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ABSTRACT

Plant ranges are often made up of core areas where the distribution is continuous
and the population density is high with small disjunct populations at the margins of the
core. One well-studied type of disjunct population is formed by long distance dispersal as
plants migrate away from disjunct Pleistocene refugial populations. The retreat of the
Wisconsinan glaciation resulted in the outward dispersal of many plant species from their
refugial locations to areas with suitable habitat. Many plants expanded their ranges

through rare-long-distance dispersal.

This study used microsatellites to compare the genetic diversity, inbreeding
levels, and gene flow frequency of disjunct Magnolia tripetala populations to main core
M. tripetala populations. In addition, | determined that distance of dispersal is related to
genetic diversity and identified source populations for the main core and northern

disjunct populations.

There was no significant difference between the genetic diversity of disjunct
populations and their counterparts. Inbreeding levels were high and gene flow was low
among populations. Long-distance dispersal was determined to have a negative

correlation with genetic diversity. Gene flow was traced from the refugial populations



through the main core and into the northern disjunct populations. Magnolia tripetala has
a range made up of fragmented populations through the core with further disjunct
populations at the border of the core. M. tripetala was determined to have abundant
genetic diversity and disjunct populations are not in immediate danger of genetic

deterioration.

When conducting a study on disjunct populations, species should be compared
based on phylogenetic relationships. Furthermore, disjunct populations should not be
generalized as having low genetic diversity. Instead, factors such as species traits and
population history of a species should be taken into account in order for a more accurate

hypothesis to be made.

Keywords: Magnolia tripetala, genetic diversity, disjunct population, long-distance dispersal,
Pleistocene refugia
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INTRODUCTION

Habitat heterogeneity ensures that very few plant species are continuously
distributed throughout their entire range (Cain et al. 2000). Often, plant ranges include
core areas where the distribution is continuous and the population density is high. Smaller
disjunct populations border the core near the margins of the range.

Plant populations can become disjunct from the core for a variety of reasons (Cain
et al 2000, Bialozyt et al. 2006). Existing populations can become progressively more
disjunct over time when distances caused by existing geographic barriers, such as rivers
and deserts, become more extreme. Habitat fragmentation—including that of
anthropogenic origin—causes formerly continuous distributions to become disjunct or
more isolated (Gonzales and Hamrick 2005). Two well-studied types of disjunct
population are those formed by dispersal events away from disjunct Pleistocene refugial
populations and those formed by long-distance dispersal.

The last glacial time period in Earth’s history occurred during the Pleistocene
Epoch just over 2.5 million years ago (Hewitt 1999). The Pleistocene was characterized
by many glacial and interglacial periods caused by oscillating temperatures (Web and

Bartlein 1992) that led to the formation of many different ice sheets throughout the



epoch. During the warmer periods, altitudinal ranges would have shifted, allowing plants
to either ascend or descend mountains (Larena et al. 2002). When temperatures dropped,
plants persisted in refugial areas that provided protection from the otherwise harsh
conditions (Paulo et al. 2001, Shepard and Burbrink 2008).

The Laurentide ice sheet in North America reached its maximum around 18
thousand years ago (Barrington and Paris 2007) and continued to retreat until
approximately 13 thousand years ago (Dyke and Prest 1987). Warming temperatures
resulted in the outward dispersal of many plant species from their refugial locations (thus
forming disjunct refugial populations) to areas with less competition and environments
that matched their climatic needs (Braun 1947, Webb and Bartlein 1992, Hewitt 1999,
Cox and Moore 2000, Trapnell et al. 2007, Plues 2011). Some pockets remained in
mountainous areas where cool, humid environments were maintained (McWilliam 1966,
and Braun 1947), and these places protected cold-tolerant plants from the warming
temperatures.

Given the position of the disjunct Pleistocene refugial populations relative to
contemporary expanded ranges, it is evident that many plant species dispersed farther
than their average seed dispersal distance per generation would suggest was possible
(Clark et al. 1998). This phenomenon—known as Reid’s Paradox—is thought to be
caused by rare long-distance dispersal events (Clark et al. 1998).

Long distance dispersal occurs via the infrequent aid of biotic and abiotic factors.
These biotic and abiotic dispersal agents—such as mammals, birds, flowing bodies of

water, and heavy wind storms (Clark et al. 1998, Cain et al. 2000, Gonzales and Hamrick



2005, Nathan 2008)—result in the expansion of population ranges beyond the typical
dispersion distance.

When long-distance dispersal occurs, one, or a few seeds are established at great
distances from the main core population. These founder events as well as the separation
and dispersal of many individuals away from refugial populations create new disjunct
populations. However, high amounts of genetic diversity may exist between those few
individuals to counteract the negative genetic effects associated with small population
size (e.g., drift, inbreeding).

By definition, gene flow in the form of fertilization via pollen is limited between
disjunct and core populations. If sufficient gene flow occurs, disjunct populations may be
integrated into the main core. In this way, long-distance dispersal can cause both an
expansion of a plant range and a shift of the main core.

The range of the Magnolia tripetala is an example of a shift in the main core.
During the Pleistocene, the main core populations—now refugial populations—were
located in Arkansas (suggested by McWilliam 1966), Florida and Virginia (Harvel Jr.
1975, Donna Ware), and certain regions of the Appalachian Mountains such as the
Tunica Hills in Louisiana (Delcourt and Delcourt 1975). Today, the main core stretches
from Alabama to Kentucky and east into North Carolina with numerous disjunct
populations bordering the core (Fig.1). As more populations were established and the
main core expanded, modern refugial populations were left behind in cooler pockets
where they were able to escape the warming temperatures. Long-distance dispersal aided
in the quick dispersal and lead to the formation of more disjunct populations further north

in areas such as Ohio and Pennsylvania.



Disjunct populations are often of great interest to population biologists and of
great concern to conservation biologists (Ellstrand 1992, Kikuchi and Isagi 2002). While
plant populations near or at the Pleistocene refugia have been shown to have high levels
of genetic diversity (Broyles 1998, Abbott 2000, Hewitt 2000, Persson 2003, Barrington
and Paris 2007), population genetic theory predicts that disjunct populations formed by
founder events will have lower genetic diversity with genetic diversity decreasing as
distance from refugial population increases (Aide and Rivera 1998).

The maintenance of genetic diversity is very important for the long-term
persistence of populations. Low genetic diversity can decrease a population’s overall
fitness and therefore make it more susceptible to extinction (Vellend and Geber 2005).
The ability to adapt to future competitors, poor environmental conditions (Thomas et
al.1999, Pluess and Stdcklin 2004), and pests or blights (Smithson and Lenné 1996, Sun
et al.2001) are limited because individuals possessing the rare alleles that could aid in the
adaptation or evolution of a population may have been lost.

Measuring genetic diversity is helpful for the conservation of rare species, usually
occurring in small or disjunct populations (Ellstrand 1992), because they can alert
conservationists to declining condition so that precautions to prevent extinction may be
made (Kikuchi and Isagi 2002). However, Aide and Rivera (1998) concluded that
conservation efforts that introduce new alleles into genetically distinct disjunct
populations might result in the gradual homogenization of the species (Aide and Rivera
1998)—thus decreasing genetic diversity

Theory predicts that disjunct populations resulting from dispersal away from

refugia (e.g., range expansion following glaciation) will have low genetic diversity for



reasons such as increased occurrences of inbreeding (Ellstrand and Elam 1993), clonal
growth, genetic drift (Ellstrand and Elam 1993, Tomimatsu and Ohara 2003), and
bottlenecks (Lammi et al. 1999). Inbreeding in plants mainly occurs in small populations
through self-fertilization or bi-parental fertilization of close relatives (Ellstrand and Elam
1993). Inbreeding and clonal growth can leave populations very susceptible to disease as
necessary adaptive alleles are lost (Jackson et al. 1985) and the population becomes more
homogeneous.

Genetic drift is a powerful evolutionary force in small, newly established
populations due to bottlenecks (i.e., reductions in genetic diversity) (Leberg 1992). Under
normal conditions, gene flow balances the loss of diversity caused by drift but in disjunct
populations where gene flow is expected to be low, genetic deterioration by drift is
expected to have much more of an effect (Slatkin 1987).

After the initial establishment of disjunct populations, long-distance dispersal may
to increase gene flow between populations (Nichols and Hewitt 1994), but chances are
low. Gene flow becomes even more restricted for populations that are geographically
isolated from each other (Gugger et al. 2008). In eastern North American, the
Appalachian Mountains are considered the largest obstacle to the dispersal of plants
(Gugger et al. 2008). Barriers such as these mountains isolate populations and can cause
an increase in among population genetic diversity—especially between disjunct
populations (Aide and Rivera 1998). When looking at the range of M. tripetala, the main
core populations located in Kentucky are separated from the main core Virginia
populations by the Appalachian Mountains. Therefore it can be speculated that these

populations would have high levels among population diversity.



Many studies have been conducted on the relationship between disjunct
populations and their counterparts in the core. Some studies reported low genetic
diversity in disjunct populations (Karron 1987, Broyles 1998, Lammi et al. 1999, Hannon
and Orick 2000, Landergott et al. 2001, Kikuchi and Isagi 2002, and Persson 2003,
Gonzales and Hamrick 2005) as predicted by population genetic theory. Other studies
found that disjunct populations and core populations had no significant difference in
levels of genetic variability (Rossum et al. 2003, Baali-Cherif and Besnard 2005, Mandak
et al. 2005).

To provide further insight on the dilemma of whether or not disjunct populations
have low genetic diversity, | am conducting this study on disjunct M. tripetala
populations with four main questions in mind: 1) Do the disjunct Pleistocene refugial
populations and northern disjunct populations of M. tripetala have lower levels of genetic
diversity than the main core populations? The disjunct Pleistocene refugial populations of
M. tripetala are refugial as well as disjunct, so | expect them to have lower levels of
genetic diversity than the core, but higher levels of genetic diversity than the northern
disjunct. 2) Is inbreeding more prevalent in the disjunct populations of M. tripetala as
compared to the more widespread main core populations? Inbreeding is common in small
populations (Ellstrand and Elam 19933). 3) Do disjunct populations experience less gene
flow as predicted by theory? Populations that are geographically isolated from each other
experience less gene flow (Gugger et al. 2008). 4) Is the distance separating a population
from a refugial population associated with its level of genetic diversity? Disjunct
Pleistocene refugial populations are often areas of high genetic diversity (Abbott 2000,

Hewitt 2000), and thus it is often thought that genetic diversity decreases as distance



from a refugial population increases (Aide and Rivera 1998). In addition to these four
questions, |1 would like to determine source populations of the main core and disjunct

populations of M. tripetala.

If disjunct populations of M. tripetala have lower genetic diversity, | will be able to
determine if the low genetic diversity is associated with high amounts of inbreeding, little
gene flow or long distance dispersal. If the genetic diversity levels of disjunct
populations are not be significantly lower, this study will indicate that disjunct

populations of M. tripetala should not be of high concern to conservation biologists.



METHODS

Choosing the Species:

Magnolia tripetala is a good candidate for this study because it has a range
consisting of isolated, disjunct, putative Pleistocene refugial population, main core
populations, and northern disjunct populations (Fig. 1). Molecular markers have been
developed for two Asian lineages of Magnolia—Magnolia obovata and Magnolia
seiboldii ssp. Japonica (Kikuchi an Isagi 2002). Belonging in the subsection known as
Rhytidospermum, Magnolia tripetala is more related to several Asian Magnolia species

than to the North American Magnolia species (Nie et al. 2008).

Collecting Samples:

Samples belonging to northern disjunct populations were collected from
Fayette/Somerset, Pennsylvania; Jackson County, Ohio; and West Portsmouth, Ohio (Fig.
1). Samples belonging to main core populations were collected from Rowan County,
Kentucky; Carter County, Kentucky; Albermarle County, Virginia; Madison County,
Virginia; and Gallant County, Alabama (Fig. 1). Disjunct putative Pleistocene refugial
populations were collected from Williamsburg/James City, Virginia; Virginia Beach,
Virginia; and from the Caddo/Womble Ranger District of the Ouachita National Forest

Service, Arkansas (Fig. 1).



One leaf was collected from each of at least twenty trees in a population. Trees
were sampled biasedly. Samples were taken from trees not directly beside each other to
avoid double sampling with clonal growth. The Pennsylvania population was the only
case where sample size deviated from the standard twenty. M. tripetala is so sparse in
Pennsylvania that only five trees were located and sampled from in the visited

population.

DNA Extraction:

Between 60-100mg of tissue were excised from each leaf. Tissue was placed in
individual 1.5mL tubes, immediately frozen with liquid nitrogen and then ground. DNA
extractions proceeded with the use of a QIAGEN DNeasy Plant Mini Kit ®. DNA was
suspended in buffer, and concentrations were determined using NanoDrop. DNA was re-

extracted from any individual having a DNA concentration lower than 10pug/nL.

Molecular Markers & PCR:

Microsatellites are short sequences of nucleotide repeats (Morgante and Olivieri
1993) used in genetic studies for reasons such as higher mutation rate (Li et al. 2004).
Microsatellites are appropriate for studies involving phylogenetic relationships and the
conservation of rare or disjunct species (Kikuchi and Isagi 2002).

Microsatellites markers isolated by Isagi et al. (1999) were used for this
experiment. | was only able to use ten out of the eleven primer pairs as the eleventh
primer did not work for my samples. CAG primers (Nunziata et al. 2011) were attained

to attach to the forward primers of the working Isagi et al. (1999). Fluorescently labeled



dyes were attached to the CAG primers. PCR protocol was as described in Isagi et al.
(1999) with the denaturation temperature at 94°C, the annealing temperature at 55°C, and
the extension temperature at 72°C. The successful amplification of primer pairs was
assessed using agarose gel electrophoresis. Based on band strength, DNA was diluted
then allocated to a submission plate. Submission plates were shipped to the University of

Georgia Genome Facility for genotyping.

Data Analysis:

Raw data received from the University of Georgia Genome Facility were
imported into GeneMapper (Applied Biosystems, Foster City, California) where allele
calls could be made, reviewed and edited. Loci were reduced to six for this study: M6D1,
M6D3, M6D4, M10D6, M10D8, and M15D5 due to primer bonding complications or
lack of variation within a locus. Individuals missing data for more than three loci were
deleted from the final data set.

MicroChecker (Oosterhout et al. 2004) software was used to check for the
presence of null alleles in my data set. Null alleles are areas on the DNA sequence that
were unable to be replicated (Callen et al. 1993). Null alleles can cause individuals to be
scored as homozygotes instead of heterozygotes—thus skewing results (Callen et al.
1993). Possible null alleles were identified for the M6D1, and M6D8 loci however, these
loci were not consistently deemed null across all populations. In a study done by Carlsson
(2008), high frequencies of microsatellites with null alleles had non-significant effects on
the correct assignment of populations in programs such as STRUCTURE. Therefore, the

four loci remained included for further analysis.

10



The program STRUCTURE (Pritchard et al. 2000) was used as an unbiased
approach to randomize the data and assign individuals into populations. STRUCTURE
assigns individuals into populations assumed to be under Hardy-Weinberg equilibrium
based on genotypes and allele frequencies (Pritchard et al. 2000). The K (or number of
populations) was set from 1 to 11 meaning that ultimately the individuals would be
grouped into eleven different populations. Log-likelihood values (delta K) were
determined for each K. The program HARVESTER (Dent and vonHoldt 2012) uses the
Evanno method (Evanno et al. 2005) to determine the optimal number of populations for
my data set.

GenAlEx (Peakall and Smouse 2012) was used to assess the genetic diversity of
each population based on four parameters: the number of alleles per population (Na), the
number of effective alleles per population (Ne), the number of private alleles per
population (Np), and the expected number of heterozygotes (He) for each population. An
ANOVA was conducted to determine if there were significant differences in the number
of alleles per population (Na),the number of effective alleles (Ne), the number of private
alleles (Np), and for the expected number of heterozygotes (He) for the three population
types (disjunct putative Pleistocene refugial, main core and northern disjunct).

An AMOVA was used to determine the proportions of genetic variance within
individuals, among individuals, and among populations over the entire range of Magnolia
tripetala. Individuals were separated into main groups (main core and disjunct) so that an
AMOVA could detect how genetic variation relates to disjunct populations versus their
widespread congeners. Individuals were further into their three population types

(northern disjunct, main core, and disjunct putative Pleistocene refugial) so that an

11



AMOVA could detect the genetic variance differences between the two types of disjunct

populations (northern and Pleistocene refugial).

GenePop (Raymond and Rousset 1995) was used to calculate Fs values and
associated P-values per locus for each population. Fis values showed the amount of
inbreeding occurring. Any value close to zero represented allele frequencies that might
be expected during random mating. Values closer to one represented allele frequencies
that might occur in an inbred population. Pairwise Fst values were calculated in GenAlEXx
between every population to determine genetic differentiation among populations.
Numbers closer to one meant that populations were highly differentiated from each other.

| used BayesAss v 3.0.3 (Wilson and Rannala 2003) to determine the amount of
gene flow between every population through immigration and emigration.

Google Earth (Google Inc, Santa Clara, California) was used to determine the
straight distance between every population sampled and the nearest accessible refugial
population. These distances were plotted against the He (number of expected
heterozygotes for every population based on the individuals sampled) to determine if
there was a linear correlation. A linear regression was performed in R (R Core Team
2012) to determine if the correlation was significant or not.

Google Earth was used to determine the straight distance between all the
populations. These distances were plotted against the associated pairwise Fst values

calculated in GenAlEx to determine if there was any correlation.

12



A neighbor joining tree with a bootstrap value of 1000 was constructed in
Poptree2 (Takezaki et al. 2010) to estimate the degree of relation between populations.

The tree was made using allele frequencies determined with GenAlEXx.

13



RESULTS

In this study | was able to successfully genotype 187 individual Magnolia
tripetala trees across 6 loci and from 11 different populations. Missing data accounted for
3.65% of the data set.

The core Alabama population (ALG) and the putative Pleistocene refugial ARJ
had the highest genetic diversity among all the populations as they had the greatest
number of different alleles, number of effective alleles, number of private alleles and the
highest expected frequency of heterozygotes (Fig. 3) In contrast, the refugial VAA and
VAVB populations had the lowest genetic diversity. VAVB had no private alleles present
in population, and both populations had very few heterozygotes present.

When comparing the remaining eight populations, there appear to be no
significant difference between the values. Even after including the high ALG, and ARJ
populations and the low VAA and VAVB populations, an ANOVA showed no
significant difference in the genetic diversity values (Na, Ne, Np, and He) for any of the
populations. Thus the level of genetic diversity maintained in a population does not
correlate with the population type (disjunct Pleistocene refugial, main core, or northern

disjunct).
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When looking at the entire range, the AMOVA showed that 40% of the variation
occurred within individuals, 22% of the variation of the data occurred among individuals,
and 38% of the variation occurred among populations. When comparing the AMOVA of
the main core individuals versus the individuals belonging to disjunct populations, it is
clear that disjunct populations contain much more variation among populations. Disjunct
populations contained 22% of the variation within individuals, 28% among individuals,
and 50% among populations. Main core populations in contrast contained 46% of the
variation within individuals, 21% among individuals, and 33% of the variation among
populations. When the disjunct populations were further divided into northern disjuncts
and disjunct Pleistocene refugial populations, the putative Pleistocene refugial disjunct
populations had the highest among population diversity. The northern disjunct
populations contained 46% of their genetic variation within individuals, 31% among
individuals and 23% among populations. The refugial disjunct populations contained
19% of their variation within individuals, 17% among individuals, and 64% among
populations.

Fis values, which provide a measure of deviation from expected levels of
heterozygosity, and Fisher exact tests of deviation from Hardy-Weinberg equilibrium
(HWE) indicate that there are significant deviations for every locus and in every
population (Table 1). M6D8 had the highest amount of inbreeding out of all 6 loci as the
Fis values all indicated extreme heterozygote deficiency. Some loci also demonstrate

heterozygote excess in some populations (negative Fs values; Table 1). Heterozygote
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excess can result from negative assortative mating, or other evolutionary forces such as
hybrid vigor or selection against homozygotes.

Fstvalues indicated high amounts of genetic differentiation between the majority
of the populations sampled (Table 2). There was low genetic differentiation occurring
between the main core KYR population and the main core KYGC population as well as
between KYR and the northern disjunct OHJ population.

The Bayesian assignment values from BayesAss suggested low proportions of
gene flow between population pairs (Table 3). Dispersing 6.847 individuals to the main
core KYR population, the main core KYGC population sent out the most individuals. The
northern disjunct OHJ and OHS populations also sent out dispersers to KYR. OHJ sent
6.580 individuals per one generation of KYR, and OHS dispersed 6.025 individuals per
one generation of KYR. The main core VAA population also dispersed individuals. VAA
sent 5.019 individuals to the main core VAM population per one generation of VAM.
The remaining populations experienced the majority of their gene flow with themselves.

There was a negative correlation (R*= 0.7222) found between a population’s
genetic diversity (represented in this case by He) and its distance from the nearest
refugial population (Fig. 4). A linear regression performed in R had a T-statistic of
-3.94, six degrees of freedom and a P-value = 0.0076 (< alpha=0.05). Therefore, there is a
significant correlation between the distance a population was located from the nearest
refugial population and the number of heterozygotes in the population. There was no
linear correlation (R=0.0012) found between the distance between populations and the

associated pairwise Fst values.
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There was only one clade strongly supported by the Neighbor Joining (NJ) tree
created by PopTree2 (Fig. 5). The clade is comprised of the two main core Kentucky
populations (KYGC and KYR), the two northern disjunct Ohio populations (OHJ and
OHS), and the northern disjunct PAFH population. ALG was an out group for this data.

HARVESTER results showed that the optimal log-likelihood score was at K=2
meaning that instead of having eleven populations, my study appeared to have two
heavily supported genetically discernible entities (i.e., populations) (Fig. 2). The second

optimal log-likelihood score was at K=5.
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DISCUSSION

This study was designed to compare the genetic diversity of disjunct Magnolia
tripetala with the genetic diversity of M. tripetala belonging to core of the range. To
accomplish this goal I asked three main questions. 1) Do disjunct populations have lower
genetic diversity than their counterparts in the core? 2) Are disjunct populations of M.
tripetala more inbred than main core populations? 3) Do disjunct populations experience
less gene flow than main core populations? In addition, | tested the effects of long-
distance dispersal on the genetic diversity of populations by asking a fourth question: 4)
is geographic distance from the nearest sampled disjunct putative Pleistocene refugial
population of M. tripetala correlated with the number of heterozygotes in any given
population? Lastly, | identified potential source populations to provide a better picture of
the gene flow occurring within the M. tripetala populations.

Results led me to conclude that Magnolia tripetala has a population structure
shaped by limited gene flow. Disjunct populations appear to experience the same levels
genetic diversity, gene flow and inbreeding as main core populations. Ultimately, at least
as measured by microsatellite markers, being disjunct appeared to have little genetic

effect on populations of M. tripetala.
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GENETIC DIVERSITY, INBREEDING, AND GENE FLOW

The first main goal of this study was to determine if disjunct populations of M.
tripetala had lower genetic diversity than main core populations. There was no
significant difference between the amount of genetic diversity possessed by disjunct
populations (both the northern disjunct and the disjunct Pleistocene refugial) and the
main core populations. This result coincides with other studies where the genetic
diversity of disjunct populations was found to not be significantly different from main
core populations (Rossum et al. 2003, Baali-Cherif and Besnard 2005, Mandak et al.
2005).

The putative Pleistocene refugial disjunct VAJC and VAVB populations had the
lowest genetic diversity of all the populations, though the overall genetic diversity was
not significantly different. These populations likely underwent severe bottlenecks that
greatly decreased their genetic diversity. Overall population sizes are unknown for these
populations, but if they are small they could be experiencing high levels of drift. Small
populations are at higher risk for genetic drift (Ellstrand and Elam 1993).

In contrast to the VAA and the VAVB populations, the main core ALG
population and the refugial ARJ populations had almost double the number of alleles and
the number of private alleles in the population (Fig. 3). In the early stages of this study, |
designated the ALG population as a disjunct Pleistocene refugial population. Upon
further observation of the locality and the presence of more M. tripetala populations
nearby, | renamed the ALG population as a main core population. Results indicate that
ALG could be a refugial population that is not disjunct from the main core. Refugial

populations have been identified as areas of high genetic diversity (Abbott 2000, Hewitt
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2000, Barrington and Paris 2007, Broyles 1998, Persson 2003). Another possibility is that
ALG is receiving high amounts of gene flow from surrounding populations that were not
sampled for this study. If populations in the vicinity of ALG were sampled, a second
clade might be established on the NJ tree. | cannot accurately predict these surrounding
populations to be either refugial or main core.

As for the putative refugial ARJ population, there is no clear answer that would
explain why ARJ has high genetic diversity when the other refugial populations have
very low diversity. VAJC and VAVB do have higher levels of genetic differentiation
from the other populations than ARJ. Thus, it is possible that ARJ is experiencing more
gene flow and thus able to counteract negative genetic effects such as drift however, this
claim is not supported by my results.

Although population type did not seem to have an affect or be associated with a
certain level of genetic diversity, the genetic variation percentages per population type
varied. An AMOVA conducted on the entire range of M. tripetala showed that the
molecular variance was spread out somewhat unequally within individuals (38%), among
individuals (22%) and among populations (40%). The high percentage among
populations supports the high genetic differentiation found between populations (Table
2). When AMOVAs were conducted on certain population range types, the percentages
shifted for the disjunct populations. The main core population shifted the variation to
within individuals (46%), making among populations 33% and among individuals 21%.
These numbers suggest that the main core populations are undergoing gene flow that
allow for mutations to accrue and individuals to differ. These varying individuals are

equally spread among the five different main core populations.
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The disjunct populations had 28% within individuals, 22% among individuals,
and 50% among populations. This would suggest that while individuals within a
population do not differ greatly from each other, populations vary considerably.

When the disjunct populations were further subdivided into northern disjuncts and
refugial populations, it appears that the putative Pleistocene refugial core populations are
even more genetically differentiated. Northern disjunct populations had the majority of
their diversity (46%) of their within individuals, whereas the disjunct Pleistocene refugial
populations had the majority among populations (64%). This percentages account for
over half of the genetic variance in the disjunct populations. This result supports the
lower genetic diversity in refugial VAA and VAJC populations and how they differ from
the refugial ARJ population. Considering that there were signs of gene flow between the
Kentucky, Ohio, and Pennsylvania populations (Table 3, Fig. 5), it makes sense that they
would be showing similar patterns of variance The disjunct populations are genetically
differentiated from each other, which is often the case for disjunct populations. Often at
the margin of the species range where conditions are not optimal, disjunct populations
face strong evolutionary pressures which can cause genetic divergence to occur as
populations strive to adapt (Rossum et al. 2003).

The second goal of this study was to determine if disjunct populations of M.
tripetala have higher levels of inbreeding than main core populations. Population-level
Fisvalues (Table 1) indicate a significant deviation in each population. This deviation is
likely caused by non-random mating because each marker also shows significant
deviations from HWE (Table 1). Across all markers, the general trend is for each

population to demonstrate a reduction in heterozygotes (positive Fs values) indicating an
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elevated degree of inbreeding in every population including populations that were
expected to have lower levels (e.g. main core). However, some markers appear to
demonstrate heterozygote excess, indicating possible selection at linked loci.
Evolutionary pressures are certainly acting on Magnolia tripetala that lead to the high
levels of deviation from HWE expectations. In addition, high inbreeding could be due to
the breeding system of Magnolia trees. For example, Ishida (2006) found that Magnolia
obovata, a sister taxa to Magnolia tripetala, has high self-fertilization rates often resulting
from self-pollination.

In a similar study conducted by Matsuki et al. (2008), three main pollinators were
observed to pollinate Magnolia obovata. These pollinators were denoted by the authors
as bumblebees, flower beetles and small beetles. The flower beetles, which are by nature
less likely to travel long distances (Somanathan et al. 2004), had the higher amounts of
genetic diversity in the pollen. Insects more likely to be involved in long-distance
dispersal of pollen—the bumblebees—were observed to have higher proportions of self-
pollen, meaning that they were often involved in inbreeding. Perhaps they are the main
reason for the inbreeding depression noted in both the Ishida (2006) study and the
Matsuki et al. (2008) study. Magnolia tripetala must also have high self-pollination rates
in order to explain the high amounts of inbreeding shown by the results of this study
(Table 1).

The third goal of this study was to determine whether disjunct populations of M.
tripetala experience lower gene flow than the main core populations. Results indicate low
levels of gene flow and high genetic differentiation among all populations, even

populations that are geographically near (Table 2, Table 3). The majority of individuals
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dispersing into any given population were individuals already located within that
population (Table 3) meaning that the majority of gene flow occurred within populations
not between.

As the distance increases, the likelihood of successful pollination decreases due to
the rare occurrence of long-distance dispersal. The Kentucky main core populations and
the Ohio northern disjunct populations are in close proximity and were thus expected to
experience high levels of gene flow. The Bayesian Analysis showed that there are
migrations occurring between main core KYR and main core KYGC and KYR and
northern disjunct populations OHJ and OHS (Table 3). The Virginia populations are also
in close proximity and were also experiencing gene flow. Dispersal events occurred
between the main core VAA population and the main core VAM population (Table 3).
Evidence of these migrations and past migrations can be seen on the NJ tree (Fig. 5). As
more gene flow occurs, populations become more related. Therefore, it makes sense to
have a main clade forming between the Kentucky and Ohio populations.

The NJ tree confidently showed the presence of only a single clade comprised of
the Kentucky, Ohio and Pennsylvania populations. The NJ tree is supported by the
STRUCTURE plot (Fig. 2). The optimal log-likelihood score was at K=2 (Fig. 2). K=2
placed the main core ALG, the refugial ARJ, the main core KYGC and KYR, and the
northern disjunct OHJ, OHS, and PAFH populations together. The split outlines the split
of the Appalachian Mountains where the Virginia populations are separated from the rest
of the populations. When the K is increased to 3, we see the formation of a Kentucky-
Ohio-Pennsylvania clade similar to what is seen on the NJ tree (Fig. 5). However, in the

K=3 plot ALG and ARJ are paired with one of the Virginia populations (VAA) leaving
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the other three Virginia populations (VAJC, VAM, and VAVB) in a different group. |
expected the Virginia population’s to be more related since they are separated from the
rest of the populations by the Appalachian Mountains. In addition, as shown by my
results, very little gene flow is occurring between the Virginia populations and the
populations west of the mountains (Table 3). A better picture is painted when K =5 (the
second highest optimal log-likelihood score). The Kentucky-Ohio-Pennsylvania clade is
still in place—still supporting the NJ tree—and the Virginia populations are forming their
own group.

The low gene flow, high genetic differentiation, and high inbreeding indicate that
M. tripetala has a range that consists of an area with a high density of fragmented
populations (the main core) with further dispersed disjunct populations at the margin of
the core, rather than a continuous main core range with bordering disjunct populations.
Fragmented population structure is supported by the low dispersing beetles (Somanathan

et al. 2004) that pollinate M. tripetala and most other magnolias (Thien 1974).

THE EFFECTS OF LONG-DISTANCE DISPERSAL

The effects of long-distance dispersal on the genetic diversity of plant species has
been a topic in several previous studies (Broyles 1998, Griffin and Barrett 2004, Bohrer
et al. 2005, Bialozyt et al. 2006). In most cases, long-distance dispersal was noted to
decrease genetic diversity especially in recently established small populations when the
likelihood of founder effects was greatest.

In this study, a linear regression (with a p-value of 0.0076 and an associated R?

value of 0.7222) showed that there was a strong negative correlation between the distance
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a M. tripetala population was located from the nearest refugia and the number of
heterozygotes present in a population. Long-distance dispersal is a possible cause of
small decreases in genetic diversity of dispersed M. tripetala populations. Although there
IS a negative trend of genetic diversity as related by distance, genetic diversity values do

not appear to decline significantly with distance from refugia.

CONSERVATION OF M. TRIPETALA AND DISJUNCT POPULATIONS

The genetic variation of M. tripetala is spread somewhat unequally among
populations (40%), among individuals (38%), and within individuals (22%). The level of
inbreeding | detected may be affecting some populations such as the refugial VAJC and
VVAVB populations—which may explain the slight imbalance with high variation found
among populations. As for the rest of the populations, the gene flow occurring appears
sufficient enough to limit extreme differentiation among populations.

The relatively stable genetic diversity in M. tripetala can be interpreted one of
two ways. The first—and more probable—is that the populations have been disjunct
since the Pleistocene, but M. tripetala has retained genetic diversity. The alternative
explanation is that that the populations only recently became disjunct from each other and
the negative genetic effects have not yet begun to take place. In either case, habitat
fragmentation will likely cause existing populations to remain disjunct or become further
isolated, which may be detrimental in the future. The refugial VAJC and VAVB
populations will likely continue to undergo genetic deterioration, and begin experiencing

negative genetic effects much sooner than the other populations. For now, M. tripetala
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populations do not suffer from a lack of genetic diversity—whether disjunct or main
core—and thus should not be of highest concern to conservation biologists.

Karron (1987) felt that generalizing all rare species as possessing the same genetic
patterns (i.e. low genetic diversity, low gene flow, high inbreeding) was futile without
attempting to incorporate the life history aspect of individual species. Gitzendanner and
Soltis(2000) took the Karron(1987) study into account and concluded that rare species
should be compared according to phylogenetic relationships. Furthermore, species
sharing a recent common ancestor should not be treated as independent samples when
they are in fact related (Gitzendanner and Soltis 20000).

Much like rare species, disjunct populations are often generalized as having low
levels of genetic diversity, despite studies that have shown otherwise (e.g. Rossum et al.
2003, Baali-Cherif and Besnard 2005, Mandak et al. 2005). The concept devised by
Karron (1987) and others (e.g. Kruckeberg and Rabinowitz 1987), can be applied to
species with disjunct populations. Disjunct populations sharing a recent common ancestor
are more likely to have similar life history characteristics and thus more likely to have
similar evolutionary forces acting on them and similar population histories. In addition,
predictions about genetic diversity should be based after taking into consideration past
events such as bottlenecks and migrations from refugia. Hannan and Orick (2000)
concluded that factors such as these were important because of their potential to affect the
genetic diversity of that population. Populations will experience different evolutionary
forces as supported by my study. Despite being putative Pleistocene refugial disjunct
populations, ARJ, VAJC and VAVB differed in their amount of genetic diversity

(although these values were once again not significantly different).
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| propose that instead of asking if disjunct populations have more or less genetic
diversity than possessed by their counterparts, we should instead be asking if disjunct
populations should possess low genetic diversity due to their population history such as
historic bottlenecks and species specific traits such as limited dispersal mechanisms. This
would help to prevent the placing of species with genetically stable disjunct populations
under conservation management and redirect efforts to species in more immediate danger
of endangerment or extinction.

| returned to the original ten conflicting papers and tried to discern patterns in the
methods of the studies as a way to justify why some found that disjunct populations have
lower genetic diversity (Karron 1987, Broyles 1998, Lammi et al. 1999, Hannon and
Orick 2000, Landergot et al. 2001, Kikuchi and Isagi 2002, Persson 2003, Gonzales and
Hamrick 2005) and why others found that disjunct populations have no significantly
different or in some cases higher genetic diversity(Rossum et al. 2003, Baali-Cherif and
Besnard 2005, Mandak et al. 2005). Studies varied drastically with no conceivable
pattern. Authors used many different genetic analysis techniques including
microsatellites, enzyme analyses (e.g. isozymes, and allozymes), and RAPD. Some
studies adopted the Karron (1987) point of view and only studied populations of the same
species or genus (Karon 1987, Lammi et al. 1999, Person 2003, Rossum et al. 2003,
Mandak et al. 2005). Other studies compared their findings to findings in other papers
with a different study species (Broyles 1998).

There was only one common thread I could find between these differing papers
and my own study. Despite the result, whether lower genetic diversity, higher, or not

significantly different, results were explained once a species’ traits (such as pollinators,
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fertilization mechanisms, dispersal mechanisms, geographic barriers) and population
history (such as previous bottlenecks, glacial events, founder effects, and long-distance
dispersal events) were taken into account. This further reiterates that these factors should
be taken into account when trying to determine the amount of genetic diversity pertaining

to disjunct populations.
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Figure 1: Range map of Magnolia tripetala. The colored shapesdenote
sampling locations.
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Genetic Diversity of Populations of Magnolia tripetala
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Figure 3: Genetic diversity of each population of M. triperala as defined by four major parameters:

the numb

er of different alleles belonging to a population (Na), the number of effective alleles

belonging to a population (Ne), thenumber of private alleles belonging to a population (Np), and the
number of expected heterozy gotes for each population. Pleistocene refugial populations (ARJ, VAJTC,
and VAVB) have beenlabeled in blue Main core population (ALG, KYGC, KYR, VA A and VAM)
have beenlabeled in black. Northern disjunct populations (OHJ, OHS, and PAFH) have been labeled

inred.
Table 1: Fis values per locus calculated in GenePop for populations of Magnolia tripetala.
MI10DS MI15D5 Mé6D1 M6D3 Mé6D4 M6DS Chi"2 D.1. P-value
ALG 0.0596 04101 0.0863 -0.1798 0.0769 1.0000 Infinity 12.000 =0.01
ARJ 0.6667 0.0769 0.2755 02174 0.0204 1.0000 Infinity 12.000 =0.01
KYGC 0.4783 -0.4927 1.0000 0.1237 0.3298 - Infinity 10.000 =0.01
KYR 0.8348 -0.9000 0.6320 0.0142 -0.1132 1.0000 Infinity 12.000 =0.01
OHJ 0.3486 -0.1712 0.53579 0.3379 0.3905 1.0000 Infinity 12.000 =0.01
OHS -0.2632 0.0769 0.6364 0.1860 -0.0112 1.0000 Infinity 12.000 =0.01
PAFH - -0.3333 1.0000 -0.0001 -0.1429 1.0000 18.475 10.000 0.0475
VAA 0.3091 -0.0588 0.6381 0.5210 -0.0556 1.0000 Infinity 12.000 =0.01
VAJC - - 1.0000 0.4648 0.6647 - 25485 6.0000 0.0003
VAM 0.3955 -0.1365 0.5598 0.349 0.0236 1.0000 52.443 12.000 0.0000
VAVEB - - 0.1047 - 1.0336 1.0000 Infinity 102.00 =0.01
Chi”2 56472 97.172 Infinity 61.335 76.882 Infinity
D.f 16.000 18.000 22.000 20.000 22.000 18.000
P-value 0.0000 0.0000 =0.001 0.0000 0.0000 =0.001
Notes: Fis values represent the amount of inbreeding occurring in each population over the six loci used for this study.
Values closer to 0 indicate random mating, whereas values closer to 1 indicate high amounts of inbreeding. The
bolded numbers represent significant P-values signifying that a population or locus is out of Hardy-Weinberg-
Equilibrium. The italicized numbers represent outbreeding occurring. Pleistocene refugial populations (ARJ, VAIC,
and VAVB) have been labeled in blue. Main core population (ALG, KYGC,KYR, VAA, and, VAM)have been
labeled in black Northern disjunct populations (OHJ, OHS, and PAFH) have been labeled in red.
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Table 2: Pair-wise Fgrvalues as calculated by GenAlEx per population of Magnolia tripetala
ALG ARJ KYGC KYR OHJ OHS PAFH VAA VAIC VAM VAVB
ALG 0.000
ARJ 0.148 | 0.000
KYGC | 0.243 | 0.135 | 0.000
KYR 0.227| 0.137 | 0.072 | 0.000
OHJ 0.179 | 0.152 | 0.162 | 0.092 | 0.000
OHS 0.241 | 0.183 | 0.132 | 0.124 | 0.166 | 0.000
PAFH | 0.283 | 0.216 | 0.151 | 0.202 | 0.237 | 0.214 | 0.000
VAA | 0.245| 0.187 | 0.243 | 0.250 | 0.228 | 0.270| 0.329 | 0.000
VAJC | 0.385| 0.393 | 0.499 | 0.415 | 0.436 | 0.520| 0.603 | 0.523 | 0.000
VAM | 0.237| 0.206 | 0.207 | 0.229 | 0.242 | 0.240| 0.282 | 0.205 | 0.323 | 0.000
VAVB | 0.384 | 0.311 | 0.293| 0.282 | 0.352| 0.380 | 0.441 | 0.391 | 0.665 | 0.361 | 0.000

Notes: Values indicate amount of genetic differentiation between populations. Values closer to one
indicate high levels of genetic differentiation. Bolded values indicate low levels of genetic
differentiation. Pleistocene refugial populations (ARJ, VAJC, and VAVB)have been labeled in blue.
Main core population (ALG, KYGC, KYR, VAA  and, VAM) have been labeled in black. Northern
disjunct populations (OHJ, OHS, and PAFH) have been labeled in red.

Table 3: Bayesian assignment values calculated by BayesAss v3.0.3 to show gene flow occurring between

populations of Magnolia #ipetala

ALG ARJ KYGC KYR OHJ OHS PAFH VAA VAJC VAM VAVB

ALG 25.54 1.070 1.058 1.088 1.127  1.035 1.039 1030 1082 1045 1029
ARJ 0.979 12.69 1.014 1.077 0.830 1.020 1.040 1290 0540 1.025 1.061

KYGC | 1.019 1.028 5570 6.847 0950 1.018 1.038 1.135 0991 1.075 00991
KYR 1.034 1.033 1.065 2746 1056 1051 1.052 0980 1016 1058 1.036
OHJ 1.072 1.052 00986 6.580 52,76 1107 1.08% 1.060 1.079 1.007 1.071

OHS 1.087 1.050 1.090 6.025 1.067 4837 1014 1045 1037 1.000 1.103

PAFH | 1.106 0970 0917 1.639 1.014 1043 2806 1065 1040 1018 00989
VAA 1.035 1.012 1.037 0930 093 1074 1.117 4836 1053 5019 0985

VAJC | 1.096 1.035 1.076 1.090 1.077 0858 0922 1090 3597 1465 1.029
VAM 1.035 1.068 1.028 1.083 1.013  1.034 1092 1063 1000 2299 1093
VAVB | 1143 1.006 1.051 1.007 _ 0.841 1.046 1056 1070 1.077 1627 2313

Motes: Gene flow is represented by migrations between populations. Migrations occur via the dispersal

of individuals from populations listed at the left of the table into populations listed above the table.
High levels of gene flow are bolded. Pleistocene refugial populations (ARJ, VAJC, and VAVB) have been

labeled in blue. Main core population (ALG, KYGC,KYR, VAA, and, VAM) have been labeled in black.
Northern disjunct populations (OHJ, OHS, and PAFH) have been labeled in red.
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Figure 4: The expected number of heterozygotes in Magnolia tripetala populations
plotted against the distance from the nearest Pleistocene population of M. tripetala.
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Figure 5: An un-rooted Neighbor Joining tree created in PopTree. Populations on the same branch are
more likely related to other populations. Pleistocene refugial populations (ARJ, VAJC, and VAVB)
have been labeled in blue. Main core populations (ALG, KYGC, KYR, VAA, and VAM) have been
labeled in black. Northern disjunct populations (OHJ, OHS, and PAFH) have been labeled in red.
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