drift or lack of 

gene flow in the case of populations fixed (Hutchinson and Templeton, 1999). 
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To investigate population structure, Genalex was used for an analysis of 

molecular variance (AMOVA) among populations, within populations and within 

individuals, and estimates of pairwise population differentiation, FST and RST 

(chapter 3 for justification of use of both FST and RST). Also, the allelic 

contribution of each population was evaluated for conservation purposes using 

the program CONTRIB 2.02 (Petit, El Mousadik, and Pons, 1998). The 

contribution is partitioned between contribution of a population relative to others 

in the same species, and divergence of allelic richness from other populations 

(presence of unique alleles or abundance of rare alleles), both very important 

factors for conservation.   

Finally, for effective conservation genetics of these endemic species, a 

Bayesian likelihood method (Pritchard, Stephens, and Donnelly, 2000; Falush, 

Stephens, and Pritchard, 2003, 2007) was implemented in the program TESS 

(Durand et al., 2009) to infer the number of genetic and geographic clusters in 

each of the endemic species. For this program, the DIC (Deviance Information 

Criterion) stabilizes around the optimal number of clusters (K). However, in 

contrast to the program STRUCTURE (Pritchard, Stephens, and Donnelly, 2000), 

TESS includes decay of correlation of membership coefficients with distance 

within clusters. This might lead to a slower stabilization of K, and Kmax (with the 

highest probability) might overestimate the true number of clusters. As advised in 

the manual, the analysis of the optimal number of clusters has to be assessed on 

the basis of DIC and bar plots. In determining the optimal number of clusters, we 

therefore took into consideration both the curve of DIC against K and the 
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stabilization of the number of estimated clusters in the bar plots. Additionally, 

variation of results between the different repetitions within each K value was 

explored to infer the consistency of cluster composition. 

Results 

For all species, no loci were in linkage disequilibrium, showed significant 

selection bias or the presence of null alleles. No data set showed a significant 

number of clones, and all loci followed the stepwise mutation model (SMM).  

Asimina obovata 

Overall molecular variance was high for the endemic Asimina obovata 

(Na=18.5, Neff=9.9, HE=0.83, HO=0.7) compared to its widespread congener A. 

incana (Na=8.2, Neff=4.2, HE=0.62, HO=0.59). F, the inbreeding coefficient, was 

slightly higher but comparable to that for A. incana (0.14 vs 0.11) (Table 4-4). 

Within the endemic, the number of alleles Na ranged between 4.1 and 9.2, with 

higher values in more southern populations, but this range was not reflected in 

the effective number of alleles Neff (range 3.41 to 4.89 with standard error 

overlapping; population O121, in Paynes Creek State Park (SP), with an Neff of 

6.35, had the only value significantly higher than the others). For all populations 

except O110 in Citrus Co., observed and expected heterozygosities were not 

significantly different from each other. O101 and O110 (Lakes Wales Ridge State 

Forest) were also in Hardy-Weinberg equilibrium. The results of the Wilcoxon test 

for bottleneck detection were negative except for O103 (Pine Park, Lake Co.), 

O107 (Tiger Creek, Polk Co.) and O121 (Paynes Creek SP) for heterozygote 

excess under the IAM model, and O103 under the TPM model (chapter 3 for a 

definition of the models) (Table 4-10). The total contribution of allelic richness 



 

111 

was positive for O110, O115 (Catfish Creek SP) and O121, with the contribution 

to the species’ total diversity being significantly positive for O101, O106 

(Archbold Biological Station (BS)) and O127 (Ocala National Forest (NF)) and 

the contribution through divergence from other populations also positive for O103 

and O110. O115 and O121 all positively contributed to allelic diversity (Figure 4-

6). The Mantel test for Asimina obovata showed a significant (P-value=0.03812), 

but very small (R2=0.002), correlation between geographic and genetic distance, 

with points scattered throughout the graph (Figure 4-7). 

Overall, the partitioning of genetic diversity was overwhelmingly attributed 

to variation within individuals (77%) under an IAM model, and to among 

individuals within populations (78%) under the SMM model. The contribution of 

among-population partitioning to total molecular variance was comparable at 

15% and 14%, respectively (results not shown). Examining genetic divergence 

between populations, pairwise FST values were surprisingly homogeneous under 

the IAM model (25 population pairwise values between 0.111 and 0.187, 2 below 

0.1 (0.059 and 0.088) and 1 above (0.209)). However, under the SMM model, 

RST values showed a wider range of values (0.00-0.640) (Table 4-13). The 

‘clusters’ of populations inferred to have undergone high gene flow were 

comparable, but not entirely similar to, those from the TESS run (Figure 4-4). The 

biggest cluster of populations, including O101, O106, O107 and O115, showed 

little or no differentiation, although populations O106 and O101, and O107 and 

O106 had a slightly higher RST (0.206 and 0.251, respectively). O106 was also 

isolated from O121 by a significant RST, so that O106 was isolated from all 
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populations north of its location. The TESS results also clustered populations 

O127 and O103, a result consistent with an RST value of 0.00. The genetically 

isolated O121 and O110 in TESS did show high levels of genetic differentiation 

with several populations, although there were some exceptions, such as O110 

and both O101 (RST =0.015) and the geographically close O107 (RST =0.067), 

and populations O121 and O103, moderately geographically distant from 

different ridges (RST = 0.064) (Table 4-15).  

Ilex opaca var. arenicola 

Overall, the molecular diversity of Ilex opaca was comparable to that of its 

sister species, I. cassine, with slightly more alleles (16.6 vs. 14.1) but slightly 

fewer effective alleles per population (5.5 vs. 6.6). Heterozygosities also were 

comparable (HE =0.65 and 0.57 and HO =0.41 and 0.47 for I. cassine and I. 

opaca, respectively). The inbreeding coefficient was slightly higher for I. cassine 

(0.39 vs. 0.23). Within Ilex opaca, we compared the two varieties and found that 

despite a much larger sample size (160 individuals vs. 39), var. opaca had more 

alleles per population (14.6 vs. 10.7) but a comparable number of effective 

alleles per population (5 vs 4.7) than var. arenicola (Figure 4-5).  

Within Ilex opaca, and despite different population sizes (N=1-16), the 

average number of alleles per population did not differ greatly (1.5 for the 

population with 1 individual, and Na =2-5.9 with an average of 3.78 and a median 

of 3.7; Neff = 1.55-3.62 with an average of 2.57 and a median of 2.69). The 

heterozygosity levels also were homogeneous, and the expected and observed 

heterozygosities barely differed (HO =0.27-0.52, average 0.40; HE =0.27-0.5, 

average 0.40). Populations O1001 (MD), O115 (Catfish Creek, FL), O1101 (AL), 
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O1204 (MA), O1503 (GA), O701 (SC), O802 (MS), O1201 (MA) and O202 (KY) 

were all in Hardy-Weinberg equilibrium. No populations labeled as var. arenicola 

were in equilibrium, maybe showing inbreeding or small population sizes. Only 

one population (O1402 in KY) showed a high inbreeding coefficient (0.24 with 

S.E. 0.11), and seven other populations showed very low yet significant levels of 

inbreeding (all under 5%) (Figure 4-8). Population O1402, however, did not 

exhibit signs of a bottleneck under any mutation model, while A106 (Archbold 

BS, FL) was the only population exhibiting heterozygote deficiency under both 

SMM and TPM models (Table 4-11). The allelic contributions of populations were 

all negative except for A106 and O114 (Loblolly Woods, FL). However, many of 

the population’s allelic contributions to the total diversity were positive (10 

populations out of 19), and all diversity due to a population’s divergence from 

other populations was negative (Figure 4-11), revealing the absence of 

populations with private alleles. The Mantel test revealed that a correlation 

between genetic and geographic distance was not significant (P-value=0.142, 

R2=0.09378), and points were scattered throughout the graph (Figure 4-8). 

For the overall partitioning of the molecular variance, FST partitioned genetic 

diversity mostly within individuals (76%) and RST to among individuals within 

populations (94%). The variation among populations accounted for 9% of the 

total variation under the IAM and for 5% under the SMM model. The clustering of 

individuals according to their genetic and geographic distance grouped 

populations A106 (Archbold BS, FL) and A116 (Catfish Creek, FL) together, both 

of var. arenicola. All other Floridian populations (A108, O114, O115, O110) 
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clustered with the two from Mississippi (O801 and O802) and the one from 

Alabama (O1101). All other Ilex populations, with samples along the east coast 

of North America from Georgia to Maine, clustered together (Figure 4-5). The 

estimation of gene flow from RST values does not, however, support this 

clustering of populations exactly. A major barrier to gene flow, revealed by high 

RST values, seems to occur between populations in Mississippi and populations 

in Florida, which contrasts with the TESS cluster. Florida populations appear to 

tend to exchange genes, regardless of their cluster, except for populations O114 

and A116 (RST =0.110) (Figure 4-14).  

Prunus geniculata 

The overall genetic diversity indices were comparable for the endemic 

Prunus geniculata and its sister species P. maritima, if not a little higher for the 

endemic, with Na = 8.87 and 8, Neff = 4.4 and 3.94, HE = 0.69 and 0.47 and HO = 

0.69 and 0.6, respectively. The inbreeding coefficients, however, differed, with 

the endemic having very low inbreeding (0.06) while its congener exhibited a 

fairly low, but substantially higher, F at 0.19 (Figure 4-6).  

Within Prunus geniculata, indices of molecular diversity were low. Some 

populations were very small (two populations only contained three individuals 

each), the number of alleles averaged 3.39 (2.00-4.50), the effective number of 

alleles 2.48 (1.70-3.61), observed heterozygosities averaged 0.51 and effective 

heterozygosities were lower (average 0.40), with three populations with low 

expected heterozygosities (HO =1.63, 0.58 and 0.66 and HE =0.43, 0.37 and 0.45 

for populations 106 (Archbold BS), 116 (Catfish Creek SP) and 119 (Catfish 

Creek SP), respectively). These same three populations exhibited significant 
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results for the Wilcoxon test (0.43, 0.65 and 0.64 for heterozygote excess, 

respectively) (Table 4-12). Populations 101 (Lake Wales Ridge SF), 105 

(Clermont) and 119 (Catfish Creek SP) were in Hardy-Weinberg equilibrium 

(Table 4-10). From the populations departing from HWE, 116 was the only one 

exhibiting heterozygote deficiency under all models of evolution, a strong sign of 

a recent bottleneck. Several others also showed signs of a past bottleneck under 

the IAM model, but this was not sustained under the SMM and TPM models, 

which were determined to be more appropriate for these loci (Table 4-12). For 

each population, the allelic diversity was positive or non-existent, but all 

populations had a positive contribution to the total diversity of the species due to 

its positive contribution compared to other populations (populations 101 (Lake 

Wales Ridge SF), 102 (Lake Wales Ridge SF) and 105 (Clermont)), or due to its 

divergence from other populations (populations 106 (Archbold BS), 116 (Catfish 

Creek SP) and 119 (Catfish Creek SP)), or both (population 107 (Tiger 

Creek))(Figure 4-11). The Mantel test was significant (P-value=0.001) but very 

small (R2=0.03373), with points scattered throughout the graph (Figure 4-9). 

The overall partitioning of molecular variance was, just as in Asimina and 

Ilex, attributed mostly to the within-individual variation for the IAM model and 

among individuals within populations under the SMM model. The among-

population contribution was of 8% and 22% for each model, respectively (Figure 

4-9). The genetic and geographic clustering of the populations of Prunus 

geniculata revealed three clusters: one composed of only population 116, one of 

population 106 (Archbold BS), and the third cluster with all remaining populations 
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(Figure 4-6). Population 116 (Catfish Creek SP), although geographically very 

close to populations 119 (Catfish Creek SP), 107 (Tiger Creek) and 101 (Lake 

Wales Ridge SF), shows high levels of FST with all these populations and of RST 

with all populations but 101 (Lake Wales Ridge SF), consistent with its lack of 

gene exchange with others. Population 106 (Archbold BS) is geographically more 

isolated and also shows signs of a genetic barrier with population 116 (Catfish 

Creek SP) only with RST, but all populations with FST. Within the largest genetic 

cluster, no genetic structure exists under the SMM model, but the IAM model 

shows significant molecular divergence between population 119 (Catfish Creek 

SP) and other populations in its cluster (Table 4-15).  

Discussion 

Asimina obovata 

The endemic species Asimina obovata showed significantly higher allelic 

diversity and higher heterozygosity than the more widespread A. incana. These 

results go against the common pattern that more narrowly distributed species 

exhibit less genetic diversity than their widespread congeners (Hamrick and 

Godt, 1989; Gitzendanner and Soltis, 2000), although the opposite has been 

observed in this region for other endemics (MacDonald and Hamrick, 1996; 

Menges, 2001).  

Within Asimina obovata, measures of genetic diversity reveal greater allelic 

diversity in O121, the only population on a smaller ridge just west of the Lake 

Wales Ridge, than any other population. Population O110 is the only one to have 

significantly lower expected than observed heterozygosity. This population, on 
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the Brooksville Ridge, northwest of the Lake Wales Ridge, and population O101, 

on the Lake Wales Ridge, have significantly negative inbreeding coefficients.  

Bottlenecks were detected in three populations (O121, O107 and O103), 

but only in O103, the only sampled population in the northern part of the Lake 

Wales Ridge, is the detection of heterozygote excess significant under both the 

IAM and the TPM models. Population O121 (Paynes Creek SP), having a 

heterozygote deficiency under the IAM model, also shows signs of isolation (with 

high RST values) from neighboring populations O107 (Tiger Creek) and O110 

(Citrus Co.) to the north, O101 (Lake Wales Ridge SF) to the east and O115 

(Catfish Creek SP) to the south. Interestingly, this population shows the greatest 

allelic diversity of all sampled populations of Asimina obovata, and the only one 

to have both positive contribution to the total diversity of the species and positive 

contribution due to divergence from other populations (Figure 4-10). Other 

significant barriers to gene flow revealed by high RST values are noticeable 

between the northern populations O127 and O110, located on different ridges, 

but otherwise geographically close (Figure 4-1). The Mantel test results, with a 

lack of isolation by distance and a scattering of the points in the graph, translate 

into significant drift throughout all populations of the species (Figure 4-7) 

(Hutchinson and Templeton, 1999).  

Ilex opaca 

Ilex cassine and Ilex opaca show similar indices of molecular variance. 

Within Ilex opaca, however, variety arenicola, despite a much smaller sample 

size, shows barely smaller effective number of alleles per population and slightly 

higher heterozygosity measures (Table 4-5). This result could be explained by 
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the concentration of var. arenicola in central Florida, a known Pleistocene 

refugium (Webb and Myers, 1990; Lewis and Crawford, 1995; Peterson, 

Martinez-Meyer, and Gonzalez-Salazar, 2004) and a center of genetic diversity. 

However, when examination of molecular diversity indices at the population level 

reveals that none of the central Floridian I. opaca var. opaca populations exhibit 

higher effective number of alleles or heterozygosity (both expected and 

observed), arguing against this hypothesis of central Florida being a center of 

genetic diversity for Ilex opaca as a whole (Table 4-8). Several populations 

showed small but significant levels of departure from F = 0 (Wright, 1951). Five 

populations had an F value above 0, a sign of inbreeding, and three had a 

negative F, a sign of excess heterozygosity (Table 4-8). Of these populations, 

O201 (KY) and A106 (Archbold BS) also showed a heterozygote deficiency with 

the Wilcoxon bottleneck detection test, confirming small but significant levels of 

inbreeding due to a recent bottleneck. O201 is a population in Kentucky. The 

other population sampled from this state exhibited a shifted distribution of allelic 

frequency characteristic of a mutation-drift disequilibrium, another sign of a 

bottleneck (Cornuet and Luikart, 1996). Since our sampling of Ilex opaca var. 

opaca is irregular and given that Kentucky is the only northern state that is not 

along the coast (more heavily sampled), it is difficult for us to interpret this result. 

These results, however, call for further sampling of this species on a landscape 

level. Population A106 is the southernmost population of var. arenicola to have 

been sampled, on the southern end of the Lake Wales Ridge, at Archbold 

Biological Station. This station has been known to have undergone a much 
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improved land management, especially with the implementation of regular 

prescribed burns since 1974 (Main and Menges, 1997) after a long period of 

active burn suppressions. These regular burns benefit scrub species (Menges 

and Kohfeldt, 1995; Weekley and Menges, 2003), but the long suppression of 

fires on the station might have impacted this population of Ilex opaca var. 

arenicola more heavily than others. Also, the Wilcoxon test detects bottlenecks 

within 4Ne generations (Cornuet and Luikart, 1996), and because Ilex opaca is a 

long-lived species, the bottleneck most likely pre-dates the newer fire 

management strategy of the Archbold Biological Station. It would be interesting 

to increase the sampling of Ilex at Archbold and along the southern half of the 

Lake Wales Ridge, to detect the extent of this bottleneck in relation to the history 

of fire management of the region.  

The results of the Bayesian genetic and geographic approach implemented 

in TESS produced a very interesting separation of the populations in the 

southeastern US. One cluster groups two populations described as var. arenicola 

on the Lake Wales Ridge. Another cluster groups all other populations of Ilex 

opaca in Florida, all situated to the west of the first cluster, with populations in 

Alabama and Mississippi. The other populations, sampled north and east of 

Florida along the coast, are clustered together, separate from the two more 

southern clusters. This distribution is interesting and seems to correspond to a 

pattern seen in other species such as the seaside sparrow (Ammodramus 

maritimus), the tiger beetle (Cicindella dorsalis) and the coastal plain balm 

(Dicerandra linearifolia) with an Atlantic Coast/Gulf Coast genetic break between 
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populations (Soltis et al., 2006). This pattern can also be found in the Atlantic 

white cedar, Chamaecyparis thyoides (Cupressaceae). An allozyme study found 

three main clusters of populations, one along the Atlantic coast, one in central 

Florida and one along the Gulf coast (Mylecraine et al., 2004). However, gene 

flow, inferred from RST values (Figure 4-14), shows differentiation between 

populations in Mississippi versus those in Florida and Georgia. The gene flow 

barrier between Mississippi and Florida populations is in direct contradiction to 

the genetic clusters found with TESS. A study on wolverines found similar 

discrepancies (using STRUCTURE, not TESS) and considered the Bayesian 

approach to be more conservative than other methods (Cegelski, Waits, and 

Anderson, 2003). Also, because TESS includes a decay of correlation of 

membership coefficient with distance within clusters, it may overlook small but 

real spatial genetic discontinuities within clusters if these are mostly due to 

geographic distance. This is especially true when sampling is irregular, and given 

that our sampling in Florida is denser than along the remaining Gulf Coast, this 

might especially be the case. It would be interesting to increase sampling in the 

region to try and detect finer genetic structure along the coast. Finally, the 

strongest detection of a gene flow barrier within the Gulf Coast cluster occurs 

between population O114, in north-central Florida, and the population in 

Alabama (RST =0.239), possibly hinting at a barrier at the Apalachicola River, a 

common pattern of population structure in the region (Soltis et al., 2006). Once 

more, further sampling is needed to draw any firm conclusion.  
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Prunus geniculata 

Prunus geniculata shows higher levels of molecular diversity than its close 

congener P. maritima. It has more alleles, both absolute and effective, higher 

expected and observed levels of heterozygosity and lower inbreeding (Figure 4-

6). This is undeniably a good sign for this endemic’s evolutionary potential. 

However, it should here be noted that throughout our contact with collaborators 

in Maine and Delaware, it became increasingly obvious that Prunus maritima is a 

species under considerable anthropogenic pressure and that its distribution is 

patchy; population sizes are small, and this species might itself be more 

fragmented than it once was. Nonetheless, an observed and expected 

heterozygosity of 0.69 and an inbreeding coefficient of 0.06 are not alarming 

values for a federally listed species (Table 4-6). Within the Florida endemic, 

populations 106 (Archbold BS), 116 (Catfish Creek SP) and 119 (Catfish Creek 

SP) show low levels of allelic diversity. For population 119, this could be due to 

the very small sample size (N=3), and to a certain extent for population 116 as 

well. However, population 106 has a low number of alleles, as well as a 

significant difference between observed and expected heterozygosities 

(populations 116 and 119 also exhibit this significant difference) (Figure 4-9). A 

loss of heterozygosity can indicate that the populations is suffering from high 

inbreeding, and that it is losing its evolutionary potential (Frankham, 2003). 

Inbreeding could be directly linked to the noticeably low seedling recruitment in 

this species, despite abundant flowering (Weekley et al., 2010). However, these 

three populations have significantly negative inbreeding coefficients, a sign of 

heterozygote excess (Table 4-9). This observation is further supported in the 
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case of population 116  (Catfish Creek SP) by the detection of heterozygote 

excess under all evolutionary models for the Wilcoxon test, which is interpreted 

as the presence of a recent bottleneck (Cornuet and Luikart, 1996). Also, the 

shifted mode of the allele frequency distribution graph is characteristic of a 

bottleneck (as a disruption of the mutation-drift equilibrium). No other population 

showed signs of a bottleneck under the SMM or the TPM evolution model (Table 

4-12). However, all populations but 119 (Catfish Creek SP) and 101 (Lake Wales 

Ridge SF) showed signs of recent past bottlenecks under the IAM model, which 

seems less conservative. These populations might indeed have gone through a 

smaller but nonetheless significant recent bottleneck as the IAM model results 

are thought to be more accurate than others for the Wilcoxon test, no matter 

which model the loci follow (Harper, Maclean, and Goulson, 2003). The total 

allelic richness was positive for three populations (101, 106 and 107), with the 

allelic richness of the southern population 106 greatly diverging from other 

populations (populations 107, 116 and 119 also did to a lesser extent), and the 

richness of populations 101 and 105 contributing positively to the total diversity 

(Figure 4-11). The Mantel test results show no isolation by distance but the 

fixation of populations due to significant drift (Hutchinson and Templeton, 1999).  

Genetic clustering and gene flow measures both show the isolation of 

population 106, at Archbold Biological Station, from other populations. This 

makes this inbred population a priority for the conservation of the species. The 

divergence of its allelic richness from other populations is due to the presence of 

unique alleles, despite having gone through a recent bottleneck. Due to the 
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combination of all these factors, it is of very high priority to conserve all 

individuals of this population for the species to keep all its evolutionary potential 

(Ellstrand and Elam, 1993; Petit, El Mousadik, and Pons, 1998; Lowe et al., 

2005). A denser sampling in the southern half of the Lake Wales Ridge might 

locate some new populations sharing alleles with 106 and could show the 

population to be less isolated than is shown here. Population 116 (Catfish Creek 

SP) also is clustered separately from other populations of the same species. It 

also exhibits signs of inbreeding, although to a lesser extent than 106 (no 

bottleneck detection from the Wilcoxon test, but an inbreeding coefficient 

departing from 0 and a low HE). Gene flow barriers are also strong around this 

population, despite the geographic proximity to three other populations (119 

(Catfish Creek SP), 107 (Tiger Creek) and 101 (Lake Wales Ridge SF)). This 

might be explained by factors other than abiotic ones, and the phenology and 

pollination of this population need to be studied further to try and explain this 

phenomenon. The last genetic cluster encompasses all other populations of 

Prunus geniculata. Population 107 on The Nature Conservancy land Tiger Creek 

seems to have the highest and most differentiated population of all. This makes it 

a very important population for the long-term conservation and potential for 

adaptation for the species.  

 

Comparisons 

All three species reveal different evolutionary histories and patterns of 

genetic diversity and partitioning. This supports the idea that, despite a narrow 

endemism common to several species, it is crucial to study species separately to 
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reveal potentially very different stories.  However, some common patterns should 

here be highlighted as they are relevant to the species history, and have major 

implications for conservation.  

All three species show moderate to high levels of molecular variation when 

compared to their close congeners. Despite an overwhelming number of studies 

comparing levels of allozyme variation to other species with similar life histories 

(Hamrick and Godt, 1989), it would not be rigorous to compare levels of diversity 

measured with allozymes to levels measured with microsatellites, as different 

markers have shown to reveal slightly different aspects of genetic diversity, 

partitioning and history (Young, Boyle, and Brown, 1994). Very few studies have 

used microsatellites for species endemic to the central Florida scrub. Comparing 

levels of genetic diversity to a close congener makes the most sense 

evolutionarily (Gitzendanner and Soltis, 2000). All levels of genetic diversity were 

comparable to (Ilex) or higher than (Prunus and Asimina) the close congener. In 

a study of several species of Polygonella, the two species endemic to the Lake 

Wales and Mount Dora Ridges, P. myriophylla and P. basiramia, were found to 

have higher within-population genetic diversity than their widespread congeners 

P. articulata and P. americana from northeastern North America (Lewis and 

Crawford, 1995). Results, however, are not totally comparable to those for our 

study, however, as they are based on allozymes. The authors attribute these 

unexpected differences in genetic diversity to the presence of a Pleistocene 

refugium in peninsular Florida, and the subsequent founder effect of the more 

widespread species. Since this founder event was recent (10,000 years BP), the 
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widespread population has not yet had time to fully recover and increase its 

genetic diversity through the evolution of new alleles. Similarly, two Dicerandra 

species endemic to the Lake Wales Ridge exhibit higher levels of genetic 

diversity and polymorphism than their more widespread congeners (MacDonald 

and Hamrick, 1996). The same is true of Liatris ohlingerae, a Florida scrub 

endemic, although this species was not compared to a close congener, but to 

other species with similar life histories (Menges, 2001).  

For all three species, the populations located in the southern part of the 

Lake Wales Ridge all seem to encompass a special conservation interest, and all 

were genetically and geographically isolated from other populations. Populations 

106 (Archbold BS) of Ilex opaca showed signs of inbreeding, and population 106 

of Prunus geniculata has low diversity and a high contribution to allelic richness 

due to strong divergence from other populations of the species, which shows a 

high content of unique alleles. Strong gene flow barriers also exist between these 

populations and the more northern ones for Prunus and Asimina, and in the case 

of Ilex, population 106 only clustered with population 116 (located in the middle 

part of the Lake Wales Ridge). This observation is concordant with that from the 

Florida scrub lizard and the sand skink, both showing lineages in the southern 

Lake Wales Ridge to be separate from other lineages on this ridge, on other 

ridges or in coastal scrub habitat (Branch et al., 2003). 

Another common observation is the distinctness of one population in the 

central Lake Wales Ridge, despite the presence of geographically close 

populations around. Prunus population 116 in Catfish Creek SP shows low 
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diversity and signs of a strong recent bottleneck. Also, strong gene flow barriers 

surround this population, isolating it from surrounding Prunus populations. In Ilex 

opaca, population 116 is genetically close to the southern population 106, but not 

to the close population 108 (and despite the fact that they are both var. 

arenicola). Finally, Asimina population 121 (Paynes Creek SP) is located close to 

population 101 (Lake Wales Ridge SF), but a strong genetic barrier has isolated 

population 121 from surrounding populations. This population shows the greatest 

allelic richness, partitioned into both richness compared to the total species 

richness, and divergence from other populations (presence of private alleles). 

The sand skink also shows a genetic cluster in the middle of the Lake Wales 

Ridge, its center of diversity, but shows more structure in the rest of the species 

than any of these three plant species (Branch et al., 2003).  

Asimina obovata is the only plant species examined so far that seems to 

exhibit a gene flow barrier between the Mount Dora and Lake Wales Ridges. The 

mole skink has been shown to have lineages on each ridge which have been 

separated for 4 million years, and the Florida scrub lizard and the sand skink 

show the same separation, dating back to 2 million years (Branch et al., 2003). 

Prunus geniculata does not occur on the Mount Dora Ridge, but Ilex opaca var. 

arenicola does, and it would be interesting to see if those populations are 

isolated from those on the Lake Wales Ridge.  

Lastly, the presence of significant genetic drift in all three species is 

consistent with the small population sizes I observed in the field and the inferred 

lack of gene flow between small populations. Drift means that any change, biotic 
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or abiotic, could dramatically impact the species in its ability to retain rare or 

private alleles, avoid the fixation of deleterious alleles, and ensure the 

reproductive ability of the species (especially in the case of Prunus, which 

already has worryingly low levels of seedling recruitment and a mechanism of 

self-incompatibility (Weekley et al., 2010)). These findings are important for 

conservation, and we advise giving priority to more isolated populations, as well 

as more divergent ones, preserving the potential for future adaptation through the 

conservation of populations with private alleles (Petit, El Mousadik, and Pons, 

1998). The potential for gene flow should also be preserved and, if necessary, 

enhanced for the long-term survival of the species (Ellstrand and Elam, 1993).  

Impacts of Anthropogenic Activity on Endemic Species 

We should here discuss the fact that despite the lack of inbreeding, lowered 

genetic diversity, and increased population structuring, all positive signs for rare 

endemic species, we should not infer that the recent anthropogenic activity in the 

region has not impacted the genetics of these species. Habitat loss and 

degradation may not yet have impacted genetic diversity. Inbreeding and fitness 

are thought to be impacted faster than genetic diversity, as seen in neotropical 

trees (Lowe et al., 2005). This could mean that populations that exhibit a 

significant inbreeding coefficient, but no other signs of reduced genetic diversity 

(for example Ilex opaca var. arenicola A106 in Archbod BS, the southernmost 

population on the Lake Wales Ridge), will, in the near future, have these diversity 

indices decrease despite conservation efforts. This is an important factor to take 

into consideration when setting up a conservation management plan, and for 

interpreting the results of genetic monitoring. Other studies contradict this, finding 
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that habitat loss impacts fitness and genetic diversity before it impacts inbreeding 

(Aguilar et al., 2008), which seems to be more important for smaller populations 

(Leimu et al., 2006). All of these differences in response of various indices to 

habitat fragmentation, bottleneck and disturbance decrease with time (Prober 

and Brown, 1994; Young, Boyle, and Brown, 1994; Leimu et al., 2006).  

Finally, the distance of the population to anthropogenic habitation or activity 

might be a very important factor to take into consideration when interpreting 

genetic variability results, gene flow barriers and conservation needs (Prober and 

Brown, 1994; Menges et al., 2010). It might be most informative to try and 

correlate the results of this study with past and current habitat patches in the 

landscape of the central Florida scrub habitat as this area has been so heavily 

affected by anthropogenic activity in the last 100 years (Cegelski, Waits, and 

Anderson, 2003; Menges et al., 2010).  

Conclusions 

This study revealed that three taxa endemic to the central Florida scrub did 

not show reduced levels of genetic variation when compared to their more 

widespread sister species. This might be due to the fact that anthropogenic 

activity is recent in the region (120 years or less) and its impact on the genetic 

diversity and fitness of the species might not yet show in genetic parameters. On 

the other hand, the presence of genetic drift for all three species is a warning of 

their vulnerability, especially considering the small population sizes I encountered 

in the field.  

The presence of an isolated and differentiated population on the southern 

end of the Lake Wales Ridge for all three species shows a common pattern. The 
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isolation of one population in each species in the central part of the Lake Wales 

Ridge, despite the presence of surrounding localities, is a good example that 

geographic closeness should never be assumed to imply genetic clustering, and 

these clusters should be considered separate evolutionary lineages for 

conservation management. Finally, the presence of a gene flow barrier between 

the two oldest ridges in Florida, the Lake Wales Ridge and the Mount Dora 

Ridge, in only one of the three species shows that more sampling needs to be 

done for Ilex, maybe revealing a pattern that is common in lizards and skinks.  

More species should be included in a broader comparative study of the 

region as genetic studies using microsatellites are now becoming more 

commonplace.



 

130 

Table 4-1. Sampled populations for the Asimina study. N is the number of individuals in the population. LWRSF= Lake 
Wales Ridge State Forest, TNC= The Nature Conservancy, CR= County Road, ADB=Allen David Broussard, 
SP=State Park. 

Species Pop Location N Voucher 

A. obovata O101 LWRSF, Polk Co, FL 12 
 

A. obovata O103 Pine Park, Lake Co, FL 12 
 

A. obovata O106 Archbold, Highlands Co, FL 15 
 

A. obovata O107 TNC Tiger Creek, Polk Co, FL 6 
 

A. obovata O110 CR 486, Citrus Co, FL 4 J.R. Abbott 24670 
A. obovata O115 ADB Catfish Creek SP, Polk Co, FL 11 

 
A. obovata O121 Paynes Creek SP, Hardee Co, FL 14 

 
A. obovata O127 Ocala NF, Marion Co, FL 9 

 
A. incana I111 Morriston, Levy Co, FL 16 

 
A. incana I112 Morningside, Alachua Co, FL 15 

 
A. incana I127 Ocala NF, Marion Co, FL 2 

 
A. incana I1506 Echols Co, Georgia 6 

 
A. incana I1507 Lowdes Co, Georgia 7 
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Table 4-2. Sampled populations for the Ilex study. Archbold=Archbold Biological Station; TNC=The Nature Conservancy; 
ADB=Allen David Broussard; SP=State Park 

Species Pop Location N Voucher 

Ilex cassine C103 Pine Park, Lake Co, FL 11 
 

Ilex cassine C104 Palakaha Park, Lake Co, FL 11 
 

Ilex cassine C106 Archbold, Highlands Co, FL 16 
 

Ilex cassine C107 TNC Tiger Creek, Polk Co, FL 8 
 

Ilex cassine C112 Morningside, Alachua Co, FL 5 
 

Ilex cassine C122 Werner Boyce, Pasco Co, FL 16 
 

Ilex cassine C123 Highlands Hammock, Highlands Co, FL 2 
 

Ilex cassine C1505 Old National Highway, Camden Co, GA 6 
R. Carter 
18219 

Ilex cassine C1508 Point Peter, Camden Co, GA 8 
R. Carter 
18216 

Ilex cassine C502 Military Ocean Terminal, Brunswick Co, NC 6 R. Peet n.s. 
Ilex cassine C702 Louis Ocean Bay, Horry Co, SC 3 

 
Ilex cassine C803 Sarracenia Rd, Stone Co, MS 10 S. Leonard n.s. 
I. opaca var. arenicola A106 Archbold, Polk Co, FL 15 

 
I. opaca var. arenicola A108 TNC Saddle Blanket, Polk Co, FL 7 

 
I. opaca var. arenicola A116 ADB Catfish Creek SP, Polk Co, FL 16 

 
I. opaca var. arenicola A121 Paynes Creek SP, Hardee Co, FL 1 

 
I. opaca var. opaca O1001 Dorchester Co, MD 5 W. Knapp n.s. 
I. opaca var. opaca O1002 Adkins bog, Wicomico Co, MD 7 W. Knapp n.s. 
I. opaca var. opaca O114 Loblolly Woods, Alachua Co, FL 5 

 
I. opaca var. opaca O115 ADB Catfish Creek SP, Polk Co, FL 6 

 
I. opaca var. opaca O801 Bluff Creek Rd, Stone Co, MS 10 S. Leonard n.s. 
I. opaca var. opaca O1101 Alabama 15 

 
I. opaca var. opaca O1204 Camp Farley, Mashpee Co, MA 9 
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Table 4-2.  Continued. 

I. opaca var. opaca O1401 York Co, PA 16 
 

I. opaca var. opaca O1503 Owens Ferry Rd, Camden Co, GA 8 
R. Carter 
18270 

I. opaca var. opaca O1504 Magnolia Bluff, Camden Co, GA 11 
R. Carter 
18292 

I. opaca var. opaca O201 Klaber Ridge, Menifee, KY 16 
 

I. opaca var. opaca O701 Richland Co, SC 15 Nelson 26944 
I. opaca var. opaca O802 Beech-Magnolia woods, Perry Co, MS 10 

 
I. opaca var. opaca O1201 Weymouth Great Pond, Weymouth Co, MA 7 

 
I. opaca var. opaca O1402 Wissler Run, Lancaster Co, PA 16 

 
I. opaca var. opaca O202 Whittleton Ridge, Powell Co, KY 4 

 
 
Table 4-3. Sampled populations for the Prunus study. LWRSF=Lake Wales Ridge State Forest; Archbold=Archbold 

Biological Station; SP=State Park; ABD=Allen David Broussard; TNC=The Nature Conservancy 

Species Pop Location N Voucher 

Prunus geniculata 101 LWRSF, Polk Co, FL 3 
 

Prunus geniculata 102 LWRSF, Polk Co, FL 1  
Prunus geniculata 105 Clermont, Lake Co, FL 16 J.R. Abbott 22697 
Prunus geniculata 106 Archbold, Highlands Co, FL 15 

 
Prunus geniculata 107 TNC Tiger Creek, Polk Co, FL 12 

 
Prunus geniculata 116 ADB Catfish Creek SP, Polk Co, FL 7 

 
Prunus geniculata 119 ADB Catfish Creek SP, Polk Co, FL 3 

 
P. maritima var. maritima 1202 Wing Island, Barnstable Co, MA 9 I. Kadis 1596 
P. maritima var. maritima 1203 Wing Island, Barnstable Co, MA 10 I. Kadis 1596 

P. maritima var. maritima 1205 Wing Island Front Dune, Barnstable Co, MA 9 I. Kadis 1597 
P. maritima var. maritima 901 Henlopen SP point, Sussex Co, DE 3 W. Knapp n.s. 
P. maritima var. maritima 902 Henlopen SP dock, Sussex Co, DE 5 W. Knapp n.s. 
P. maritima var. maritima 903 Seashore SP, Sussez Co, DE 7 W. Knapp n.s. 
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Table 4-4. Overall molecular diversity indices for Asimina obovata and A. incana. 

 
Asimina obovata Asimina incana 

N 87 47 
Na 18.5 8.2 
Neff 9.9 4.2 
HE 0.83 0.62 
HO 0.7 0.59 
F 0.14 0.11 

 
Table 4-5. Overall molecular diversity indices for Ilex opaca and I. cassine, and both varieties of I. opaca separately 

 
Ilex cassine Ilex opaca Ilex opaca var. arenicola Ilex opaca var. opaca 

N 102 199 39 160 
Na 14.1 16.6 10.7 14.6 
Neff 6.6 5.5 4.7 5 
HE 0.65 0.57 0.6 0.54 

HO 0.41 0.47 0.52 0.45 
F 0.39 0.23 0.21 0.21 

 
Table 4-6. Overall molecular diversity indices for Prunus geniculata and P. maritima 

 
Prunus geniculata Prunus maritima 

N 56 43 

Na 8.87 8 

Neff 4.4 3.94 

HE 0.69 0.47 

HO 0.69 0.6 

F 0.06 0.19 
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Table 4-7. Molecular diversity of populations of Asimina obovata. N=number of samples in the population; Na =number of 
alleles; Neff =effective number of alleles; HO =observed heterozygosity; HE =expected heterozygosity; HWE=P-
value for the exact Fisher's test Chi-squared for Hardy-Weinberg equilibrium (P-values in italic mean that the 
population is in equilibrium); F =inbreeding coefficient. 

Pop O101 O103 O106 O107 O110 O115 O121 O127 

N 10 13 15 8 4 11 14 9 

Na 6.00(1.12) 5.10(0.94) 7.80(1.50) 4.5(0.75) 4.1(0.89) 5.20(0.89) 9.20(1.72) 6.30(1.25) 

Neff 4.07(0.82) 3.71(0.73) 4.89(1.15) 3.41(0.57) 3.49(0.74) 3.46(0.65) 6.35(1.28) 4.34(0.99) 

HO 0.72(0.10) 0.56(0.08) 0.63(0.09) 0.58(0.10) 0.72(0.11) 0.62(0.08) 0.70(0.09) 0.60(0.09) 

HE 0.63(0.09) 0.61(0.09) 0.67(0.08) 0.61(0.08) 0.57(0.09) 0.61(0.08) 0.71(0.09) 0.63(0.09) 
HWE  0.9 0 0 0.01 0.97 0 0 0.03 

F -0.13(0.08) 0.04(0.07) 0.05(0.07) 0.00(0.11) -0.28(0.10) 0.03(0.08) -0.00(0.04) 0.06(0.06) 
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Table 4-8. Molecular diversity of populations of Ilex opaca (both varieties). N=number of samples in the population; Na 
=number of alleles; Neff =effective number of alleles; HO =observed heterozygosity; HE =expected 
heterozygosity; HWE=P-value for the exact Fisher's test Chi-squared for Hardy-Weinberg equilibrium (P-values 
in italic mean that the population is in equilibrium); F =inbreeding coefficient. 

Pop N Na Neff HO HE HWE F 

A106 15 5.20(1.27) 3.04(0.73) 0.44(010) 0.50(0.10) 0 0.12(0.07) 
A108 7 3.70(0.94) 2.95(0.80) 0.41(0.10) 0.45(0.11) 0.04 0.07(0.11) 

A116 16 4.10(0.87) 2.28(0.42) 0.42(0.10) 0.44(0.10) 0 0.05(0.06) 
A121 1 1.50(0.22) 1.50(0.22) 0.60(0.16) 0.30(0.08) NA NA 
O1001 5 3.40(0.88) 2.89(0.80) 0.43(0.12) 0.43(0.11) 0.46 -0.04(0.11) 
O1002 7 3.80(0.86) 2.79(0.77) 0.51(0.10) 0.46(0.08) 0.03 -0.12(0.11) 
O114 5 2.90(0.58) 2.22(0.48) 0.37(0.11) 0.42(0.09) 0.13 0.12(0.12) 
O115 6 3.50(0.71) 2.42(0.58) 0.48(0.11) 0.43(0.09) 0.94 -0.09(0.06) 
O801 10 4.30(1.13) 3.09(0.88) 0.42(0.11) 0.45(0.11) 0 0.13(0.12) 
O1101 15 5.10(1.50) 3.20(0.98) 0.44(0.11) 0.48(0.10) 0.17 0.08(0.08) 
O1204 9 2.00(0.47) 1.55(0.29) 0.25(0.10) 0.27(0.09) 0.13 0.08(0.15) 

O1401 16 2.60(0.58) 1.72(0.39) 0.27(0.09) 0.29(0.09) 0.24 0.08(0.10) 
O1503 8 3.70(0.83) 2.41(0.52) 0.45(0.10) 0.44(0.10) 0.9 -0.08(0.05) 
O1504 11 4.90(1.32) 2.99(0.82) 0.44(0.11) 0.49(0.10) 0.02 0.11(0.07) 
O201 16 4.30(1.29) 2.69(0.82) 0.30(0.10) 0.35(0.11) 0.04 0.10(0.07) 
O701 15 5.90(1.66) 3.62(1.22) 0.45(0.11) 0.46(0.11) 0.52 0.01(0.03) 
O802 10 4.20(1.17) 2.81(0.93) 0.40(0.11) 0.41(0.10) 0.39 0.07(0.08) 
O1201 7 2.60(0.65) 2.05(0.54) 0.33(0.10) 0.34(0.10) 0.32 0.00(.08) 
O1402 16 3.10(0.75) 1.99(0.50) 0.27(0.10) 0.33(0.10) 0 0.24(0.11) 
O202 4 2.70(0.57) 2.13(0.48) 0.43(0.13) 0.38(0.10) 0.98 -0.06(0.15) 
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Table 4-9. Molecular diversity of populations of Prunus geniculata. N=number of samples in the population; Na =number of 
alleles; Neff =effective number of alleles; HO =observed heterozygosity; HE =expected heterozygosity; HWE=P-
value for the exact Fisher's test Chi-squared for Hardy-Weinberg equilibrium (P-values in italic mean that the 
population is in equilibrium); F =inbreeding coefficient. 

Pop 101 105 106 107 116 119 

N 3 16 15 12 7 3 

Na 3.50(0.37) 5.87(1.17) 2.50(0.32) 4.50(0.98) 2.00(0.26) 2.00(0.18) 

Neff 2.96(0.35) 3.61(0.79) 2.00(0.27) 3.03(0.60) 1.70(0.20) 1.76(0.17) 

HO 0.75(0.13) 0.69(0.06) 0.63(0.15) 0.62(0.11) 0.58(0.16) 0.66(0.14) 

HE 0.63(0.03) 0.63(0.06) 0.43(0.09) 0.60(0.07) 0.37(0.09) 0.45(0.08) 
HWE 0.98 0.54 0 0.03 0.02 0.85 

F -0.14(0.20) -0.09(0.04) -0.43(0.07) 0.04(0.16) -0.65(0.12) -0.64(0.12) 
 
Table 4-10. Wilcoxon bottleneck detection test results for Asimina obovata. Analyzes for three models of evolution were 

performed: the Infinite Allele Model (IAM), the Stepwise Mutation Model (SMM) and the Two-Phased Model 
(TPM). For each population, the P-values for heterozygosity deficiency (left), and heterozygosity excess (right) 
are reported. The shape of the allele frequency distribution (AFD) is  reported as L-shaped (normal) or in 
Shifted Mode (shifted). 

pop IAM SMM TPM AFD 

O101 0.615/0.422 0.116/0.903 0.187/0.833 normal 
O103 1.000/0.000 0.903/0.116 0.987/0.016 normal 
O106 0.958/0.052 0.096/0.919 0.187/0.838 normal 
O107 0.983/0.041 0.883/0.137 0.919/0.096 normal 
O115 0.947/0.065 0.384/0.652 0.500/0.539 normal 
O121 0.983/0.041 0.116/0.903 0.312/0.721 normal 

O127 0.784/0.246 0.215/0.812 0.384/0.652 normal 
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Table 4-11. Wilcoxon bottleneck detection test results for Ilex opaca. Analyzes for three models of evolution were 
performed: the Infinite Allele Model (IAM), the Stepwise Mutation Model (SMM) and the Two-Phased Model 
(TPM). For each population, the P-values for heterozygosity deficiency (left), and heterozygosity excess (right) 
are reported. The shape of the allele frequency distribution (AFD) is reported as L-shaped (normal) or in Shifted 
Mode (shifted). 

pop IAM SMM TPM AFD 

A106 0.875/0.150 0.006/0.995 0.013/0.990 normal 

A108 0.972/0.037 0.679/0.371 0.769/0.273 normal 
A116 0.679/0.371 0.191/0.843 0.019/0.986 normal 
O1001 0.769/0.273 0.769/0.273 0.769/0.273 shifted 
O1002 0.312/0.721 0.052/0.958 0.065/0.947 normal 
O114 0.410/0.632 0.212/0.820 0.212/0.820 shifted 
O115 0.285/0.751 0.082/0.935 0.082/0.935 normal 
O801 0.714/0.326 0.082/0.935 0.170/0.849 normal 
O1101 0.787/0.248 0.082/0.935 0.150/0.875 normal 
O1204 0.972/0.039 0.765/0.289 0.593/0.468 normal 

O1401 0.679/0.371 0.230/0.808 0.156/0.875 normal 
O1503 0.455/0.589 0.064/0.975 0.013/0.990 normal 
O1504 0.714/0.326 0.082/0.935 0.101/0.917 normal 
O201 0.371/0.679 0.027/0.980 0.097/0.962 normal 
O701 0.589/0.455 0.125/0.898 0.179/0.849 normal 
O802 0.726/0.320 0.097/0.962 0.156/0.875 normal 
O1201 0.972/0.037 0.808/0.230 0.808/0.230 shifted 
O1402 0.843/0.191 0.097/0.962 0.273/0.769 normal 
O202 0.472/0.578 0.097/0.962 0.125/0.902 shifted 
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Table 4-12. Wilcoxon bottleneck detection test results for Prunus geniculata. Analyzes for three models of evolution were 
performed: the Infinite Allele Model (IAM), the Stepwise Mutation Model (SMM) and the Two-Phased Model 
(TPM). For each population, the P-values for heterozygosity deficiency (left), and heterozygosity excess (right) 
are reported. The shape of the allele frequency distribution (AFD) is reported as L-shaped (normal) or in Shifted 
Mode (shifted). 

pop IAM SMM TPM AFD 

101 0.628/0.421 0.726/0.320 0.769/0.273 shifted 

105 0.980/0.027 0.230/0.808 0.421/0.628 normal 
106 0.980/0.027 0.945/0.148 0.945/0.148 shifted 
107 0.980/0.027 0.527/0.527 0.578/0.472 normal 
116 0.992/0.015 0.976/0.039 0.976/0.039 shifted 
119 0.945/0.148 0.945/0.148 0.945/0.148 shifted 

 
Table 4-13. Gene flow estimation between populations of Asimina obovata. FST is below, and RST above diagonal. 

O101 O103 O106 O107 O110 O115 O121 O127 
 

 
0.000 0.206 0.000 0.015 0.092 0.186 0.084 O101 

0.152 
 

0.076 0.000 0.139 0.095 0.064 0.000 O103 
0.088 0.174 

 
0.251 0.761 0.397 0.115 0.096 O106 

0.059 0.148 0.110 
 

0.067 0.112 0.220 0.087 O107 
0.136 0.168 0.191 0.146 

 
0.353 0.640 0.550 O110 

0.120 0.187 0.125 0.118 0.212 
 

0.343 0.212 O115 
0.162 0.178 0.161 0.139 0.194 0.184 

 
0.095 O121 

0.175 0.111 0.176 0.137 0.209 0.181 0.139 
 

O127 
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Table 4-14. Gene flow estimation between populations of Ilex opaca (both varieties). FST is below, and RST above 
diagonal. 

A106 A108 A116 O1001 O1002 O114 O115 O801 O1101 O1204 O1401 O1503 O1504 O201 O701 O802 O1201 O1402 O202 
 

 
0.000 0.026 0.051 0.335 0.099 0.000 0.225 0.002 0.076 0.109 0.000 0.000 0.040 0.039 0.310 0.020 0.207 0.148 A106 

0.051 
 

0.000 0.049 0.299 0.077 0.017 0.170 0.000 0.050 0.070 0.072 0.000 0.010 0.005 0.272 0.005 0.169 0.174 A108 

0.099 0.155 
 

0.000 0.251 0.110 0.000 0.167 0.033 0.043 0.042 0.000 0.000 0.000 0.000 0.217 0.000 0.129 0.018 A116 

0.044 0.041 0.100 
 

0.000 0.000 0.030 0.000 0.209 0.000 0.000 0.081 0.000 0.000 0.000 0.000 0.000 0.000 0.000 O1001 

0.083 0.045 0.142 0.024 
 

0.000 0.278 0.000 0.457 0.000 0.000 0.329 0.111 0.137 0.124 0.000 0.048 0.000 0.000 O1002 

0.074 0.080 0.143 0.065 0.113 
 

0.039 0.000 0.239 0.000 0.000 0.096 0.000 0.029 0.023 0.019 0.000 0.013 0.000 O114 

0.047 0.040 0.144 0.043 0.092 0.030 
 

0.154 0.000 0.039 0.058 0.000 0.000 0.001 0.000 0.257 0.000 0.159 0.147 O115 

0.059 0.000 0.133 0.017 0.026 0.036 0.035 
 

0.297 0.000 0.000 0.194 0.061 0.091 0.079 0.000 0.007 0.000 0.000 O801 

0.068 0.051 0.126 0.051 0.108 0.053 0.051 0.048 
 

0.167 0.155 0.036 0.036 0.084 0.080 0.403 0.121 0.265 0.372 O1101 

0.179 0.200 0.206 0.084 0.211 0.131 0.132 0.143 0.139 
 

0.000 0.078 0.000 0.000 0.000 0.000 0.000 0.000 0.000 O1204 

0.155 0.170 0.197 0.080 0.157 0.158 0.102 0.142 0.096 0.169 
 

0.086 0.000 0.010 0.002 0.000 0.000 0.000 0.000 O1401 

0.054 0.057 0.093 0.016 0.086 0.084 0.042 0.048 0.044 0.124 0.104 
 

0.000 0.026 0.022 0.298 0.028 0.188 0.214 O1503 

0.038 0.045 0.105 0.005 0.091 0.072 0.036 0.041 0.052 0.125 0.094 0.019 
 

0.000 0.000 0.113 0.000 0.057 0.000 O1504 

0.111 0.115 0.157 0.051 0.130 0.148 0.101 0.112 0.064 0.150 0.066 0.060 0.075 
 

0.000 0.106 0.000 0.031 0.000 O201 

0.057 0.044 0.108 0.003 0.067 0.093 0.039 0.039 0.039 0.121 0.091 0.031 0.031 0.053 
 

0.094 0.000 0.024 0.000 O701 

0.087 0.018 0.159 0.069 0.069 0.083 0.058 0.000 0.063 0.184 0.172 0.074 0.070 0.128 0.071 
 

0.032 0.000 0.000 O802 

0.106 0.052 0.183 0.032 0.092 0.121 0.044 0.046 0.083 0.118 0.131 0.054 0.086 0.079 0.044 0.074 
 

0.000 0.000 O1201 

0.137 0.113 0.186 0.039 0.121 0.188 0.105 0.100 0.117 0.166 0.072 0.071 0.090 0.088 0.063 0.141 0.087 
 

0.000 O1402 

0.063 0.097 0.099 0.009 0.078 0.064 0.114 0.064 0.029 0.157 0.094 0.053 0.045 0.019 0.041 0.099 0.108 0.135 
 

O202 
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Table 4-15. Gene flow estimation between populations of Prunus geniculata. FST is below, and RST above diagonal. 

101 105 106 107 116 119 
 

 
0.000 0.000 0.000 0.000 0.000 101 

0.000 
 

0.000 0.000 0.305 0.000 105 
0.269 0.264 

 
0.000 0.286 0.000 106 

0.000 0.034 0.322 
 

0.209 0.000 107 
0.236 0.233 0.520 0.255 

 
0.263 116 

0.117 0.126 0.456 0.128 0.373 
 

119 
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Figure 4-1. Distribution of sampled populations for Asimina obovata (orange circle) and 

Asimina incana (blue square). 
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Figure 4-2. Distribution of sampled populations for Ilex opaca var. arenicola (red circle), 

I. opaca var. opaca (blue square) and I. cassine (yellow triangle). 
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Figure 4-3. Distribution of populations of Prunus geniculata (red circles) and P. maritima 

(purple squares). 
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Figure 4-4. Geographic and genetic clustering of Asimina obovata. K=4 was the optimal 

number of clusters. The bar plot is showing both species of Asimina for K=5, 
demonstrating the clear separation of the species. Then, K=2-5 is shown for 
Asimina obovata only.  
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Figure 4-5. Geographic and genetic clustering of Ilex opaca (both varieties) K=4 was the 

optimal number of clusters for Ilex opaca and I. cassine (the latter being one 
cluster not shown in the bar plot).  
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Figure 4-6. Geographic and genetic clustering of Prunus geniculata and P. maritima. K= 

5 was optimal. The DIC graph and K=2-4 Prunus geniculata bar plots show 
that K=3 is optimal for the endemic.  
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Figure 4-7. Results of Mantel test for Asimina obovata. Each point corresponds to a pair 
of individuals’ genetic distance against its geographic distance.   
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Figure 4-8. Result of Mantel test for Ilex opaca. Graph of all individual pairs (top) and of 
individuals from populations in Georgia and Florida only (bottom).  
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Figure 4-9. Result of Mantel test for Prunus geniculata. Each point represents a pair of 
individuals’ genetic distance against its geographic distance.  

 

 

Figure 4-10. Figure 4-6: Contributions of populations of Asimina obovata to allelic 
richness. Allelic diversity of each population (blue dots) is composed of its 
contribution to the total diversity (red bar) and its divergence from other 
populations (green bar). 
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Figure 4-11. Contributions of populations of Ilex opaca (both varieties) to allelic 
richness. Allelic diversity of each population (blue dots) is composed of its 
contribution to the total diversity (red bar) and its divergence from other 
populations (green bar). 

 

 

Figure 4-12. Contributions of populations of Prunus geniculata to allelic richness. Allelic 
diversity of each population (blue dots) is composed of its contribution to the 
total diversity (red bar) and its divergence from other populations (green bar). 
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CHAPTER 5 
SYNTHESIS OF RESULTS: CONSERVATION IMPLICATIONS FOR THE CENTRAL 

FLORIDA SCRUB  

Genetic diversity and habitat availability are two of the factors increasing the 

chances of long-term survival of a species. In turn their reduction can lead to an 

increase in inbreeding, loss of fitness, inability to adapt to future changes, and 

eventually extinction (Frankham, 2003; Frankham, 2005).  

Taxonomic Units and Conservation 

The need to delimitate species in a standardized manner has great implications on 

conservation, and conservation application. Conservation planning is often based on the 

concept of species as a conservation unit. The list of threatened species, the species 

richness estimates, the species covered by legislation, the conservation of species 

diversity and species genetic diversity are all bases for conservation legislation, and a 

shortage of taxonomic information will cause serious problems for conservationists 

(Mace, 2004). Setting the conservation priority of lineages rather than non-phylogenetic 

species concepts enables to manage evolutionary history and product (Ryder, 1986; 

Moritz, 1994), as well as the potential for evolution in the future. This is a much more 

promising conservation strategy than one that does not take molecular systematics into 

consideration (Soltis and Gitzendanner, 1999). Phylogenetic relationship and the 

diagnostic of ESU cannot be inferred from frequency and distance data, which is what 

microsatellites are. For example, two entities may appear as ‘sister taxa’ without being 

united by shared characters. The sequence data used for phylogenetic inference is a 

precursor to phylogenetic reconstruction while distance-based methods results are 

outcomes of this evolutionary process. They are unstable and dependent on patterns 

that may be unrelated to the speciation process (Goldstein et al., 2000).  However, 
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frequency-based methods can be used to infer intra-specific conservation units as they 

reflect the more recent historical influence on the population’s genetic diversity and 

evolutionary potential (Ryder, 1986; Moritz, 1994; Goldstein et al., 2000).  

Additionally, the need to identify phylogenetic units to infer the sister taxa of the 

species of focus, an important point of comparison for the levels of genetic diversity as it 

enables to control for their common evolutionary history (Gitzendanner and Soltis, 

2000).  

Conservation Genetics 

Conservation genetics is a discipline that encompasses genetic management of 

small populations, resolution of taxonomic uncertainties and management units. The 

use of these molecular genetic analyses helps us understand the species’ biology and 

better conserve it. There is evidence that genetic factors can contribute to extinction 

risk, and that most threatened species show signs of genetic deterioration before they 

become extinct (Frankham, 2005).  

Genetic Diversity and Partitioning 

The impact of habitat reduction and fragmentation on the genetic diversity of species 

is debated in the literature. Several authors converge on the fact that habitat loss 

impacts fitness quicker than other diversity measures (Lowe et al., 2005; Aguilar et al., 

2008). But while Lowe finds that habitat fragmentation quickly impacts inbreeding, both 

Aguilar, Leimu and their colleagues did not find this correlation. Instead, they found that 

genetic diversity in the form of heterozygosity measures is affected by a reduction in 

population size and rarefaction of the species (Lowe et al., 2005; Leimu et al., 2006; 

Aguilar et al., 2008). These differences attenuate with the number of generations, as the 

fragmentation effects on genetic diversity increases with time in plants (Holderegger, 
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Kamm, and Gugerli, 2006; Aguilar et al., 2008). These discrepancies in the results of 

different studies on the effects of habitat loss and fragmentation on species genetic 

measures are emphasizing the importance of individual-species studies for 

conservation. All these correlations are always stronger when populations are small and 

species threatened (Frankham, 2005; Leimu et al., 2006).  

Allelic Richness 

Conservation has for a long time tried to maximize species richness and taxic 

diversity as a way to select areas of priority to allocate limited funds (Vane-Wright, 

Humphries, and Williams, 1991). However, allelic richness is also a measure of 

conservation interest and so Petit and his colleagues proposed to prioritize allelic 

richness in order to maximize the evolutionary-response potential of a set of populations 

(Petit, El Mousadik, and Pons, 1998). Allelic richness is dependent on effective 

population size, therefore capturing past demographic changes that have genetically 

affected a population or species. A rarefaction technique is used to compare allelic 

richness in samples of uneven sizes (Hurlbert, 1971; El Mousadik and Petit, 1996). This 

analysis evaluates the allelic richness at each locus, and then averages it across loci.  

This richness is then partitioned into the allelic richness of the populations relative allelic 

abundance to others in the dataset, and its divergence from other populations (due to 

private alleles).  

Gene Flow and Inbreeding 

Genetic exchangeability is an important criterion when planning population 

management and restoration. Genetic exchangeability is the ability of individuals with 

shared alleles from one population to replace or augment individuals from another 

population that have been decimated (Crandall et al., 2000).  
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Rare and threatened species tend to have small population sizes, and it is the 

case for our species of study. In the case of a lack of gene flow between populations, 

inbreeding depression can cause a loss of fitness and reproductive performance, 

especially in outcrossing species. This has been hypothesized in the wild and tested in 

captive colonies experiments (Frankham, 2005) Also, genetic drift can cause the fixation 

of some deleterious alleles as well as the decline of genetic diversity and loss of private 

alleles. These scenarios will make populations less likely to be able to respond to the 

selective pressure of environmental change, lowering the chance of the population and 

the species to adapt and survive on the long-term (Ellstrand, 1992; Ouborg and 

Treuren, 1994; Oostermeijer, Luijten, and den Nijs, 2003). The presence and 

maintenance of gene flow between populations of threatened species is therefore 

crucial to its conservation.  

Materials and Methods 

Central Florida Scrub Species 

The taxic identity and geographic origin of the species will be discussed briefly for 

those species who have been studied phylogenetically using molecular tools. There are 

four species that were studied at the population level for my dissertation. These are 

Asimina obovata, Ilex opaca (both the opaca and arenicola varieties), Polygala lewtonii 

and Prunus geniculata.  

Additionally, other species endemic to the region have been studied and will be 

incorporated in this comparative study. Ziziphus celata(Gitzendanner et al., 2011), and 

Conradina brevifolia(Edwards, Soltis, and Soltis, 2008) were studied with 

microsatellites, the mole skink (Eumeces egregious), the Florida scrub lizard 

(Sceloporus woodi) and the sand skink (Neoseps reynoldsi) were part of a common 
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study using cytochrome b (Branch et al., 2003), Warea carteri using allozymes (Evans 

et al., 2000).  

Comparison of Relative Measures of Genetic Diversity 

We will first compare the measures of diversity for the different populations of 

Asimina, Ilex, Polygala and Prunus according to ridges and a North-South gradient. This 

will enable us to identify common areas of high diversity (observed heterozygosity, 

number of alleles, number of effective alleles, high contribution to allelic richness 

(relative to the total richness, and as a divergence from other populations) and major 

gene flow barriers that are common to the set of species.  

Then, we will map the populations of conservation interest, either for their 

unusually high or low genetic diversity, as well as major gene flow barriers. This will be 

done for our four species of study, before adding the other 6 species from the literature 

in trying to seek common patterns of genetic diversity and partitioning.  

Results 

Taxic Resolution and Relationship 

Polygala and Prunus have a Northeastern North America congener. Asimina could 

not be reconstructed into a resolved phylogeny and most likely has a very complex 

history of introgression and incomplete lineage sorting (K. Neubig, pers. comm.). This 

could be resolved by a population-level sampling. Asimina was assumed to be sister to 

Asimina incana, a very likely scenario given extant molecular work (K. Neubig, pers. 

comm.). Ilex opaca var. arenicola, the central Florida scrub endemic, however, was 

found not to be a proper taxonomic entity as it was part of the same clade as Ilex opaca 

var. opaca, so that both were treated together for the population genetic study. In this 

last chapter, focusing on the central Florida scrub conservation needs, only Floridian 
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populations of Ilex opaca were considered. Gene flow extending outside of Florida was 

mentioned, namely in the Apalachicola region, and between Florida and the Atlantic 

coast (Figure 5-1). For all four species of this dissertation, the overall levels of genetic 

diversity were equal or superior to the ones from their non-threatened widespread 

congeners.  

Genetic Partitioning and Gene Flow in the Central Florida Scrub 

Asimina obovata was the species with the most structure. Population 110, in Citrus 

county, showed signs of heterozygosity excess and gene flow barrier with all 

populations but 101 in the Lake Wales Ridge State Forest (LWRSF) and 107, Tiger 

Creek. The sampling was too small to test for a recent bottleneck. Population 103 (Pine 

Park, Lake Co.) also showed a reduced genetic diversity and the signs of a recent 

genetic bottleneck event. On the other hand, population 121 (Paynes Creek State Park, 

Hardee Co.) contained an exceptionally high number of alleles, but just as population 

110, was highly isolated from all other populations. Finally, population 106, in the 

Archbold Biological Station, the southernmost sampled point on the Lake Wales Ridge, 

was isolated from any genetic flow with the other populations (Table 6-1).  

Ilex opaca did not show very much partitioning within Florida, to the exception of 

the southern tip of the Lake Wales Ridge, at Archbold Biological Station, where 

population 106 showed signs of genetic impoverishment and isolation from the rest of 

the species. Two major gene flow barriers isolate the Florida populations to the Atlantic 

coast to the East, and the Alabama and Mississipi populations to the West (Table 5-1).  

Prunus geniculata showed a high degree of complexity, considering that it is the 

species with the smallest population sizes and the narrow natural distribution. 

Population 106, in the Archbold Biological Station, despite average levels of diversity, 
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shows a significant isolation from the rest of the populations with FST, but not RST, and is 

the largest contributor of allelic richness in terms of divergence from other populations 

(private alleles). Population 116, in the Allen David Broussard Catfish Creek Preserve 

State Park, is also highly isolated from others, even the other population in the same 

Park, just a very short distance away, and also contains a significant number of private 

alleles, making it especially important for the genetic contribution of the species and its 

potential for adaptation to future environmental changes (Table 5-1).  

For the other species studied in already-published work, gene flow barriers were 

the only common measure that was exploitable. Studies used microsatellites for the 

plant species and Cytochrome b for the animal species. Both Ziziphus celata and 

Conradina brevifolia showed the same two areas with major among population 

variance: the Lake Wales Ridge State Forest, and an area around Sebring, a little south 

(about half way between Lake Wales Ridge State Forest and Archbold Biological 

Station). These gene flow barriers occurred between geographically close populations, 

and not between ‘clusters of populations’ (Figure 5-2). For the Cytochrome b study, all 

three reptiles showed a strong partitioning between the ridges they were sampled on: 

the Lake Wales Ridge and the Mount Dora Ridge. Also, both the Florida scrub lizard 

(Scleroporus woodii) and the sand skink (Neoseps reynoldsi) had their gene flow limited 

between the southernmost populations on the Lake Wales Ridge and the rest of the 

species. Finally, the sand skink had one further partitioning of its populations between 

the northern most part of the Lake Wales Ridge and the rest of that ridge, so that there 

were 4 clusters: Mount Dora, and northern, central and southern Lake Wales Ridge 

(Figure 5-2).  
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Discussion 

Taxic Resolution and Relationship 

For both Polygala and Prunus, we found that the species endemic to the central 

Florida scrub was closely related to a species distributed in the Northeast of North 

America, supporting the hypothesis of a glacial refugium in Florida and the subsequent 

speciation and expansion of the eastern North America congener. If this is true, the two 

congeners would have been in contact until a fairly recent time (10,000 year ago). For 

Asimina, the lack of molecular resolution in the phylogenetic work of K.M. Neubig and 

J.R. Abbott at the Florida Museum of Natural History Herbarium yielded very little 

resolution for the genus. Asimina obovata was thought to be most likely sister to A. 

incana in light of recent results, but a complex history of introgression and incomplete 

lineage sorting of this young genus in the region did not allow for a high certainty in the 

matter. Still, we assumed Asimina obovata and A. incana to be sister species, keeping 

in mind that a widespread congener not threatened by anthropogenic activity is a good 

comparison point to a threatened endemic even if it is not the closest congener, as long 

as most of their evolutionary history was shared, which we are certain is the case. 

Finally, Ilex opaca var. arenicola does not seem to be a valid taxonomic entity and was 

merged with Ilex opaca var. opaca for the population level study. Their lack of reciprocal 

monophyly reveals that most likely the obvious and easily recognizable morphological 

differences between both varieties are solely due to the plasticity of Ilex.  

Finally, all species endemic to the central Florida scrub, a highly threatened and 

narrow ecosystem, were equally, or more diverse than their widespread congeners. 

These high levels of diversity seem to agree with the hypothesis of a Florida refuge 

during the Pleistocene glacial cycles and a recolonization North after the last ice sheet 
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retreat 10,000 years ago. The founder effect resulting from the environmental pressure 

on North America during the Pleistocene would be too recent for the widespread 

temperate species to have recovered from it genetically, especially in longer-lived 

species such as Prunus, Ilex and Asimina.  

Genetic Partitioning and Gene Flow in the Central Florida Scrub 

Of all the species in this study, Asimina obovata is the one that shows the most 

genetic partitioning and differences in genetic diversity amongst its populations. The two 

species on secondary ridges (other than Mount Dora or the Lake Wales Ridge), showed 

high levels or diversity or heterozygosity, but gene flow isolation from each other and 

the rest of the sampled populations. The northernmost population on the Lake Wales 

Ridge shows signs of genetic distress (low diversity, recent bottleneck) while the 

southernmost population was isolated from all others. However, we did not detect any 

major gene flow barrier between the two main ridges, as is observed in other species 

(see further). Ilex opaca, despite a lack of genetic partitioning, reinforced the idea of a 

genetic isolation of the southernmost sampled point along the Lake Wales Ridge, at the 

Archbold Biological Station, with the only populations showing signs of a genetic 

depauperization and recent past bottleneck. Prunus, more complex in its genetic 

partitioning, confirmed that the south of the Lake Wales Ridge was isolated from the 

rest of the distribution of the central Florida scrub endemics with a major gene flow, and 

a high level of private alleles in the Archbold Biological Station population. Another area 

of conservation interest for this species is the central region of the Lake Wales Ridge 

where populations show either a high level of diversity (Tiger Creek population), or 

signs of genetic distress such as population 116, with gene flow isolation from other 

populations, low number of effective alleles and observed heterozygosity, and high 
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number of private alleles. This population is situated in the Allen David Broussard 

Catfish Creek Preserve State Park, and is closely surrounded by other populations in 

this area. This genetic stress might be due to a high fragmentation of the landscape and 

the inability of pollinators and seed dispersers to adapt efficiently. Once more, this 

central Lake Wales Ridge region seem to be an important locality in the conservation of 

this central Florida scrub endemic.  

The last species of this study, Polygala lewtonii, also supports the importance of 

the central LWR with the presence of two populations of special conservation interest in 

the middle of the Lake Wales Ridge. Two populations, 115 and 118, both situated in the 

Allen David Broussard Catfish Creek Preserve State Park, contribute more than others 

in terms of allelic richness, but are both genetically isolated from all other populations, 

including from each other, despite them being geographically very closer. This might be 

a sign of decline of the pollinator or seed disperser populations in the region and should 

be investigated further. Moreover, Polygala lewtonii is the only species that exhibits a 

strong gene flow barrier between the Lake Wales and Mount Dora Ridges. More 

sampling of Ilex on the Mount Dora Ridge might also reveal the same barrier.  

Commonalities with Already Published Studies 

Other species from the literature reinforces some of my findings. Due to the nature 

of the data and their analyses, only the gene flow barriers could be consistently mapped 

and interpreted from the published studies (Figure 5-2). Ziziphus celata(Gitzendanner et 

al., 2011) and Conradina brevifolia (Edwards, Soltis, and Soltis, 2008) both show a 

gene flow barrier that is found in our species of study, situated in the central part of the 

Lake Wales Ridge. In the case of Ziziphus and Conradina, this gene flow barrier is 

located within the Lake Wales Ridge State Forest while in the case of Polygala and 
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Prunus, it is in the Allen David Broussard Catfish Creek Preserve State Park, but these 

two locations are geographically near. This might be interpreted as the result of a high 

fragmentation of the landscape in this part of the Lake Wales Ridge (Weekley, Menges, 

and Pickert, 2008), with pollinators and seed dispersers struggling to keep the 

populations connected. Conservation efforts should focus on maintaining or expanding 

existing, and creating new corridors that would enable gene flow between populations to 

distribute some private alleles to neighboring populations more efficiently. This area 

also has several other populations that do share their genes with the populations 

around them, and these corridors should be maintained as much as possible.  

The other gene flow barrier common to both Zizphus celata and Conradina 

brevifolia is situated in an area slightly south of this, in the Sebring area (Edwards, 

Soltis, and Soltis, 2008; Gitzendanner et al., 2011). This area also seems to be 

problematic for pollinator and dispersers, and a more intense sampling of our species of 

study in this region (where it is lacking) could confirm this.  

The study of three reptiles revealed some common patterns with our species of 

studies, recovering three main gene flow barriers (Branch et al., 2003). These gene flow 

barriers are slightly different in the sense that they occur between clusters of 

populations rather than within them, maybe corresponding more to natural barriers due 

to topography or distance rather than an obvious fine-scale fragmentation in densely 

inhabited areas. The genetic isolation of the southern tip of the Lake Wales Ridge from 

the rest of the central Florida scrub, as was observed for Ilex, Prunus and Asimina, was 

also found for the Florida scrub lizard and the sand skink. In terms of conservation 

management, it might be useful to try and purchase more land around the Archbold 
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Biological Station to keep this area genetically sustainable. The high number of private 

alleles in the plant species makes this area especially precious to the species 

concerned, and its isolation from other populations could be problematic to its long-term 

survival. However, it should not here by rejected the idea of a local adaptation of the 

populations on this part of the ridge, and so caution should be used before any 

transplantation or population augmentation is decided as it could result in outbreeding 

depression (Ellstrand, 1992; Frankham, 2005).  

Another major gene flow barrier observed in all three reptiles is between the two 

ridges (Lake Wales Ridge and Mount Dora Ridge). This barrier is strong and was also 

observed in Polygala, and to a lesser extent in Asimina. In terms of conservation, each 

ridge should be managed separately and any translocation between ridges should be 

avoided. The same is true of the minor ridges for Asimina as these have a high content 

of private alleles, which might be the sign of local adaptation (Petit, El Mousadik, and 

Pons, 1998). Finally, a strong gene flow barrier between the northern and central Lake 

Wales Ridge is found in the sand skink, but no other species. However, Ziziphus 

celata’s most diverse population, encompassing 15 genotypes when most populations 

only have 1, is situated in the northern half of the Lake Wakes Ridge. This major genetic 

partitioning, found only in one species out of the nine encompassed here, reinforced the 

idea that despite the presence of some common patterns of special interest for 

conservation, the study of a particular species and an individual conservation 

management plan should always be funded before any major decision is taken (Menges 

et al., 2010). Each species’ genetic diversity partitioning is the result of some common 
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recent anthropogenic activity (mostly within the last 100 years for central Florida), but 

also of its unique combination of life history and evolutionary history.  

Conclusions 

From the four species of this study, and an additional five species from the 

literature, I have a good representation of the central Florida scrub ecosystem, with one 

annuals, five perennials and three animal species. I uncovered a very strong partitioning 

between the Lake Wales Ridge and the side ridges to the West, which are important 

populations for the species, possibly the result of local adaptation. Also, a strong 

partitioning of the southernmost populations of the Lake Wales Ridge has important 

implications for the conservation planning. The central Lake Wales Ridge, especially the 

Lake Wales Ridge State Forest and the Allen David Broussard Catfish Creek Preserve 

State Park, seem to have a complex distribution of genetic diversity, with fine-scale 

gene flow barriers, some isolated populations with private alleles and some others 

having been severely impacted by anthropogenic activity. The management of this area 

should be done carefully and might necessitate several species-specific population 

genetic studies with dense sampling. Lastly, the partitioning between the two oldest 

ridges, the Lake Wales Ridge and Mount Dora Ridge is very strong for reptiles, most 

likely due to their very limited dispersal ability. It was also the case for Polygala, maybe 

for the same reasons. This partitioning was not obvious in other plant species, possibly 

due in part to an inappropriate sampling for this particular area. For plant species, 

studies on pollinators and seed dispersers should be encouraged, as it is essential to 

understand the mechanisms that drive gene flow in order to truly understand the causal 

factors of the resulting genetic diversity and partitioning.  
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Table 5-1. Molecular diversity in four endemic to the central Florida scrub. F=inbreeding, Na=number of alleles, 
Neff=number of effective alleles, HE=expected heterzosygosity, HO= observed heterosygosity, PA=Contribution 
to allelic diversity due to divergence from other populations (private alleles), AR=Allelic richness, B=Presence of 
bottleneck. Measures of high or low are relative within each species. Not all species were sampled at all 
location.  
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Figure 5-1. Conservation genetics synthesis of dissertation species. Populations with 
positive contribution to the species’ genetic diversity (solid circle), populations 
with weakened genetic diversity (dashed circle) and gene flow barriers (plain 
line) are represented on this map. 

 

Asimina	obovata	

Ilex	opaca	

Prunus	geniculata	

Polygala	lewtonii	



 

166 

 
 

Figure 5-2. Map of gene flow barriers from other species endemic to the Florida scrub. 
The populations represented by a purple diamond at the ones sampled for the 
species from Figure 6-1. Dashed lines represent population variance from 
geographically close populations, plain lines represent gene flow barriers 
between regions composed of several populations.  

Ziziphus	celata	

Conradina	brevifolia	

Eucemes	egregious	

Scleroporus	woodii	

Neoseps	reynoldsi	
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CHAPTER 6 
MICROSATELLITE MARKER DEVELOPMENT FOR THE FEDERALLY-LISTED 

PRUNUS GENICULATA (ROSACEAE)  

The central Florida scrub is one of the top biodiversity hotspots in North America. 

However, it is highly threatened, with approximately 90% of its habitat having been 

urbanized or converted to agricultural lands, This ancient dune ecosystem now exists as 

a series of island ridges that provides habitat formany species of plants and animals. 

Twenty five and 24, respectively are listed as threatened or endangered(Christman and 

Judd, 1990). Among the federallylisted species is Prunus geniculata Harp. (Rosaceae), 

the scrub plum, known from only a few sites on the Lake Wales Ridge. The scrub plum 

is a shrub up to 2 m tall, heavily branched, with strongly zigzag twigs and spiny lateral 

branches. Its deciduous leaves are finely toothed. The five-petalled white flowers bloom 

in late winter when the plant is leafless, and the fruit is a small red plum (Wunderlin, 

1998). The amount of flowering and fruiting depends heavily on fire frequency and 

intensity. Prunus geniculata is andromonoecious, with both male and bisexual flowers 

on the same plant. The flowers produce a strong fragrance and are pollinated by a 

variety of insects. The plants are thought to be self-incompatible. A molecular 

phylogenetic study places Prunus geniculata as sister to P.maritima from the 

northeastern US (Shaw and Small, 2005). 

Including Prunus maritima in our study of Prunus geniculata establishes an 

evolutionary context that allows for more significance in the results. Investigating levels 

of genetic diversity in Prunus geniculata with Prunus maritima will therefore serve as an 

important advancement in our understanding of the Lake Wales Ridge endemics and its 

conservation needs.  
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Methods and Results 

Leaf samples were collected in the field and dried in silica gel (Table 6-2 for 

collection and voucher information). DNA was extracted using a modified CTAB DNA 

extraction protocol (Doyle and Doyle, 1987). A protocol for constructing a microsatellite 

library has been designed and optimized in our lab, where we have successfully 

developed primers for about 10 species (Edwards et al., 2007). Briefly, 5 µg of genomic 

DNA of Prunus geniculata were digested overnight using the restriction enzyme Sau3AI. 

A linker, with known sequence, was created and ligated onto the digested DNA. After 

denaturing the DNA, a biotinilated (CA)8 microsatellite probe was added and hybridized 

fragments enriched by binding to streptavidin-coated magnetic beads (Promega Corp., 

Madison WI, USA). The repeat-enriched DNA fragments were then separated from the 

beads and amplified. The resulting PCR product was then cloned using a TOPO TA 

pCR®4-TOPO cloning kit (Invitrogen, Carlsbad, CA, USA). Colonies were screened in 

two different PCRs, one with M13-F and (CA)8, and one with M13-R and (CA)8. 

Colonies with bands over 200 bp in one reaction were then sent for sequencing. In total, 

96 colonies were sequenced, and the resulting sequences were used to design primer 

pairs. An M13 (5’-CACGACGTTGTAAAACGAC-3’) tail was added to the 5’ end of the 

forward primer to allow for labeling with a tailed fluorescent dye.  

 Thirty-six primer pairs were screened in both Prunus species for amplification 

and informative polymorphism, both within and between species (Table 6-3 for a list of 

monomorphic primers). Eight primer pairs were selected and used for population-level 

studies (Table 6-1). For amplification, we used a master mix of 1 M Betaine, 1.5 mM 

MgCl2, 0.1 M dNTPs, 0.5 M forward and reverse primers, 0.5 M of either 6-FAM-, 
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VIC-, NED-, PET-labeled M13 primer, and 0.2 unit Taq polymerase in 10-l reactions 

per sample.  All loci were amplified under the same optimal conditions, requiring 3 min 

at 95°C, followed by 35 cycles of 45 sec at 95 °C, 1 min 15 sec at 52°C, and 1 min 15 

sec at 72°C, with a final step of 20 min at 72°C. PCR products were stored at 4°C. 

Products were genotyped on an ABI 3730 DNA analyzer (Applied Biosystems, 

Carlsbad, CA) at the Interdisciplinary Center for Biotechnology Research at the 

University of Florida. Resulting peaks were scored manually with GeneMarker 1.6 (Soft 

Genetics, State College, PA).  

These eight loci were investigated in all individuals sampled for both Prunus 

geniculata and P. maritima for a total of 96 individuals from 11 populations (Table 6-1 

and 6-2). All results were checked for scoring errors and null alleles in 

MICROCHECKER 2.2.3 (Hutchinson, Wills, and Shipley, 2004). SpaGeDi 1.3 (Hardy 

and Vekemans, 2002) was used to do a permutation test of RST across all populations to 

determine the mutation model for these loci. All loci showed a highly significant result, 

indicating a stepwise mutation model (P=0.0072).  GENEPOP 4.0 (Raymond and 

Rousset, 1995; Rousset, 2008) was used to test for linkage disequilibrium for all pairs of 

loci using Fisher’s method. No pairs of loci showed significant linkage disequilibrium. 

GenAlEx 6.3 (Peakall and Smouse, 2006) was used to estimate the average number of 

alleles per locus for each population (Table 2), which is reasonably high even in the 

smallest populations.  

Lastly, all of the loci could also be amplified in Prunus umbellata, P. angustifolia, 

and P. cerasifera, and not as strongly but still producing clear bands in P. americana. 

Prge 19, 23, 26, 27, and 28 amplified well in P. caroliniana, P. serotina, P. persica, and 
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P. campanulata. Prge 22 amplified in P. caroliniana, as did Prge 29 in P. serotina and P. 

persica. These successful amplifications demonstrate that these primers have great 

potential for future studies of North American Prunus at the population level.  

Conclusions 

We developed eight loci that show variability at the population level for both 

Prunus geniculata and P. maritima. These loci will be prime tools for studies of genetic 

diversity in these two rare species, providing information that will help in their 

conservation. Also, the successful amplification of most or all loci in several other North 

American Prunus species will be useful in future population-level studies.  
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Table 6-1. Loci developed for P. geniculata and P. maritima, and their characterization 

Name Sequence Repeat 
Product 

size 
(bp) 

Number 
of alleles 

GenBankID 

Prge 18 F CGACCTGAGACCAGAATCATA 
(CT)11 370 27 HQ230802 

Prge 18 R AGCAAATAAATAGATGGTTACACG 

Prge 19 F GAACCTGTTGAGGTACTGCTG 
(TG)10(AG)4 213 5 HQ230803 

Prge 19 R AATTATCCTGCACAAGCACCA 

Prge 22 F TTTAGCCCTCTTTGGTTCGAG 
(AC)8 168 6 HQ230804 

Prge 22 R GGGATCAATGTCTGGTTGTGA 

Prge 23 F TGTCTCTGGCTGAAGATTTGA 
(TG)10 163 6 HQ230805 

Prge 23 R GCCTGCCATCTATATCCTGG 

Prge 26 F TGCCATTTATCATTAGCTTCAC 
(CT)20(CA)17 238 23 HQ230806 

Prge 26 R GTGTAGAATCAAGCATAGTTGTGT 

Prge 27 F ATTTGTGGTTTGTACCTTGCG 
(CA)9 286 9 HQ230807 

Prge 27 R AGCTTGGGATCATTTGGATGG 

Prge 28 F AACACTTTGTCTGTCCACTGT 
(AG)11(AC)3 301 17 HQ230808 

Prge 28 R TCCGGCATCAGGAATTGTATC 

Prge 29 F TTAAACAACGTGTCGTCATCC (CT)14 
TT(CT)3(CA)9 

257 18 HQ230809 
Prge 29 R GAAGTCATCACCCAGTAGGAC 

 
Table 6-2. Characterization of populations of Prunus geniculata and P. maritima var. 

maritima 

Species Pop Pop. location Pop. size 
Mean number of 

alleles per locus 
HE 

P. geniculata 101 Polk, FL 3 3.5 0.63 

 105 Lake, FL 16 5.9 0.64 

 106 Highlands, FL 15 2.5 0.42 

 107 Polk, FL 12 4.5 0.58 

 116 Polk, FL 7 2 0.35 

P. maritima 1202 Barnstable, MA 9 2.2 0.36 

 1203 Barnstable, MA 10 4.2 0.55 

 1205 Barnstable, MA 9 3.9 0.51 

 901 Sussex, DE 3 1.8 0.33 

 902 Sussex, DE 5 2.2 035 

 903 Sussex, DE 7 2.7 0.40 
Vouchers for populations (all vouchers are deposited in the FLAS herbarium): C. Germain-Aubrey n.s. 
(101), J. Richard Abbott 22697 (105), C. Germain-Aubrey 44 (106), J. Richard Abbott 22678 (107), C. 
Germain-Aubrey 45 (116), I. Kadis 1596 (1202), I. Kadis 1597 (1203 and 1205), W. Knapp n.s. (901), W. 
Knapp n.s. (902) and W. Knapp n.s. (903).  
Locations for populations: Locations of the populations are approximate, as P. geniculata is a federally 
listed species. P. maritima voucher for pop1202: 41.75720°N 70.11780°W; pop1203 + 1205: 41.7847°N 
70.0312°W; pop 901: 38.795°N 51.251389°W; pop 902: 38.786111°N  90.251667°W; pop 903: 38.605 °N 
22.250833 °W  
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Table 6-3. Monomorphic loci that amplify in Prunus geniculata and/or P. maritima 

Name Sequence Repeat 
Product size 

(bp) 
Prge 14 F CCCTCTCTAGTCTTCACTCCA 

(CTT)4CGT(CTT)6 339 
Prge 14 R CACAAATACTCAATACAAGCCCA 

Prge 15 F CTCCTCCTACAGACAGACAGA 
(CTT)12 241 

Prge 15 R AGACTTAGAAAGAAGGCGGTG 

Prge 16 F AGCTTGGGATCAAAGGTCATC 
(TG)12 231 

Prge 16 R AAAGGCAGGTATGCAAAGTCT 

Prge 21 F TCAACTGGGTCTGTAACCAAC 
(GT)7GA(GT)3GC(GT)7 215 

Prge 21 R CCCTCTCAACCATTCAACCAT 

Prge 36 F GCAAATGCAAGTGGAAGAATC 
(CA)9CGCA(CT)7 194 

Prge 36 R AAATCCCGAGCACATCTGAAT 
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CHAPTER 7 
CONCLUDING REMARKS 

Given that Florida is one of the states with the highest rate of growth (almost 18% 

increase in population in the last decade), it is critical to manage natural areas 

efficiently, especially in the central Florida scrub, an area of exceptional endemism and 

a unique ecosystem. In order to best conserve any ecosystem, it is essential to 

understand the history of its formation, as well as the more recent impacts of 

anthropogenic pressure on the species and habitats. This was the ultimate goal of this 

project. 

I selected five species representative of the central Florida scrub and 

reconstructed their phylogenies, testing hypotheses of geographical origins through 

phylogeny reconstruction, topology modeling and the approximate unbiased test. I 

found that Prunus geniculata and Polygala lewtonii were placed sister to an eastern 

North American species. I also found that Ilex opaca var. arenicola was not an 

appropriate taxonomic entity but polyphyletic to Ilex opaca var. opaca. This species was 

sister to a clade distributed in the eastern half of North America as well. Ilex opaca was 

considered as including both varieties for the rest of the study. I was unsuccessful at 

reconstructing a phylogeny of Asimina, and the Persea tree failed to reject either 

hypotheses tested (Chapter 3). For three of my five species, I therefore successfully 

advanced our phylogenetic knowledge of their histories. The supported scenario is the 

one in which the central Florida scrub served as a refuge for more northerly distributed 

species, which then recolonized their natural habitats after the ice sheet retreated at the 

end of the Pleistocene (Watts, 1975; Webb and Myers, 1990).  
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Seeking to use microsatellites for the population-level study of our species, I first 

did a study on the marker itself. For Polygala lewtonii and its nearest congener P. 

polygama, I developed and amplified microsatellites as is widely done in the literature, 

but also sequenced the fragments. I then compared the fragment length data with the 

repeat number and the flanking region sequence to evaluate how it was influencing the 

outcome in terms of levels and patterns of genetic diversity, and conservation needs. I 

found that flanking regions of microsatellites were highly polymorphic, recovering more 

alleles and a higher expected heterozygosity than using only fragment size or repeat 

number. They were especially useful in assigning one ambiguous population to the 

widespread species with confidence, revealing a great potential for lower level 

phylogenetic or phylogeography studies (Chatrou et al., 2009). Finally, the comparison 

of fragment lengths (including the flanking region) and repeat lengths (without the 

flanking region) uncovered some serious discrepancies in the results. A set of molecular 

diversity indices varied significantly, both in terms of absolute and relative values. A few 

indices, however, did not seem too affected, at least in terms of relative values, by the 

presence of the flanking region in the fragment genotyped. The combination of these 

linked markers were most useful to the interpretation of the biology of Polygala lewtonii 

as they are not believed to reflect the same timespans within their history (Blankenship, 

May, and Hedgecock, 2002). Recommendations for microsatellite primer design and 

treatment were listed in order to avoid biasing the results of population-level studies.  

Three additional species were included in a microsatellite population-level study of 

the central Florida scrub, comparing genetic diversity of the endemic to their widespread 

congener. All species were found to be equally or more diverse than their widespread 
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relatives. Then, the different populations of the endemics were compared to identify 

areas of greatest contribution to the genetic and allelic diversity of the species, as well 

as areas bearing the trace of a recent genetic bottleneck, most likely resulting from 

anthropogenic activity. Finally, major gene flow barriers were located and any 

commonalities between the species were discussed.  

The last part of this study applies my findings to the conservation needs to the 

region. Pooling the findings from Asimina obovata, Ilex opaca, Prunus geniculata and 

Polygala lewtonii, as well as mining the literature for other similar genetic studies of 

species endemic to the Florida scrub, I added five species to my dataset: Florida 

Ziziphus, Ziziphus celata(Gitzendanner et al., 2011), short-leaved rosemary Conradina 

brevifolia(Edwards, Soltis, and Soltis, 2008), mole skink Eucemes egregious, Florida 

scrub lizard Scleroporus woodii and sand skink Neoseps reynoldsi(Branch et al., 2003). 

I found some strong commonalities in the importance of the middle part of the Lake 

Wales Ridge, which was a separate area of diversity for the sand skink, and had a 

complex history of allelic distinction, bottlenecks and fine-scale partitioning for all of my 

study species, as well as Ziziphus and Conradina. Furthermore, the Lake Wales Ridge 

southernmost populations of all species were distinctive in some way (having gone 

through a bottleneck and/or having a high private alleles content) and were isolated 

from the rest of the populations on the ridge. Noticeably also, a gene flow barrier 

between the two oldest ridges (the Lake Wales Ridge and the Mount Dora Ridge) was 

present for the annual Polygala lewtonii and for all three reptiles, but not significantly for 

any other species. Finally, the two smaller ridges that were sampled for Asiminaobovata 

showed an allelic richness departure from other populations in the form of private alleles 
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and were isolated from each other and the main ridges, making them of particular 

interest for the potential of the species to adapt to environmental changes in the future.  

I believe this multi-species approach to the conservation of a particular ecosystem 

is more appropriate than a single-species study would have been, and my findings will 

be useful for the advancement of our knowledge on each of the species separately, as 

well as the central Florida scrub as a whole.  

I would like to conclude this dissertation by citing the great opportunities for further 

research that this study has revealed. In terms of phylogenetic and phylogeography 

work, Ilex opaca needs to be revised as a species, as these preliminary results suggest 

that interesting patterns could be found with additional sampling. The Asimina 

phylogeny is far from being complete, and Kurt Neubig and Richard Abbott from the 

Florida Museum of Natural History Herbarium have been working on it. A population-

level study encompassing several species might shed some light of a messy 

phylogenetic history. Prunus geniculata is also a species that requires more 

phylogenetic work, possibly through the addition of more samples and of a low-copy 

nuclear gene.  

Concerning the population-level part of this project, some additional populations 

should be genotyped, especially in the areas of conservation interest such as the 

central part of the Lake Wales Ridge. Also, when possible samples from the Mount 

Dora ridge should be added to the datasets to test for the gene flow barrier between 

both ridges, as in Ilex opaca for example. Finally, sampling should be sought in 

unprotected areas. Almost all samples were collected in parks, research stations or 

preserves, and all had some degree of protection and land management. It would be 
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interesting to sample additional populations on unprotected land in order to compare the 

impact of anthropogenic activity (and protection) on the genetics of populations of 

endemic species, and help orientate the next land acquisition for conservation 

purposes.  
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