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ABSTRACT

Understanding how migration, genetic drift, and natural selection interact to maintain the
genetic and phenotypic variation we observe in natural populations is a central goal of population
genetics. Amphibians provide excellent model organisms for investigating the interplay between
these evolutionary forces because amphibians are generally characterized by limited dispersal
abilities, high philopatry, and are obligately associated with the areas around suitable habitats
(e.g. breeding ponds). Thus, on relatively small geographic scales, the relative effects of all of
these evolutionary forces can be studied together. Here, we study the interaction of migration,
genetic drift, natural selection, and historical process in the ornate chorus frog (Pseudacris
ornata). We report the development and characterization of 10 polymorphic microsatellite
genetic markers. Number of alleles per locus ranged from 2 to 21 averaging 9.2 and expected
heterozygosities ranged from 0.10 to 0.97 averaging 0.52. However, in an analysis of two
populations, three locus-by-population comparisons exhibited significant heterozygote
deficiencies and indicated that null alleles may be present some loci. Furthermore, we
characterized genetic structure and historical biogeographic patterns in P. ornata using these
microsatellite markers along with mitochondrial DNA sequence data. Our data indicate that in
these frogs, migration may play a large role in determining population structure as pairwise
estimates of Fst were relatively small ranging from 0.04 to 0.12 (global Fst = 0.083).
Additionally, we observed an overall pattern of isolation-by-distance in neutral genetic markers
across the species range. Moreover, our data suggest that the Apalachicola River basin does not
impede gene flow in P. ornata as it does in many vertebrate taxa. Interestingly, we identified

significant genetic structure between populations separated by only 6 km. However, this fine
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scale genetic structure was only present in the more urbanized of two widespread sampling
localities. Finally, in this study, we demonstrated that there was a significant correlation
between the frequency of green frogs and latitude. There was a higher frequency of green frogs
in southern samples and a lower frequency of green frogs in northern samples. However, when
we interpreted this phenotypic cline in light of the overall pattern of isolation-by-distance, it was
apparent that the neutral evolutionary forces of genetic drift and migration could explain the

cline, and the invocation of natural selection was not necessary.
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CHAPTER 1 -GENERAL INTRODUCTION

Understanding population genetic structure in nature is a central goal of population
genetics (Hartl and Clark 1997). This includes describing the amount of genetic and phenotypic
variation, describing how existing variation is partitioned geographically, and most importantly
explaining the mechanisms maintaining and structuring natural variation. Population genetics
theory predicts how migration, mutation, random genetic drift, and natural selection act to
maintain variation and structure it within populations. Mutation is the only source of new
genetic variation and alone would continue to increase variability within a population. However,
in natural, sexually-reproducing populations, random genetic drift limits the amount of variation
within a population. Genetic drift causes the random loss of genetic variation created by
mutation, through the stochastic allele frequency changes after each generation of random
mating.

Natural selection can act in various ways to increase, decrease, or maintain constant
levels of natural variation. Natural selection can limit genetic variability by disproportionate
survival of certain genetic variants causing other variants to be purged from the population over
time. Alternatively, natural selection can maintain genetic variation by favoring multiple allelic
variants, by favoring the heterozygous state of two or more allelic variants, or by favoring alleles
with low frequency in a population (Hartl and Clark 1997). Despite the presumed theoretical
importance of natural selection to the maintenance of genetic diversity and patterns of genetic
structure, relatively few studies have directly assessed the extent that selection has acted on a
particular trait (Chevillon et al. 1995, Mithon ef al. 1995, Taylor et al. 1995, Hoffman et al.

2006). One limitation of studying natural selection on phenotypic diversity in wild populations



is the rarity of naturally occurring phenotypic polymorphisms that can be attributed to and scored
as alleles from a single genetic locus, and hence treated by much of population genetic theory.
Population substructure, a virtually universal property of living systems, affects patterns
of variation (Hartl and Clark 1997). Natural populations are essentially never truly panmictic and
usually exist in schools, colonies, or other aggregations. Further, suitable habitat for natural
populations occurs in patches separated by some geographic distance. Habitat patchiness and the
aggregation of individuals within populations limit the probability of individuals encountering
and mating with individuals occupying different habitat patches or aggregations. When
subpopulations are separated from one another by these or other isolating mechanisms, genetic
differentiation (differing frequencies of genetic variants) occurs among subpopulations by the
micro-evolutionary forces of mutation, random genetic drift, and selection acting independently
in different subpopulations. Migration rates between subpopulations limit the degree to which
subpopulations evolve independently and hence the level of population substructure.
Amphibians make ideal model organisms for studying naturally occurring population-
genetic structure because amphibians are often characterized by limited dispersal and high levels
of philopatry leading to the potential for genetic isolation over small geographic distances
(Beebee 1996, 2005). Over time, this can lead to the development of independent evolutionary
units within the range of a particular species (Beebee 2005). Further, amphibian populations in
North America are declining more rapidly than many other terrestrial vertebrate taxa (e.g., birds
and mammals; Stuart ef al. 2004). Hence, the need for genetic studies to examine basic
population biology (e.g., migration rates, effective population sizes, historical occurrence of

population crashes) and to define appropriate management units and strategies is heightened.



However, the conservation genetics of few species have been studied or even had molecular
tools (e.g. microsatellites) developed to initiate such studies (Jehle and Arntzen 2002).

Microsatellites [also called simple sequence repeats (SSRs) or simple tandem repeats
(STRs)] are ubiquitous, abundant, and highly polymorphic in eukaryotic nuclear genomes.
Perfect microsatellites are composed of uninterrupted repeated sequences of DNA where the
repeat unit is from two to six base pairs (e.g. GATA), while imperfect microsatellites may be a
series of repeat units interrupted by non-repetitive DNA. Since their discovery (Hamada ef al.
1982) and first use as molecular markers (Weber and May 1989, Litt and Luty 1989, Tautz 1989)
microsatellites have gained widespread use in many biological disciplines. Their high
polymorphism, abundance in eukaryotic genomes, ease of isolation, and ease of scoring make
them ideal for use in genome mapping, forensics, population and evolutionary biology, and
conservation genetics. However, because microsatellites occur in non-coding regions of DNA
that have high effective mutation rates compared to coding DNA, they are generally species-
specific, although cross-species amplification and use in sister taxa is not uncommon.

While microsatellites are ideal for determining current population structure their high
mutation rates limit evolutionary inference of deeply divergent evolutionary lineages because
homology cannot be distinguished from recurrent mutation. High confidence in deeper
evolutionary events can be obtained from gene sequence data. For this reason, I use
mitochondrial 128 ribosomal RNA and Cytochrome-b gene sequence data to investigate the
evolutionary relationship among populations throughout the extant range of P. ornata. Further,
this mitochondrial sequence data is an independent line of evidence that can support inferences

about current population-genetic structure made from analysis of microsatellite data.



Study Species

The Ornate Chorus Frog (Pseudacris ornata) is a small terrestrial frog (30-40 mm SVL)
occurring in the coastal plains of the southeastern United States from Louisiana to North
Carolina south to central Florida (Fig. 1). Sexual maturity is reached within the first year of life,
and adult frogs breed during the winter (November-March) in temporary wetlands of Longleaf
Pine ecosystems, mixed hardwood forests, Cypress swamps, flooded fields, and roadside ditches
(Caldwell 1987). Males enter ponds before females and begin to call, attracting gravid females.
Males call most frequently for several nights following rainfall when temperatures are between 3
and 18 °C (Gerhardt 1973). The total sex ratio of males and females entering breeding ponds is
not significantly different than 1:1 although males are more common early and females more
common late (Caldwell 1987). Juvenile frogs emerge from breeding ponds in April and May at
18-23 mm and immigrate to surrounding forest habitat. The majority of frogs breed for only one
year, but occasionally frogs have returned to a breeding pond in consecutive years (Caldwell
1987).

Populations of the Ornate Chorus Frog isolated by relatively short geographic distances
show a large degree of mitochondrial DNA divergence (Moriarty and Cannatella 2004). Single
specimens from Liberty County in the Florida Panhandle and Barbour County in southeast
Alabama formed a clade and showed 0.7% uncorrected sequence divergence in the stretch of
DNA mentioned above. These specimens showed 1.5% sequence divergence with a single

specimen from Aiken South Carolina. However, since data from only three samples were



presented, little inference about overall genetic structure or phylogeographic patterns can be
made beyond the fact that a large degree of variation may exist within this species.
In addition, a post metamorphic skin color polymorphism exists in the Ornate Chorus

Frog. This polymorphism is controlled by a single gene showing complete dominance with
green dominant to brown/grey/copper (Blouin 1986). Although non-green color variants may
change through the lifetime of a frog or under differing environmental conditions, green color
morphs do not change to non-green and vice versa (Harkey and Semlitsch 1988, Blouin 1986).
Thus, this system offers a unique opportunity to study a trait that potentially is under selection

and which is readily observed in wild populations.
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CHAPTER 2 - DEVELOPMENT OF 10 POLYMORHPIC
MICROSATELLITE LOCI IN THE ORNATE CHORUS FROG
(PSEUDACRIS ORNATA)

Introduction

Amphibian populations in North America are declining more rapidly than many other
terrestrial vertebrate taxa (e.g., birds and mammals; Stuart ez al. 2004), and yet their biology
remains comparatively understudied. Hence, there is a need for genetic studies to examine basic
population biology (e.g., migration rates, effective population sizes, historical occurrence of
population crashes) and to define appropriate management units and strategies. However, the
conservation genetics of few amphibian species has been studied and even fewer species have
had molecular tools (e.g., microsatellites) developed to initiate such studies (Jehle and Arntzen
2002). The Ornate Chorus Frog (Pseudacris ornata) is a small terrestrial frog (30-40 mm SVL)
occurring in the coastal plains of the southeastern United States (Fig. 1) from Louisiana to North
Carolina south to central Florida. Initial evidence suggests some degree of phylogeographic
structure in this species (Moriarty and Cannatella 2004) although the extent of this structure has
yet to be investigated. Additionally, this frog exhibits a conspicuous Mendelian color
polymorphism, offering a unique opportunity to study the characteristics of natural selection in
wild populations (Hoffman and Blouin 2000). In this study, we characterize 10 polymorphic
microsatellite loci in the ornate chorus frog. These loci were derived from a biotin enrichment

protocol and from cross-species amplification.



Methods and Results

Five novel microsatellite loci were developed from a whole-genome enrichment for
(GATA), repeats following the protocol of Hoffman et al. 2003. Whole genomic DNA was
isolated using DNeasy DNA isolation kits (Quiagen, Irvine CA) according to the manufacturer’s
protocols. Random DNA fragments (~200-2500 bp) were generated using degenerate
oligonucleotide-primed polymerase chain reaction (DOP-PCR), using the K6-MW primer
developed by Macas et al. 1996. DOP-PCR was performed in 50 pL reactions having the
following final concentrations: 3 mM MgCl,, 1X PCR buffer (10 mM Tris-HCL, 50 mM KCL
and 0.1% Triton X-100), 0.2 uM each ANTP, 1 uM K6-MW primer, and 1 Unit Taq polymerase,
10-100 ng template DNA. DOP-PCR Temperature cycling parameters were 95 °C for 2:00, 5 x
(95 °C for 30's. 30 °C to 72 °C at 1 °C /s, 72 for 48 sec) 29 x (95 °C for 30 s. 56 °C for 1.5 min,
72 °C for 3 min), 72 °C for 20 min. Successful DOP-PCR was verified using gel electrophoresis
and ethidium bromide staining.

DOP-PCR fragments were enriched for microsatellites using a (GATA)g repeat motif
biotinylated on the 5’ end and with a terminating loop on the 3’ end (Integrated DNA
Technologies, Coralville, [A). Biotin probes were hybridized to DOP-PCR fragments containing
(GATA), repeats in 65 pL 6X standard saline citrate (SSC). The hybridization was performed
under the following temperature conditions: 5 minutes at 98 °C. The temperature was decreased
at a rate of 0.1 °C/s to 50 °C and held for 25 minutes. The hybridization mixture was
immediately combined with streptavidin-coated magnetic beads (Promega Magnasphere,

Madison, WI) in 100 pL total 6X SSC with 20 minutes gentle shaking at room temperature.



Hybrid-bead complexes were washed 6 times total. Wash 1 and 2 consisted of 5 minutes gentle
mixing at room temp with 1 mL 2X SSC, 0.1% sodium dodecyl sulfate (SDS), wash 3 and 4
were 5 minutes gentle mixing at room temp with 1 mL 1X SSC, wash 5 was 2 minutes at 72 °C
with 1 mL 1X SSC, and wash 6 was 5 minutes at 72 °C with 1 mL 1X SSC. Single stranded
enriched DNA was eluted in a final wash of 65 uL Tris-EDTA buffer (10 mM Tris HCL pH 8.0,
0.1 mM EDTA) at 97 °C. Repeat enriched DNA was made double stranded by re-running the
DOP-PCR as described above using 2 pL of elution as template. Enriched DOP-PCR product
was cloned using TOPO TA Cloning kits according to manufacturer’s protocols (Invitrogen,
Carlsbad, CA) and plated on LB plates containing 100 mg/L ampicillin. Clones were grown
overnight, and all colonies were individually plucked into 100 pL Milli-Q H,O. DNA was
immobilized by rupturing cells via heating the sample for 10 minutes at 100 °C followed by 30s
of vortex mixing.

PCR screening followed the procedure of Cabe and Marshal (2001). Briefly, two PCR
reactions were carried out per sample. One PCR included T3 and T7 primers only while the
second PCR reaction included T3, T7 and a (GATA)s oligonucleotide primer. The products of
these two PCR reactions were visualized side-by-side on a 2.0% agarose gel. Both PCRs from
clones without a (GATA), repeat region produced bands equal to the size of the insert.
However, for clones containing a (GATA), repeat region, the PCR containing a GATAg
oligonucleotide gave a distinctive smear in contrast to the band produced in the T3-T7 reaction.
183 of 1056 clones indicated the presence of a (GATA), repeat (17%) and were sent to Nevada
Genomics Center (Reno Nevada) for sequencing on an ABI automated sequencer (Applied

Biosystems, Foster City CA). The sequences obtained were aligned together and edited with
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SEQUENCHER v. 4.1 (Gene Codes Corporation, Ann Arbor, MI) to correct sequencing errors and
to identify and avoid redundancy among microsatellite loci.

Primers flanking the repeat motif were developed for 45 unique loci using Primer 3
(Rosen and Skaletsky 2000). To each forward primer (except Por 105, 106, and 111), an M13 (-
21) tail (5’-TGTAAAACGACGGCCAGT-3") was added for fluorescent labeling of PCR
product (Schuelke 2000). Of 45 unique primer pairs flanking repeat regions, the 5 primers
described here were polymorphic and gave PCR amplification consistently (Table 1).
Additionally, 26 primer pairs for loci developed in other Pseudacris species (Van Buskirk ef al.
unpublished manuscript) were screened for amplification in P. ornata. Of these, 5 more were
polymorphic and amplified product consistently (Table 1). Final PCR reactions were performed
in 20 pL volumes and contained ~10 ng template and 1 unit 7aq polymerase. Final
concentrations of other reaction components were 2.5 mM MgCl, (Por 105, Por 106, Por 111) or
2 mM MgCl, (all other loci), 1X PCR buffer, 0.2 uM each dNTP, and 0.3 uM each primer (Por
105, Por 106 Por 111), or 0.5 uM reverse primer, 0.5 uM M13(-21) fluorescently labeled primer
and 0.13 uM forward M13(-21) tagged primer (all other loci). Thermocycling parameters were,
for Por 105 and Por 106, 95 °C for 4:00, 30 x (95 °C for 30 s. T, for 30 sec, 72 °C for 30 sec), 72
°C for 7 min with T, for Por 105 and Por 106 being 52 °C and 62 °C respectively, for Por 111, 95
°C for 4:00, 48 °C for 45 sec, 69 °C for 1:00, 35 x (95 °C for 30 s. 53°C for 30 sec (decreasing at
0.1 °C/eycle), 72 °C for 30 sec), 72 °C for 7 min, and for all other loci, 95 °C for 5:00, 30 x (95
°C for 45 sec 54 °C for 45 sec, 72 °C for 45 sec), 8 x (95 °C for 45 s. 52°C for 45 sec , 72 °C for

45 sec), 72 °C for 20 min. Amplified PCR products were sized in groups of 2-3 loci per run using
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the CEQ 8000 genetic analysis system and software according to manufacturers protocols

(Beckman-Coulter, Fullerton, CA).
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Table 1. Basic information for 10 microsatellite loci isolated and/or optimized in this study. The locus name, GeneBank

accession number, species cloned, repeat motif, and primer sequence are shown. Population data (number of diploid
genotypes obtained (n), observed and expected heterozygosity (H, and Hg respectively), allele size range, and number of

alleles (N,) for Pseudacris ornata individuals collected from each of Colleton County, SC and Baker County, GA are given.
Allele sizes do not include 21 bp M13 primer. Significance was assessed in Arlequin v. 3.0 using default MCMC parameters.
Loci cloned from P. crucifer and P. triseriata were developed in Van Buskirk ef al. (unpublished manuscript).

Colleton Co., 5C

Baker Co.. GA

CieneBank Allele size
Locus  accession no. Species cloned Repeat motif in clone Primer sequence range n M, H, H, n M, H, H,

Porl03 XXXX P. ornati (GATA: Japertoet F-ACGACCATAGTGGGCTATCA 162-294 30 17 087 088 15 3 033 0.89%
R-TGGTTAGGUCATTGTCAAGO

Por106 XXXX P, ot [(EZN Y P— F-ATGTCGGTAAGAAACTCTTAATGT 274-686 21 17 086 094 3 3 020 097
R-TTGCTGTCCTTGGATTAGGC

Porl 11 XXX Foomata (GATA) 5 mperian F-AAAGGAATTATTACATTCTGGOATTC 252-624 19 11 068 090 13 21 061 097
R-TGTGTGAACTAGTTTAAAAAACACA

Porl51 XXXX P. armate (GATA) ) juperteon F-ACCAGGACAGTCAAACAGAG 87-177 32 19 08 094 2 18 076 094
R-CCGATGTGGATAGATGGA

Porl63 XXXX P, orncti (CARTAGATAY 3 e F-CTCTGTCCTGTGCATTGAA 199-269 32 14 063 088* 21 19 086 093
R-TAGGTAGGAAAAACCAAGCA

Perud9 EF 190895 P.ooercifer (CAds F-ACAATTAACACAATTGGCTCTCC 120-132 28 3 064 06d 20 5 038 050
R-AGTAAGGGAGCGTGCAAGAG

Perul(l EF 190896 P, crncifer (CAY; F-CATTTGGAACAAAGCAGCAAG 307478 26 5 0.31 051 21 5 019 031
R-GIGGAGTTCCAGCCTAA TG

Peruld EF190899 P, crucifer G F-GATCAGACAGTCTACAGTAATGAGGAG 158-162 29 3 031 036 21 2 024 051
R-CATAACACAGGGUAACCAAG

Peru2d EF190902 P.oercifer (CA)y F-TGOCATGGGGATGTTATATG 201-248 EX 4 034 032 20 5 040 039
R-CGAGCTATAGGAAAAGGCAGAG

Pri29 EF 190917 Poiviseriata (GT)y F-CACCATCTGGGAGGTGOTALC 133-147 30 3 007 0o 21 3 019 022

R-ATGTCAAAGCCGACCAAATC
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We amplified product and scored allele sizes at these loci in individuals from two natural
populations of P. ornata collected in 2006 and 2007 (n=21 from Baker County GA., and n=32
from Colleton County, SC). Number of alleles per locus per population ranged from 2 to 21
averaging 9.2 and expected heterozygosities ranged from 0.10 to 0.97 averaging 0.52 (Table 1).
Tests for departures from Hardy-Weinberg Equilibrium (HWE) proportions and linkage
disequilibrium were performed in Arlequin v. 3.0 using the default Markov chain parameters
(Schneider ef al. 2000). Three of the 20 locus by population comparisons may contain null
alleles as indicated by a significant heterozygote deficiency after Bonferroni correction.
However, no locus was significantly out of HWE for both populations. After Bonferroni
correction, no loci showed significant linkage disequilibrium in both populations and thus all loci
can be treated as independent.

Future studies using these markers will contribute to our understanding of the complex
biogeographic history of the southeastern United States through the use of this model organism,
the Ornate Chorus Frog. Further, future studies will improve our understanding of amphibian
population dynamics such as dispersal rates, effective population sizes, geographic subdivision,
and the occurrence of historical population crashes. For the specific study species, these markers
will help to define appropriate evolutionary significant units for prioritizing populations or
regions for conservation. These loci are, to our knowledge, the first microsatellite markers
developed for use in this species. The microsatellite markers we developed and optimized here
will be important tools to further investigate the evolutionary history, population structure, and

natural selection in P. ornata.
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CHAPTER 3 - FAT FROGS, MOBILE GENES- UNEXPECTEDLY HIGH
LEVELS OF GENE FLOW AMONG POPULATIONS OF PSEUDACRIS
ORNATA, A MEMBER OF THE ‘FAT FROGS’ SPECIES GROUP

Introduction

A central goal of population genetics is to illustrate how genetic variation is partitioned
within and among natural populations of a species (Wright 1931, Templeton et al. 1995,
Rosenberg et al. 2002). Population substructure is virtually a universal property of living
systems, and has major effects on patterns of variation. Natural species are essentially never
truly panmictic and usually exist in schools, colonies, or other aggregations. Further, suitable
habitat for natural populations often occurs in geographically separated patches. Habitat
patchiness and the aggregation of individuals within populations limit the probability of
individuals encountering and mating with individuals occupying different habitat patches or
aggregations. When subpopulations are separated from one another, genetic differentiation
occurs among subpopulations owing to the micro-evolutionary forces of mutation, random
genetic drift, and selection acting independently in different subpopulations. In contrast,
migration acts to limit the degree to which subpopulations evolve independently and hence the
level of population substructure (Hartl and Clark 1983).

One important consequence of natural levels of genetic structure is the expected
consequence of habitat fragmentation and increased inbreeding on genetic load. Genetic load is
formally defined as the proportional decrease in average fitness in a population relative to the
optimal genotype (Wallace 1970). Thus, there is a markedly different theoretical expectation for

the genetic load effect of increased inbreeding in naturally structured versus unstructured

17



populations. Interconnected populations with high gene flow tend to have high effective
population size and low background levels of inbreeding. Hence, the probability of rare
deleterious recessive alleles forming homozygotes is low. Consequently, in large populations,
deleterious recessive alleles accumulate in the genome, masked from selection in the
heterozygous state. In contrast, naturally subdivided populations tend to have low baseline
effective population sizes and deleterious recessives are continually purged from the population
by natural selection. Thus, species characterized by high gene flow and large effective
population sizes would be more severely affected by genetic load under a scenario of sudden
fragmentation due to the increased probability of homozygosity for deleterious recessive alleles.
As such, our understanding of the natural degree of population structure in amphibians is very
important for predicting the consequences of habitat fragmentation.

Amphibians provide excellent model organisms for investigating the interplay between
genetic drift and migration and the potential consequences of genetic load. Amphibians are
generally characterized by limited dispersal abilities, high philopatry, and are obligately
associated with the areas around suitable habitats (e.g. breeding ponds). Thus, amphibians often
occur in naturally highly fragmented populations, and show a high degree of genetic structure
(Beebee 1996, 2005, Palo et al. 2004, Newman and Squire 2002). Owing to this limited
dispersal ability, major geographic barriers known to restrict gene flow in other species (e.g.
rivers or mountain ranges) would be expected to truncate the range of amphibians. Indeed, both
high genetic structure due to distance and the efficiency of geographic features for restricting
gene flow has been repeatedly demonstrated in amphibian species (Newman and Squire 2002,

Shaffer et al. 2000, Funk et al. 2005). However, the ubiquity of large-scale genetic structure in
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amphibian species has not been assessed. Here, we investigate the relative roles of historical
geography and climate, genetic drift, and migration on the partitioning of genetic variation in an
amphibian species, the Ornate Chorus frog (Pseudacris ornata), that occupies a region with a
well characterized history — the coastal plains of the Southeastern United States.

A large number of molecular-genetics studies spanning many types of vertebrates have
explored the biogeography of the southeastern United States (Avise et al. 1979, 1987;
Bermingham and Avise 1986; Avise and Nelson 1989; Donovan et al. 2000; Hayes and Harrison
1992; Vogler and DeSalle 1993; Ellsworth et al. 1994; Phillips and Sexton 1994; Osentoski and
Lamb 1995; Walker et al. 1995). Generally, these studies reveal strong east-west divergence
separated by the Apalachicola river basin and the Appalachian Mountains (Donovan et al. 2000).
From the late Pliocene through the Pleistocene, glacial-interglacial cycles caused major
fluctuations in sea levels. At the height of interglacial periods (188, 120, 94, and 72 thousand
years ago), sea levels in the southeastern US were 10 to 25 feet higher than they are today
(Cronin et al. 1981). During these periods of highest sea levels, the Apalachicola river basin was
a large saltwater embayment extending north through Alabama and Georgia to the Appalachian
mountains creating a saltwater channel acting as a barrier to many species and originating the
deep genetic divergences now seen (Cooke 1945, Blainey 1971).

Combining the expectation that amphibians have limited dispersal abilities with the well
characterized biogeographic history of the Southeastern United States, we were able to test
specific hypotheses regarding the interaction of migration and genetic drift in forming patterns of
population genetic structure in P. ornata. First, we hypothesized that we would find an overall

pattern of isolation by distance. Such a pattern is common in other anuran species (Hoffman et
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al. 2004, Monsen and Blouin 2005, Shaffer ez al. 2000), and is often attributed to the inability of
individuals to disperse long distances (Wright 1942). Second, because we expect amphibians to
be highly philopatric and exhibit limited dispersal abilities, we hypothesized that populations
sampled in distant geographic regions would be genetically differentiated (as measured by Fgr).
Furthermore, we expected to observe patterns of population structure on a small geographic scale
(i.e. several kilometers) such as have been observed in other small anurans (Newman and Squire
2001, Monsen and Blouin 2005). Lastly, we hypothesized that barriers to gene flow for other
vertebrate taxa (i.e. the Apalachicola River) would also act as a barrier for this species.

To test these three hypotheses, we used 1304 bp of mitochondrial DNA sequence in
addition to 10 unlinked microsatellite loci to characterize the patterns of population genetic
structure of 211 individuals collected from 8 populations sampled throughout the species range.
We tested Hypothesis 1 (isolation by distance) using both Nested Clade Phylogeographic
Analysis ( NCPA, Templeton et al. 1995, 2004) of mitochondrial haplotypes, and by testing for a
correlation of genetic distance (Fsr at microsatellite loci) with geographic distance. We tested
Hypothesis 2 (significant genetic structure on small spatial scales) using a genetic clustering
algorithm implemented in STRUCTURE (Pritchard et al. 2000) to estimate the spatial scale at
which individuals were assignable to discrete genetic clusters. Further, we characterized the
degree of genetic divergence among populations with Fsr and compared these statistics to the
degree of divergence among populations of other amphibians. To test Hypothesis 3 (that the
Apalachicola River acts as a significant barrier to gene flow in P. ornata) we compared the
patterns of genetic structure (as determined in NCPA and genetic clustering analysis) among

populations spanning the river to the population structure observed among populations not
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divided by this river. Moreover, we reconstructed the phylogenetic relationships among sampled
haplotypes to determine if samples from east and west of the Apalachicola River showed
evidence for a deep phylogenetic divergence. Finally, we discuss all of these results with regards
to the consequences of fragmentation in this species as well as general patterns of amphibian

evolution.

Materials and Methods

Sampling — To test predictions made about the expected genetic structure in this species,
we collected samples from throughout the range of P. ornata. A special effort was made to
obtain samples from both east and west of the Apalachicola River to determine the extent that
this river acts as a barrier to gene flow. Overall, we obtained samples from 8 discrete geographic
locations ranging from the Florida panhandle west of the Apalachicola River to east-central
South Carolina (Fig. 1, Table 2). Sample sizes at each collecting locality ranged from 1 to 85
(Table 2).

Individual frogs were located in the winter and spring (November through May) of 2006
and 2007. Frogs were primarily captured either by road cruising on rainy nights, or by hand-
capturing calling males in breeding choruses. However, the samples from Barbour County,
Alabama were captured in pitfall traps set along a drift fence surrounding an ephemeral pond.
We scored all captures for sex, and we recorded the precise location of capture. For DNA
analysis, we removed the longest toe on the right hind-foot with sterilized surgical scissors. We

placed toe clippings in vials filed with anhydrous calcium sulfate (a desiccant) and transported
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them to the University of Central Florida for genetic analysis. Additionally, we obtained 13
samples from the University of Texas, Austin herpetological collections (TNHC #s 62178 -

62189).
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Co. SC
N=24

=7

Figure 1. Native range of P. ornata and sampling locations. The natural range of P. ornata is
shaded in grey. The location of sampling sites and the total sample sizes at each site are also
shown.
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Table 2. Sample sizes obtained from each sampling locality and the number individuals
sequenced for 1304 bp of mitochondrial DNA.

Total MtDNA
Location sample size sample size
Baker County Georgia 37 15
Aiken County South Carolina 5 )
Liberty County Florida 85 9
Jasper County South Carolina 24 14
Colleton County South Carolina 52 11
Barnwell County South Carolina 2 2
Barbour County Alabama 5 3
Gulf County Florida 1 1

DNA isolation and mitochondrial DNA amplification and sequencing — We isolated DNA
from all toe clips obtained using DNeasy DNA extraction kits (Quiagen, Valencia CA) according
to the manufactures’ “Animal Tissue Protocol.” However, the elution of DNA was done using a
1:10 dilution of the DNeasy Kit “elution solution.” Two elutions were performed and we used
the second elute at full strength or a 1:10 dilution of the first elute (both having final
concentrations of about 5-10 ng per puL.) for PCR reactions.

We used mitochondrial DNA haplotypes along with NCPA and phylogenetic analysis to
test the prediction of an overall pattern of isolation by distance as well as to assess whether the
Apalachicola River acts as a barrier to gene flow. We sequenced two disjointed sections of
mitochondrial DNA (mtDNA) in both directions for up to 15 samples per sampling locality
(Table 2). We sequenced a 690 bp section that spans partial 128 ribosomal RNA (rRNA; 466

bp), complete tRNA-Val (69 bp), and part of 16S rRNA (155 bp). We also sequenced a 612 bp
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section of the Cytochrome-b (Cyt-b) gene. We amplified and sequenced the fragment coding for
RNA genes using primers 12L1 (5’-AAAAAGCTTCAAACTGGGATTAGATACCCCACTAT-
3’) and 16Sh (5’-GCTAGACCATKATGCAAAAGGTA-3") which correspond to primer
numbers 46 and 76, respectively, in Goebel ef al. (1999). We amplified and sequenced the
section of Cyt-b using primers MVZ 15 (5’- GAACTAATGGCCCACACWWTACGNAA-3’)
and MVZ 18 (5’-GTCTTTGTATGAGAAGTATG-3") after Moritz et al. 1992. PCR reactions
contained 5-10 ng template DNA, 1 unit 7aq polymerase, 2.25 mM MgCl,), 1X PCR buffer (10
mM Tris-HCL, 50 mM KCL and 0.1% Triton X-100), 0.2 uM each dNTP, and 0.5 uM each
primer. PCR thermocycling parameters were 95 °C for 4:00, 41 °C (Cyt-b primers) or 46 °C
(rRNA) for 45 sec, 69 °C for 1:00, 35 x (95 °C for 45 s. 45 °C (Cyt-b primers) or 50 °C (rRNA)
for 45 sec, 72 °C for 45 sec), 72 °C for 7 min.

We electrophoresed PCR reactions in a 1% agarose-TAE gel, and excised and purified
positive PCR bands using GENECLEAN III Kits according to manufacturer’s protocols (Q-
Biogen Inc., Irvine, CA). We quantified purified PCR product by comparing band brightness to
DNA quantification ladder. Fragments were sequenced at the Nevada Genomics Center (Reno,
NV). We aligned multiple fragments for each individual and reviewed base-calls for accuracy
using SEQUENCHER v. 4.7 (Gene Codes Corp, Ann Arbor, MI). We aligned complete, edited
sequences using CLUSTAL W. We concatenated disjoint alignments using BIOEDIT v. 7.07 (Ibis
Biosciences, Carlsbad, CA) creating a single alignment consisting of complete sequences from
58 individuals and nearly complete sequences from 2 individuals (Table 2).

Statistical analysis of mtDNA data — To determine the historic consequence of the

Apalachicola River and to identify any deep divergence between existing populations, we
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estimated phylogenetic relationships among unique haplotypes. This phylogenetic
reconstruction used Bayesian Marcov Chain Monte Carlo (MCMC) phylogenetic methods
implemented in MR. BAYES v. 3.2.1 (Ronquist and Huelsenbeck 2003). In addition to 33
complete sequences of unique haplotypes, we included 2 partial sequences from Barbour County,
AL. A Pseudacris regilla sequence obtained from genbank (Accession numbers AY364542 and
DQ195169 for RNA genes and Cyt b, respectively) and a P. crucifer individual sequenced in this
study were used as outgroups.

We used MRMODELTEST v. 2.2 (Nylander 2004) using Akaiki information criteria to
determine the model of DNA evolution most appropriate for different partitions of the entire
dataset. These partitions were 1) the unpartitioned data set, 2) Cyt-b gene alone 3) RNA genes
alone 4) first codon position of Cy#-b 5 ) second codon position of Cyt-b 5) first and 2™ codon
position of Cyt-b, and 6) third codon position of Cyz-b. We used the best models for each
partition in four Bayesian MCMC analysis implemented in MR. BAYES. MCMC chains were run
for 4 million generations and the first 1,000,000 generations were discarded as burn-in. Bayes
Factors according to Kass and Raftery (1995) were used to choose an appropriately complex
number of partitions, and the phylogeny obtained with this partitioned dataset was reported.

We used Nested Cladistic Phylogeographical Analysis (NCPA) sensu Templeton (2004)
to formally distinguish between possible biological hypotheses that could explain statistically
significant geographical associations of haplotypic variation (e.g. isolation by distance, allopatric
fragmentation, restricted gene flow with long distance dispersal, range expansion, etc.,
Templeton 2004) . This method uses statistics based on an intraspecific haplotype network with

hierarchically nested clades and the geographic distribution of these nested clades to 1)
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determine if the null hypothesis of no geographic association of haplotypes can be rejected and
2) to select from a set of possible biological mechanisms (using an inference key) which could
lead to the observed geographic pattern. We created the intraspecific haplotype network using
the algorithm of Templeton et al. (1992) implemented in the program TCS v. 1.21 (Clement et
al. 2000). Hierarchically nested clades were determined according to the rules of Templeton et
al. (1987, 1992). GEoDIs 2.0 (Posada et al. 2000) was used to determine NCPA distance
statistics, and these were interpreted according to the inference key given in Templeton (2004).
Statistical significance was determined based on 100,000 permutations of clades. The
automation of this entire process was facilitated by the program ANECA v. 1.1 (Panchal 2007),
with the results of this automated process confirmed by hand.

Microsatellite genotyping — We further characterized the genetic structure in this species
using ten unlinked microsatellite markers (Chapter 2). Specifically, the microsatellite markers
addressed Hypothesis 2, that due to limited dispersal abilities and high rates of philopatry, the
ornate chorus frog would show high genetic divergence among sampling regions (high Fsr), and
there would be detectable, fine-scale genetic structure over relatively short geographic distances.
We genotyped all frogs (n=211) for ten unlinked microsatellite loci (Table 1) following the
methods described in Chapter 2.

Statistical analysis of microsatellite data — To determine the variability and data-quality
of the microsatellite dataset, we estimated basic information describing the characteristics of
variation at ten microsatellite loci in each discrete sampling locality with reasonable sampling
(n>10). We estimated observed (Hop) and expected (Hg) heterozygosities and performed an exact

test for significant deviations from Hardy-Weinberg equilibrium (HWE) based on 100,000
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permutations in ARLEQUIN v. 3.0 (Schneider et al. 2000). We estimated allelic diversities
compensating for sample size differences in FSTAT v. 2.9.3.2 (Table 3, Goudet 1995).

To test the prediction that genetic structure would be detectable even over small spatial
scales, we used a genetic clustering algorithm (STRUCTURE v. 2.2; Pritchard ef al. 2000). This
method estimates the number of genetically distinct clusters (K) in an allelic data set. We
applied this method to both the entire microsatellite dataset as well as separately to sampling
localities that were geographically spread-out (i.e. Liberty County, F1, and Colleton County, SC).
The algorithm in STRUCTURE introduces population structure to the data that minimizes Hardy
Weinberg disequilibrium and linkage disequilibrium, and produces an estimate of the log
probability of the data Pr(X|K) for a specified value of K. Often, the value of Pr(X|K) estimated
by STRUCTURE continues to increase with increasing values of K, rendering its maximum an
inconsistent criterion for determining the ‘‘best’’ estimate of K. An alternative measure based on
Pr(X|K), AK, has been shown to successfully identify the highest level of meaningful population
structure under a wide variety of simulation scenarios (Evanno et al. 2005). Thus, we used the
maximum value(s) of AK to determine the number of clusters that best explain the highest level
of population structure in our data.

In STRUCTURE, we set most parameters to their default values except where noted below.
We chose a model allowing admixture and correlated allele frequencies between populations.
We let ¢, the degree of admixture, be inferred from the data. The parameter of the distribution of
allele frequencies (k) was set to one. The first 100,000 generations of data were discarded as
burn-in, and data were collected for 1,000,000 (full data-set) or 100,000 (Liberty County and

Colleton County data-sets) generations thereafter. A visual inspection of Pr(X|K) plotted against
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the number of generations, and consistency across runs, supported these parameters as sufficient.
For each value of K (1-8), 5-10 independent STRUCTURE runs were conducted to confirm
convergence across runs and to obtain estimates of the variance among runs (as these pooled data
were used to estimate AK.)

Finally, to address the hypotheses that there would be high divergence among
populations we estimated both global and all pairwise estimates of Fsr. For populations that
were supported in the STRUCTURE analyses, divergence among populations was assessed by
pairwise Fgr estimated in ARLEQUIN v. 3.0. Only Fsr’s that were significantly different than zero
(0=0.05) were reported. Evidence for isolation by distance was assessed with a Mantel test for
correlation between the pairwise Fsr matrix and the pairwise geographic distance matrix. The

Mantel test was implemented in IBDWS (Jensen 2005) with 1000 permutations of the data.

Results

Phylogenetic analysis —-We reconstructed phylogenetic relationships among unique
mtDNA haplotypes to identify the presence of deep genetic divergences among populations.
Specifically, we addressed the hypothesis that the Apalachicola River created an impassible
barrier throughout the Pleistocene epoch and divided populations of P. ornata into eastern and
western population groups. Of the 60 individuals from which we obtained nearly complete
sequences of the 1304 bp of mtDNA, there were 35 unique haplotypes. The greatest pairwise
uncorrected sequence divergence among these haplotypes was 2.8%. Harmonic means of Ln

likelihoods (LnL) of four different partitionings of the dataset obtained in Bayesian MCMC were
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compared to determine the extent that increasing complex partitions improved the dataset.
Increased partitioning continued to increase the likelihood values as expected. Following the
recommendations of Kass and Raftery (1995), we took increases in LnL values of 2LnB;¢>10 as
strong evidence for using the more complex partition. The final model chosen contained 3
partitions: Cyt-b codon positions 1 and 2 under a HKY+G model of DNA evolution, Cy#-b
position 3 under a HKY+G model of DNA evolution, and RNA genes under a separate GTR+G
model of DNA evolution. Bayesian MCMC analysis using this overall model yielded a
relatively well resolved phylogeny of haplotypes (Fig. 2). Most notably, there was a well
resolved “Eastern clade” (Posterior probability = 0.86) consisting only of haplotypes sampled
from South Carolina. Samples typed from both east and west of the Apalachicola River were
included in a “Western group”, but samples from east and west of the Apalachicola were not
members of reciprocally monophyletic groups. Thus, this analysis did not support the hypothesis
that the Apalachicala River acted as a historically continuous partition in this species.

Nested Cladistic Phylogeographic Analysis (NCPA) - We used NCPA to identify
significant geographic associations of haplotypes, and to choose from a set of a priori biological
hypotheses which could potentially explain significant geographic associations (See Templeton
2004). An intraspecific haplotype network was constructed wherein all haplotypes were
connected by <22 steps, the 90% confidence limit of validity of parsimony estimated in the
program TCS. Hierarchical nesting of haplotypes yielded 21, 1-step clades nested into 11, 2-step
clades, nested into 6, 3-step clades in 3, 4-Step clades which were grouped together in a single 5-
step clade (Fig. 3). Clades in the intra-specific haplotype network corresponded to some clades

identified in the phylogenetic analysis. All 4-step clades were supported in the phylogenetic
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analysis except for the placement of haplotype AB (Fig. 3). Haplotype AB occurs west of the
Apalachicola River, but groups, with weak nodal support, as basal to the eastern haplotype
group. The geographic distribution of the higher order (3 step and 4-step) clades is displayed in
Fig. 3. The null hypothesis of no geographical association could be rejected for 3 clades in the
nested cladogram. Restricted gene flow with isolation by distance was inferred for the total
cladogram (clade 5-1) and for clade 4-1 while there was insufficient sampling to make an

inference for clade 4-2.
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Figure 2. Phylogenetic relationships among haplotypes sampled in P. ornata. Tips are labeled
with letters representing unique haplotypes. Clades which correspond to nesting levels in NCPA
are also labeled. Nodal support is displayed as Bayesian posterior probabilities. The phylogeny
was rooted using homologous P. regilla and P. crucifer DNA sequences.
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Figure 3. Haplotype network of 33 unique (58 total) haplotypes created using the algorithm of
Templeton et al. (1992) implemented in the computer program TCS. Individual haplotypes are
represented by circles. The size of each circle represents the relative frequency of that haplotype
in the total sample (n=58). The smallest circles represent unsampled inferred haplotypes.
Neighboring haplotypes are distinguished by 1 mutation in 1304 bp of mtDNA. Hierarchically
nested clades as determined by the method of Templeton et al. (1988, 1993) are indicated.

33



Figure 4. Map showing the geographic distribution of clades identified in nested clade analysis
at the 3-, 4-, and 5-step clades. In NCPA clades 4-2 and 5-1 showed significant geographic
association and this association was characteristic of isolation by distance with restricted gene
flow. NCPA for other clades was inconclusive either due to sampling inadequacies or inability
to reject a null hypothesis of no geographic association.

Microsatellite analysis- We characterized levels of variation and data quality in all
samples using standard population genetics statistics. Table 3 shows basic information for the ten
microsatellite loci used in this study for each population with reasonable sample size (n>10).
Expected heterozygosity (Hg) ranged from 0 to 0.99 with a multi-locus Hg estimate of 0.65.
After Bonforoni correction for multiple comparisons, there remained 9 out of 50 significant
deviations from HWE (Corrected P = 0.001). Colleton County South Carolina Population A and
Liberty County Florida had two loci significantly out of HWE while Baker County Georgia had
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4 loci that were out of HWE. Por 151 was out of HWE for three of five populations and Por 111
and Por 105 were out of HWE for two populations each. All significant deviations from HWE
were due to heterozygote deficiencies and thus may be due to the presence of null alleles in some
populations. Allelic richness compensating for sample size averaged 7.6, but ranged widely
from 1 to 17.4 (based on the smallest sample size of 11 diploid individuals). Thus, the
microsatellite loci ranged from moderate to high variability. Because no locus or population was

consistently out of HWE, all loci and populations were utilized in future analyses.
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Table 3. Basic information for microsatellite loci for each major sampling locality (n>10). For each locus at each sampling
locality diploid sample size (n) allelic richness compensating for sample size (A), observed (Hop) and expected (Hg)
heterozygosities are shown. Significant deviations from HWE are marked with an asterisk.

Colleton Co., SC A Colleton Co., SC B Jasper Co., $C Baker Co.. GA Libertv Co.. Fl

Locus n A H, Hy n A H, Hy n A H, Hy n A H, Hr n A H, Hy
porl06 21 1293 086 095 12 1774 092 089 22 1582 077 09 11 900 027 087 51 17.31 045 098
porlll 19 940 068 0% 14 1271 071" 09 23 1421 078 096 28 1545 061" 097 64 1647 078 097
peru(9 28 300 064 064 16 382 056 065 20 372 045 057 35 459 054 060 82 451 050 074
peruld 29 275 031 036 16 298 075 057 20 200 080 052 36 200 019 041 82 306 0.27 027
peru24 32 267 034 032 19 193 016 015 24 100 000 000 33 377 036 041 81 369 049 052
porl05 30 987 087 088 18 894 083 090 24 1201 088 093 28 847 032 083 79 863 043" 086
ptri29 30 1.73 007 010 18 100 000 000 24 288 013 024 37 226 027 024 83 163 004 007
perull 26 352 031 051 19 274 016 020 23 347 022 035 37 328 032 035 40 579 028 052
porl51 32 1223 0.81* 094 19 1040 095 091 24 1319 083 094 37 11.79 0.76° 092 78 11.02 049* 092
porle5 32 920 063 088 18 1286 083 094 25 1252 080 093 37 1162 086 092 81 1463 070 0986
Feignificant deviation from expectation after bonferrond correetion for mmltiple comparisons
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We used a genetic clustering method implemented in STRUCTURE to identify discrete
breeding populations represented in the dataset and to determine the geographic scale on which
there was significant genetic structure. We did this in two phases: first on the entire dataset
together (combined dataset) and second on the two geographically spread-out sampling localities
individually (separate dataset). For the combined dataset, going from K=1 to K=2 accounted for
the most genetic structure and separated the eastern (South Carolina) samples from the western
(Florida, Alabama, Georgia) samples. However, increases in K thereafter continued to separate
populations according to sampling location and produce substantial increases in Pr(X|K) up to K
= 6 (Figs. 5, 6). While the method of Evanno (2005) indicated that the highest level of
population structure existed at K=2, this method also showed evidence that K=6 was the true
number of genetic clusters, as this was the second highest value of AK. Interestingly, samples
collected from two discrete ponds (A and B) separated by only 5.7 km in Colleton County, SC
were assigned to two separate genetic clusters at K=6 (Figs. 7, 8). Samples from populations
with smaller sample sizes generally fell into the clusters one would expect. For example, the
samples from Aiken and Barnwell Counties, SC fell into the “eastern” cluster at K=2. However,
unexpectedly, 3/5 individuals from Barbour County, AL also fell clearly into this “eastern”
cluster despite this cluster otherwise comprising almost exclusively samples from SC. This is
likely due to the small sample size of this population. For K > 2, it became more difficult to
assign samples from under-sampled populations to any one genetic cluster.

Individual STRUCTURE analyses on the geographically separate sampling localities (i.e.
Colleton County, SC and Liberty County, Fl) revealed differing results. While both of these

sampling localities were spread out geographically (Colleton County over 5.8 km, and Liberty
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County over 14.1 km), Colleton County SC samples clearly clustered into 2 discrete clusters
while samples from Liberty County, FI were not separable into distinct clusters, and were
indicative of a single panmictic population (Figs. 9, 10, Pritchard et al 2000, STRUCTURE
documentation). We checked whether this was an artifact of possible null alleles by re-running
the STRUCTURE analysis excluding the two loci that were significantly out of HWE (Por 105 and
Por 151; Table 3) in the Liberty County, Florida samples. However, this did not significantly
alter our results, and thus the Liberty County samples were treated as coming from a single

breeding population.
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Figure 5. Two methods for estimating the true number of clusters in the entire dataset (n=211).
Delta-K (Evanno 2005) for values of K from 1 to 7 is scaled to the left-hand Y-axis. Likelihood
of data given K (Pritchard et al.1999) is scaled to the right-hand Y-axis. For both of these
criteria, the maxima indicate the estimate of the true value of K.
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Figure 6. Results of clustering analysis as implemented in STRUCTURE. Y-axes are membership
coefficient in each of K clusters (K=2-K=6 are displayed). All individuals collected in this study

(n=211) were included in a single analysis, and their population of origin is displayed on the X-
axis.
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Figure 7. Two methods for estimating the number of clusters in microsatellite dataset
comprising samples from Colleton County, South Carolina (n=52). Delta-K (Evanno 2005) for
values of K from 1 to 4 is scaled to the left-hand Y-axis. Likelihood of data given K (Pritchard
et al.1999) is scaled to the right-hand Y-axis. For both of these criteria, the maxima indicate the
estimate of the true value of K.
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Colleton Co A, SC 2007
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Figure 8. Results of STRUCTURE clustering analysis of only Colleton County, South Carolina
samples. Y-axes are membership coefficient in each of K clusters (K=2-K=4 are displayed). All
individuals collected in Colleton County, SC in 2006 and 2007 (n=52) were included in a single
analysis, and their population of origin is displayed on the X-axis.
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Figure 9. Two methods for estimating the true number of clusters in microsatellite dataset
comprising samples from Liberty County, Florida (n=85). Delta-K (Evanno 2005) for values of
K from 1 to 7 is scaled to the lefthand Y-axis. Likelihood of data given K (Pritchard ef al. 1999)
is scaled to the righthand Y-axis. For both of these criteria, the maxima indicate the estimate of
the true value of K.
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Figure 10. Results of STRUCTURE clustering analysis of only Liberty County, Florida samples.
Y-axes are membership coefficient in each of K clusters (K=2-K=6 are displayed). All
individuals collected in Liberty County, Fl in 2006 and 2007 (n=85) were included in a single
analysis. Because these samples were collected haphazardly along a stretch of road and not in
discrete localities, X axis is organized from left to right by GPS coordinate along this road from
southeast to northwest.
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Population differentiation and patterns of isolation by distance in microsatellite loci — To
estimate the level of population structure and to estimate the importance of geographic distance
on genetic isolation, we estimated global Fst as well as Fsr among all pairwise population
comparisons. Global Fst was highly significant, but quite low (Fst = 0.083, 95% CI[0.04, 0.16])
All pairwise Fsr estimates save one were significantly different than zero after Bonforonni
correction (Table 4). However, these estimates were also relatively small ranging from 0.04 to
0.12. Fgrestimates among the South Carolina samples ranged from 0.04 to 0.05. Pairwise Fsr
between the Florida and Georgia samples was 0.04. Fsr between “eastern” and “western”
samples were slightly larger ranging from 0.07 to 0.13 and averaging 0.10. A Mantel test for
correlation between genetic and geographic distance showed a significant association (P=0.02,

1000 randomizations) indicating an overall trend of isolation by distance (Fig. 11).
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Table 4. Genetic and geographic distances among populations of P. ornata sampled for this
study. Below diagonal are values of pairwise Fsr (Weir and Cockerham 1984). Straight line
distance among populations in kilometers is display above diagonal. Note that there is a
significant association among these variables (see Fig. 11).

A A
3 e —
S S = 53 L
= = = < 3
= e . < =
> = & §g ¢
w W w &> >
A A A = 5
Colleton Co A, SC - 57 85 542 429
Colleton Co B, SC  0.046 - 87 547 433
Jasper Co, SC  0.048 0044 - 463 353

Liberty Co, FL 0.125 0.111 0.087 - 139
Baker Co, GA 0.118* 0.104 0.066 0.042 -
* Not significant after bonforroni correction
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Figure 11. Plot of Fgr values (based on microsatellite data) versus geographic distance among all
sampling localities indicating evidence for isolation by distance. Fsr values are plotted against
corresponding straight-line geographic distances (d) between sites. The equation of the best fit
line (shown) is Fst = 0.000149d + 0.033 (Mantel Test, one-sided P = 0.02 from 1000
randomizations)

Discussion

The striking feature of these results was the relative lack of large scale genetic structure
in this species. All evidence from microsatellite markers and mitochondrial DNA sequence data
suggests a simple pattern of isolation by distance. Moreover, we were surprised to see that this

trend was even true across major geographic features such as the Apalachicola River (Fig. 3).
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There is no evidence for distinct breaks in the distribution of P. ornata and gene flow seems
relatively constant throughout the sampled range.

Do these patterns fit our expectations? We predicted three outcomes based on previous
data. Hypothesis 1 predicted an overall pattern of isolation by distance due to the limitations of
amphibian dispersal. We did observe this overall pattern of isolation by distance; however, we
were surprised by the large geographic scale on which this pattern was evident. Using
microsatellite data, we found no pattern of IBD in samples separated by up to 150 km (Fig. 11,
Table 4). Furthermore, Fgt for samples separated by as much as 150 km was low (Fsr < 0.05,
Table 4).

Our second hypothesis predicted high differentiation among populations as measured by
Fsr and detectable genetic structure on small spatial scales. However, this was not the pattern we
observed. Differentiation among populations was at most moderate (maximum pairwise Fsr =
0.125), and this was between samples separated by 550 km. This result is markedly different than
the expectation that amphibian species have limited gene flow among subpopulations and are
characterized by a high degree of natural genetic structure.

Our second hypothesis also predicted that genetic structure would be significant even on
geographic scales of several kilometers. Interestingly, there was some evidence for fine scale
population genetic structure in this species. However, this fine scale genetic structure was only
present in the more urbanized of two widespread sampling localities. In Colleton County, SC,
samples separated by 5.8 km were distinguishable based on assignment to different genetic
clusters in STRUCTURE analysis and significant values of Fgr between discrete sampling sites (Fsr

=0.046). However, samples from Liberty County, Florida collected over an even larger
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geographic range (14.1 km) were not assignable to discrete genetic clusters and appeared to be
from a single population (Figs. 9, 10). Several previous studies in amphibians have found
differences in genetic structure, migration and dispersal, or density and abundance in rural versus
urban (Rubbo and Kiesecker 2005), developed versus undeveloped (Carr and Fahrig 2001, Vos
et al. 2001), and fragmented versus non-fragmented habitats (Gibbs 1998). Thus, it is likely that
the differences in patterns of genetic structure observed within these two sampling sites are due
at least in part to urbanization and landscape fragmentation.

Third, we hypothesized a sharp division in genetic structure corresponding to crossing the
Apalachicola River. However, our data suggest that the Apalachicola River basin does not
impede gene flow in P. ornata. The STRUCTURE analysis clearly assigned all 6 individuals
sampled from west of the Apalachicola River to genetic clusters comprised of individuals east of
the Apalachicola River rather to their own unique genetic cluster. Furthermore, using NCPA,
both the entire haplotype network and sub-clades comprising individuals sampled from east and
west of the Apalachicola River showed evidence of isolation by distance (Fig. 3). Phylogenetic
analysis supported the monophyly of clades which included individuals from both east and west
of the Apalachicola River. Taken together, our data do not support a historic split that has been
contemporaneously maintained in P. ornata attributable to the Apalachicola River. Either P.
ornata was relatively unaffected by historical changes that caused the Apalachicola River to
divide so many other species, or P. ornata underwent a range expansion from one side of the
Apalachicola River to both after the Pleistocene. Alternatively, the Apalachicola River may
indeed act as a barrier to dispersal. However, our sampling scheme failed to detect this pattern.

Our populations west of the Apalachicola River were located close to the river and lack of
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genetic divergence may indicate that frogs traverse within the river’s floodplain. Further testing
of genetic variation in populations further west could address this explanation.

As a member of the genus Pseudacris, we do not suppose that the high basal levels of
gene-flow in P. ornata, are due to an extraordinary ability to disperse long distances. Indeed,
other studies have found that individual frogs usually travel little. For example, Kramer (1973)
studied movement for a five month period in P. trisariata and found that most (76%) frogs
stayed within 100 m of breeding ponds while only 2% moved more than 200 m. Instead, we
hypothesize that this species was historically abundant and continuously distributed throughout
the species range. This continuity would allow for migration among neighboring populations
and gene flow between geographically distant populations via many intermediate populations
(i.e. a stepping stone model of migration).

Amphibians are often thought to naturally occur in highly structured metapopulations
(Beebee 1996, 2005, Palo et al. 2004, Newman and Squire 2002). Thus, some authors have
concluded that genetic load due to outbreeding depression may be of great consequence in
amphibian species while genetic load due to inbreeding may be comparatively unimportant
(Sagvic et al. 2005). However, our results demonstrate the opposite may be true in some
amphibian species. This may have profound conservation implications. Populations of the
Ornate Chorus Frog appear to be historically highly interconnected by gene-flow. Hence,
genetic effective sizes were historically high, and the species is expected to carry a
comparatively large number of deleterious recessive alleles. Whereas, this would not have been
a concern within populations of large effective population size, suddenly fragmented populations

would be expected to suffer reduced fitness owing to the cost of exhibited deleterious recessive
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genes due to inbreeding. This study highlights the importance of understanding the historical
evolutionary history of a species to determine the influence of fragmentation on that species.
Indeed, the genetic load caused by sudden habitat fragmentation and increased inbreeding may
be of greater consequence than was previously supposed in historically unstructured populations

such as was found in the Ornate Chorus Frog.
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CHAPTER 4 -LATITUDINAL CLINE IN SKIN COLOR OF THE
ORNATE CHORUS FROG (PSEUDACRIS ORNATA): NATURAL
SELECTION OR NEUTRAL EVOLUTIONARY FORCES.

Introduction

Genetic and phenotypic clines are observed across a vast array of taxa (Szymura and
Barton 1991, Berry and Kreitman 1993, Long and Singh, 1995, Sotka et al. 2004, Toju and Sota
2006). These phenotypic clines can be due to spatially varying natural selection (Haldane 1948),
and are often taken as evidence of such. However, the neutral evolutionary forces of genetic
drift and migration can equally act to maintain clinal genetic or phenotypic variation (Gould and
Johnston 1972). Distinguishing the relative roles of selection versus neutral evolutionary forces
in maintaining clinal variation remains an important goal of population biology (Endler 1977,
Storz 2002, Vasemagi 2006).

Population genetics and genomics are perhaps our most powerful tools for explaining the
role of natural selection in the maintenance of clinal variation. Because natural selection leaves
predictable signatures on population genetic variation, population genetics theory can be used to
statistically reject the null hypothesis of no selection (i.e. neutral evolution). Moreover,
population genetics can be used to accurately distinguish classes of natural selection acting on a
locus or trait (e.g. balancing selection or selective sweeps). Nevertheless, population genetic
theory also suffers from limitations and biases. First, the proportion of phenotypic traits that
have known single-locus effectors is small. Thus, much of population genetic theory is not

directly applicable to the majority of traits, even those in model organisms. Furthermore, the
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proportion of organisms for which even the simplest genetic tools have been developed (e.g.
molecular marker) is likewise very small. Even when it is possible to use population genetic
theory to test for evidence of natural selection, there are biases toward assuming a natural
selective explanation without due process.

For example, single-locus environmental or latitudinal clines in allelic variation have
been taken as evidence for natural selection despite the ability of neutral evolution via isolation
by distance (IBD) to explain such a pattern (Vasemagi 2006). Using population genetic
simulations Vasemagi (2006) was able to show that significant associations between latitude and
single locus allele frequencies were common for species that showed patterns of isolation by
distance. To identify loci that truly fell outside of expectations of neutrality, Vasemagi (2006)
used estimates of the joint distribution of correlation coefficient and slope of allele frequency
versus latitude. Because this approach identifies particular loci as statistical outliers, it can be
used as a general approach to identify loci influenced by natural selection.

Color polymorphisms are often shown to be under natural selection in many species, such
as the peppered moth (Kettlewell 1955, 1956), the Rock Pocket Mouse (Hoekstra, et al. 2005)
and the Tiger Beetle (Hadley et al. 1988). Therefore, it is sometimes presumed that all color
polymorphism are under selection. However, some studies that have statistically tested for
natural selection have found that neutral genetic drift or very weak selection appears to maintain
phenotypic polymophism (e.g., O’Hara 2005, Oxford 2005, Hoffman et al. 2006). These
negative results demonstrate the importance of initially showing evidence that natural selection
maintains a color polymorphism before jumping directly to explaining the mechanism of natural

selection.
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The Ornate Chorus Frog offers a unique opportunity to study this potentially selectively
important trait in a natural system. Blouin (1989) showed that a common green/brown color
polymorphism in the Ornate Chorus Frog is controlled by a simple Mendelian-inherited gene
where the green allele shows complete dominance over the brown allele. Thus, using Hardy-
Weinberg equilibrium assumptions, allele frequencies for the color locus can be estimated from
observed phenotype frequencies. Obtaining these frequencies enables us to estimate genetic
variation and population genetic structure occurring at the color locus and compare this variation
directly to that at selectively neutral loci (e.g. microsatellites). This allows us to test the null
hypothesis of selective neutrality at the color locus by rejecting a hypothesis of similar genetic
structure to that estimated from neutral genetic markers. To our knowledge, this is the first study
describing any geographic patterns of this polymorphism or attempting to determine the role of
natural selection in this unique and interesting system.

Three methods were used to test the ultimate hypothesis that natural selection maintains
the relative frequencies of alleles determining skin color in the ornate chorus frog. First, we
tested for a correlation of allele frequency at the color locus with latitude and compared the
strength of this correlation to ~300 microsatellite alleles to determine if natural selection was
necessary to explain the strength of any observed cline. Second, we simulated bi-allelic genetic
loci under parameters that produced the same levels of IBD as that seen in the ornate chorus frog.
This was done because microsatellite loci tend to have many rare alleles that would not be
directly comparable to a bi-allelic system. We compared the strength of the correlation of color
locus and latitude to the strength of this same correlation for 1000 simulated neutral loci. Finally,

we compared overall allelic divergence among populations of the ornate chorus frog using the
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methods described in Beamont and Nichols (1996). This method relies on the fact that divergent
or disruptive selection at a genetic locus will cause increased divergence among populations as
compared to neutral loci while balancing selection will cause decreased divergence among
populations compared to neutral loci. This method has been successful in detecting divergent
selection (Storz and Nachman 2003), balancing selection (Gillespie and Oxford 1998, Andres et
al. 2000, 2002) and coupled with computer simulations to determine statistical power, the lack of
all but weak or no selection (Hoffman et al 2006). Finally, we discuss our results with regards to

natural selection and the maintenance of color polymorphisms.

Materials and Methods

Sample collection and scoring of green and brown morphs - The overall strategy used to
determine if natural selection was needed to explain observed patterns of variation in skin color
was to compare patterns at neutral genetic loci to patterns observed at the color locus. Samples
were collected from 5 discrete sampling localities (Fig. 12). Individual frogs were located in the
winter and spring (November through May) of 2006 and 2007. Frogs were captured primarily by
road cruising on rainy nights, or by hand-capturing calling males in breeding choruses.

However, the samples from Barbour County, Alabama were captured in pitfall traps set along a
drift fence surrounding an ephemeral pond. Captured frogs were scored for color (green or non-
green), sex, and a precise location were recorded. Additionally, color frequency data for
collections in Leon County Florida were obtained from Blouin (1986). However, because

genetic samples were not available from this historic sample, these data were only included in

61



analyses where genetic marker data were not used directly. For DNA analysis, the longest toe on
the right hind-foot was removed with sterilized surgical scissors. Toe clippings were placed in
vials filed with anhydrous calcium sulfate (a desiccant) and transported to the University of
Central Florida for genetic analysis. Ten independent microsatellite loci were scored using
standard capillary electrophoresis techniques (Chapter 2). Patterns of allelic divergence and
isolation by distance were characterized for putatively neutral microsatellite loci with a mantel
test for correlation between genetic distance (Fst) and geographic distance (See Chapter 3 for
details.) Allele frequencies at the color locus were calculated as ¢° = B, where ¢ represents the
frequency of the recessive (brown allele) and B represents the frequency of the recessive
phenotype (brown). These did not differ meaningfully from estimates using Lynch and
Milligan’s (1994) unbiased estimate of allele frequencies for dominant markers (i.e. all
frequency estimates differed by less than 0.002) and so estimates from ¢° = B were used in all

future analyses.

Testing for the presence of a cline at the color locus and comparison to clines at
microsatellite alleles. An ANOVA of the least squares linear regression of frequency of the
green allele versus latitude was used to test the statistical significance of the observed differences
in color frequencies among samples collected at different latitudes (Fig. 13). This test was
implemented in the statistics package R. We performed the regression analysis on both raw
allele frequency data and on arcsine transformed allele frequency data (Sokal and Rohlf 1995).
We also used Aikaiki Information Criterion (AIC) to determine if the additional free parameter

in a quadratic regression was justified. Because a significant correlation of a portion of allele
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frequencies and latitude is expected even for neutral loci under a pattern of isolation by distance
(IBD, Vasemagi 2006), we compared the strength of the correlation with latitude between
putatively neutral microsatellite alleles (n=312 and the color locus alleles. For each individual
microsatellite allele, the-least-squares linear regression of allele frequency verus latitude was
estimated. The absolute slope and r* value for all 312 microsatellite alleles were plotted together.
The 90% and 95% confidence interval for the joint distribution of r* and slope (scaled to take a
maximum of 1) under neutrality were approximated by ellipses drawn around the 282 and 298

(90% and 95% respectively) points falling closest to the origin (Fig. 14).

Simulation of neutral bi-allelic datasets showing equivalent patterns of IBD-To further
test the role of selection in maintaining observed patterns of variation at the color locus, we used
population genetic simulations to recreate datasets that reflect the 2-allele system acting at the
color locus. Simulations were performed in EASYPOP (Balloux 2001) under a stepping stone
migration model with 5 populations (2000 generations) followed by 25, 50, or 75 generations
without migration. This method allowed us to vary the slope of the IBD correlation and the
overall divergence among populations by changing the migration rate. We were also able to vary
the strength of the linear correlation (1*) by changing the number of final generations that
populations drifted without migration. We first used a series of exploratory analyses that
mimicked the empirical microsatellite dataset to identified a migration rate and number of no-
migration generations that consistently produced patterns of isolation-by-distance equivalent to
that seen in the microsatellite data-set (in terms of Fsr and the slope and correlation coefficient

(r*) of latitudinal distance-and genetic distance). For these exploratory analyses, we assumed
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that each step in the stepping-stone model represented an equal latitudinal distance 1/4™ of the
largest difference in latitude between actual sampled populations. We used 10 alleles with
mutation parameters similar to microsatellite loci (i.e. 0.0001 mutations/gamete/generation, 70%
1-step mutations, 30% multi-step mutations, 100 total allelic states). Ten simulations for each of
the following migration rates and final no-migration generations were performed: 0.1, 0.05,
0.025, 0.01, 0.005, and 0.00025 each combined with 25, 50, and 75 final no-migration
generations. The mean value of global Fst and the slope and r* of the correlation between genetic
and latitudinal distance were plotted for all combinations of parameters (Fig. 15). The
simulation parameters that gave statistics closest to the empirical dataset were used for
simulations of bi-allelic neutral loci.

When we arrived at an appropriate migration rate and number of final no-migration
generations, we used this overall model to simulate datasets which mimic the color locus
evolving under only selectively neutral forces. The model that produced patterns of isolation by
distance and overall divergence most similar to that observed in the empirical microsatellite
dataset was a stepping stone model of migration with a migration rate of 1% of individuals
migrating per generation between neighboring populations followed by 50 generations of no-
migration. We performed simulations for both 5 and 6 populations (corresponding to the
inclusion and exclusion of historical green allele frequency data). Simulations were run for 2000
generations followed by 50 generations without any migration. Breeding population sizes in all
simulated populations were 1000 with equal numbers of males and females. Mutation rate was
set to 10™* with only 2 possible allelic states. Simulations were performed for 1000 independent

loci.
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As with the microsatellite alleles, we compared the strength of the correlation with
latitude between simulated bialleleic neutral loci (n=1000) and the color locus. Latitudes were
assigned to the simulated populations such that the first population in the stepping stone scheme
corresponded to the lowest latitude in the empirical dataset, the last population corresponded to
the highest latitude. Other populations were assigned such that each step in the stepping stone
model corresponded to equal change in latitude. Because we performed the exploratory analysis
using latitudinal distance, we did not need to correct for imperfect correlation between latitudinal
and geographic distance in the empirical dataset. The absolute slope and r* value of the least
squares regression for 1000 simulated alleles were plotted together. The 90% and 95%
confidence interval for the joint distribution of r* and slope (scaled to take a maximum of 1)
under neutrality were approximated by ellipses drawn around the 900 and 950 (90% and 95%

respectively) points falling closest to the origin (Fig. 16 and 17).

Analysis of allelic divergence among populations — We used the statistical methods of
Beaumont and Nichols (1996) to determine if the overall allelic divergence at the color locus was
significantly different than would be expected under neutrality. Briefly, null distributions and
95% confidence intervals of global Fsr, conditional on heterozygosity, were built via coalescent
simulations that mimic the properties of the 10 neutral microsatellite markers described in
Chapter 2 and 3 (in terms of median Fsr, number of populations sampled, and sample size at each
population) to obtain confidence limits on Fsr under neutrality. We followed the
recommendations of Beaumont and Nichols (1996) and used a model with 100 islands and a

sample size of 50 individuals per sampling locality when true sample sizes exceeded 50. We
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then determined if Fgsy at the color locus fell outside the confidence limits generated by this
method, and thus if natural selection was necessary to explain overall allelic divergence at the
color locus. We used this technique separately on both the entire sample and on only the
“western” population-group where the frequency of the green allele and thus our ability to detect
selection was highest (Fig. 18, 19). Simulations were implemented in the software FDIST2

(Beaumont and Nichols 1996.)

Results

Establishment of the presence of a latitudinal cline in skin color frequencies — There was
a clear trend toward a higher frequency of the “green allele” in southern samples as compared to
northern samples. The frequency of green frogs in samples from the Florida panhandle ranged
from 13% to 27% (corresponding to an estimated frequency of the green allele of 0.06-0.15).
The frequency of green frogs in the Baker County, Georgia sample was 5% (green allele 3%)
while the frequency of green frogs in the South Carolina samples ranged from 0% to 5% (green
allele 0% — 3%.) With an analysis of variance (ANOVA), we tested the null hypothesis that the
slope of the least squares linear regression of green allele frequency against latitude was zero
(F=8.08, P=0.047). This null hypothesis was rejected and thus, there is a significant linear
correlation of the frequency of the green allele and latitude. This was slightly more significant
after arcsine transformation of allele frequency data (r* = 0.69, F = 10.3 P =0.033; Sokal and

Rohlf 1995.) A quadratic regression produced a higher value of r* (r*=0.89), but AIC indicated
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that the better fit did not justify the additional model complexity. Thus, linear regression was

used in subsequent analyses
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Figure 12. Frequency of color morphs throughout the native range of P. ornata. The frequency

of brown frogs is represented by black in pie charts while the frequency of green frogs is
represented by white. Leon County, Florida frequencies were taken from Blouin (1989) while all

other frequencies were estimated from samples collected in 2006 and 2007
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Figure 13. Linear regression analysis of the frequency of “brown allele” against latitude. The
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that the regression model was significantly better than the mean at explaining the variance in
brown allele frequency (P =.047). Similar results were obtained for arcsine transformed allele
frequencies (= 0.69, P =0.033)
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Comparison of cline at color locus to clines at microsatellite alleles — Plots of absolute
slope (b) against the coefficient of determination of least-squares linear regression (r*) showed
that a relatively high proportion of microsatellite alleles were also correlated with latitude (Fig.
14). Presumably, these correlations were due to the overall pattern of isolation by distance
caused by the neutral forces of genetic drift and migration, and not due to differential selection at
microsatellite loci or at closely linked loci. One method used to determine if natural selection
was necessary to explain the observed cline was a direct comparison of » and 7 at the color locus
alleles to the observed cline at neutral microsatellite alleles. The estimates of b and 7 at the
color locus were 4% change in allele frequency per latitudinal degree, and 0.73, respectively.
These estimates fell just inside the 95% confidence interval created from the microsatellite
alleles, but outside the 90% confidence interval. Thus, this analysis gave marginal evidence that
natural selection was acting to create a steeper more linear cline in color allele frequencies than
in microsatellite allele frequencies. However, we must recognize that 1) microsatellite alleles at
a single locus are not independent and 2) there are many rare microsatellite alleles that could not
possibly show slopes as high as the color locus owing to their rarity in the total sample. Thus, we

tested these results by conducting computer simulations of bi-allelic datasets.
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Figure 14. Slope (scaled to a maximum of 1) versus coefficient of determination (r*) for the best
fit line of allele frequency versus latitude for all microsatellite alleles and for the “brown allele.”
The 90% and 95% significance levels are approximated by semi-circles drawn around the least
extreme 90% and 95% of microsatellite allele points. The color locus is represented by the
larger black square falling outside the 90% significance curve.

Comparison of cline at color locus to clines in simulated neutral bi-allelic loci — We
conducted exploratory analyses to find appropriate simulation parameters for the level of IBD
observed in the empirical microsatellite dataset. These analyses gave a wide range of the
relevant statistics (global Fsr, and r* and slope of pairwise Fsr versus latitudinal distance, Fig.
15). However, for any one set of simulation parameters (migration rate and number of final
generations without migration), the variance among 10 replicates for these same statistics was

low (< 0.4% of mean value for global Fsr and slope, and < 27% of mean for r*). Thus,
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differences in observed IBD statistics among simulations describe differences in the simulation
parameters rather than stochastic variation among replicates.

The set of simulation parameters that produced patterns of IBD most similar to the
patterns observed in the empirical dataset were a migration rate of 0.01 for 2000 generations then
50 generations without any migration. Mean values of Fsr, slope (with units of change in
pairwise Fsr per latitudinal degree), and r* for simulations using these parameters were 0.070,
0.031, and 0.81 respectively. These were very similar to the values obtained for the empirical
dataset; that is 0.083, 0.029, and 0.75, respectively.

Plots of least squares regression statistics (b and r°) of latitude versus allele frequency for
simulated datasets including (Fig. 16) and excluding (Fig. 17) the historic samples are shown.
Each of these plots represents 1000 independent realizations (i.e. loci) of the described stepping-
stone simulations. Like the microsatellite alleles, a large portion of the simulated allele
frequencies show a significant correlation with latitude. For analysis including the historic
samples (N=6), the regression of the “brown allele” versus latitude gave a slope of 3.4% change
per latitudinal degree with an r* value of 0.67. These statistics fell within both the 90%
confidence interval created from simulated datasets. For the analysis excluding the historic
samples, the slope and r* of the “brown allele” with latitude were 4.1% change per latitudinal
degree with an r* value of 0.73. These values also fell within the 90% confidence interval
created from simulated neutral datasets. Thus, overall using these simulations we found no
evidence that natural selection was necessary to explain the observed cline in allele frequencies

at the color locus.
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Figure 15. Results of exploratory simulations where we determined appropriate parameters to
match the pattern of isolation by distance observed in the empirical microsatellite dataset.
Values of global Fsr. and slope and coefficient of determination (r*) for regression of pairwise
Fgr versus pairwise latitudinal distance are shown. Values for empirical microsatellite dataset
are displayed as a hollow triangle while values for the nearest set of simulation parameters and
those chosen for future simulations are displayed as an X. All other simulation results are
displayed as hollow circles.
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Figure 16. Slope (scaled to a maximum of 1) versus coefficient of determination (r%) for the best
fit line of allele frequency versus latitude for all simulated alleles and for the “brown allele.”
This analysis excludes historical color-allele frequency data and thus the number of populations
for all regressions was 5. The 90% and 95% significance levels are approximated by semi-
circles drawn around the least extreme 90% and 95% of simulated allele points. The color locus
is represented by the larger black triangle falling inside the 90% significance curve.
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Figure 17. Slope (scaled to a maximum of 1) versus coefficient of determination () for the best
fit line of allele frequency versus latitude for all simulated alleles and for the “brown allele.”
This analysis includes historical color-allele frequency data thus the number of populations for
all regressions was 6. The 90% and 95% significance levels are approximated by semi-circles
drawn around the least extreme 90% and 95% of simulated allele points. The color locus is
represented by the larger black triangle falling inside the 90% significance curve.

Overall allelic divergence among populations for microsatellite loci and the color locus —
In the total sample, global Fsr was calculated for the neutral microsatellite loci as 0.083. 95%
confidence intervals of Fst with heterozygosity estimated in FDIST2 were reasonably narrow such
that if strong selection was acting to cause high divergence among populations at the color locus,
it would be possible to detect (Fig. 18). Seven of 10 individual estimates of Fsr at microsatellite
loci fell within the 95% confidence interval (Fig. 18). This was only slightly less than the 9.5
expected to fall within this interval due to chance alone. The single locus global Fgst estimate at

the color locus was 0.086 and also fell well within the 95% confidence limits under neutrality
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(95% CI [0.0, 0.18], Fig. 18). Thus, we found no evidence that natural selection was acting to
disrupt allele frequencies at the color locus in the entire sample.

The same analysis was performed on a more local scale for the Florida and Georgia
samples. Using only this “western group,” global Fsr at microsatellite markers was 0.046 while
Fgr at the color locus was 0.080. Nine of ten individual microsatellite loci estimates and the
color locus fell well within the 95% confidence interval expected under neutrality (95% CI [0.0,
0.17, Fig. 19]. Again, there was no evidence for the selective maintenance of allele frequency

differences among populations at the color locus.
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Figure 18. FDIST2 analysis where Fsr conditional on heterozygosity is plotted. This analysis
included all sampled populations. 95% confidence intervals under neutrality are approximated
by the area between 0.025 and 0.975 quantiles (solid line). The median (0.5 quantile) is also
shown. Estimates of Fsr for microsatellite loci are represented by black diamonds while the
estimate at the color locus is represented by a triangle.
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Figure 19. FDIST2 analysis where Fst conditional on heterozygosity is plotted. This analysis
includes only Liberty County, Florida samples (N=85) and Baker County, Georgia samples
(N=38). 95% confidence intervals under neutrality are approximated by the area between 0.025
and 0.975 quantiles (solid line). The median (0.5 quantile) is also shown. Estimates of Fgt for
microsatellite loci are represented by black diamonds while the estimate at the color locus is
represented by a triangle.
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Discussion

Latitudinal cline in genetically controlled color frequencies of the ornate chorus frog — In
this study, we demonstrated that there was a significant correlation between the frequency of
green frogs and latitude (Fig. 13). There was a higher frequency of green frogs in southern
samples and a lower frequency of green frogs in northern samples (Fig. 12). Blouin (1986)
showed that the green-brown polymorphism in P. ornata is controlled by a single locus 2-allele
system where the “green allele” shows complete dominance to the “brown allele.” Therefore, we
know that this phenotypic variation is heritable and hence meets the minimum requirements for
adaptive evolution via natural selection. Further, in the Pacific Treefrog, Pseudacris regilla,
studies have repeatedly shown that green and brown morphs showed habitat matching preference
both in the presence and absence of a predator (Morey 1990, Wente and Phillips 2005).

Coupling these behavioral observations with the fact that winters are longer and harsher in
northern latitudes (and hence foliage browner longer), this system could arguably be explained
by selection acting along a geographic cline. However, because this was a simple 1-locus 2
allele system, we were able to actually characterize the cline in light of an overall pattern of
isolation by distance, and show that neutral evolutionary forces would not give a significantly
different pattern than the observed latitudinal cline.

Correlations of environmental variables such as latitude with putatively heritable
phenotypes have been considered one of the best evidences for the action of natural selection.
Classic evidence for industrial melanism in the peppered moth is in part an observed cline in the

frequency of dark-colored moth across a region of varying industrialization (Bishop 1972).
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Acceptance of the selective control of sickle-cell alleles in humans is partly due to a cline in the
frequency of the sickle-cell allele that corresponds to the presence/absence of malaria across the
African continent (Livingstone 1958). Clinal genotypic or phenotypic variation continues to be
taken as evidence for natural selection. For example, the correlation of flowering time with
latitude was recently taken as strong evidence for local adaptation in the model plant Arabidopsis
thaliana (Stinchcombe et al. 2004). Sezgin (2004) recently proposed 3 adaptive latitudinal clines
for functional alleles in Drosophila melanogaster although this interpretation has been criticized
(Vasemagi 2006). We do not necessarily contest the action of selection in these or other
examples where clinal variation is taken as evidence for spatially varying selection. We only
point out that without successfully rejecting a null hypothesis that the cline can be explained by
neutral evolutionary forces a selective hypothesis cannot be substantiated.

This study adds to a growing number of studies that rigorously test for the signature of
natural selection on presumably selectively important traits, but do not find it (e.g. Hoffman et al.
2006, Oxford 2005). These negative results actually have very important implications. First,
they caution biologists against presuming that natural selection is the primary cause of observed
phenotypic variation without sufficient evidence. Second, these studies suggest that natural
selection on major phenotypic variation may not be as strong as was once thought.

It is important to point out that we have not ruled out the selective maintenance of this
phenotypic character. Several reasons could explain why we failed to detect selection in this
study. First the number of populations we were able to sample was relatively low (N=6). This
certainly could affect the regression parameters (+° and b) we used to assess the significance of

this cline. Second, using the methods we describe, it may be impossible to detect a selection
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gradient even for strong selection and large sample sizes if 1) the relationship between ‘ideal
color frequency’ and latitude is inherently non-linear and r* does not reflect the relative strength
of selection over genetic drift, and 2) if the true slope of the relationship between ‘ideal color
frequency’ and latitude is smaller than relationships commonly produced by the overall pattern
of isolation by distance. Third, more complex models of selection than we address may be
acting at this color locus. These models of selection (e.g. negative frequency-dependent
selection occurring only in southern populations) make it difficult to detect selection using
molecular techniques (see Oxford 2005).

We suggest that two approaches are necessary to determine the relative importance of
natural selection in maintaining this color polymorphism. First, ecological experiments in
natural environments where the relative frequencies of green and brown frogs are artificially
manipulated could determine current strength and patterns of selection. Second, identifying the
physical chromosomal location of the color locus and characterizing its gene products would
allow for comparative genomics studies across a diverse group of anurans that show a similar
green-brown color polymorphism (Hoffman et al. 2000, 2004). These could determine if this
color polymorphism has been maintained by selection over thousands or millions of years of
evolution.

There remains a tendency in biology to explain phenomenon in terms of adaptive
evolution via natural selection. Rarely are alternatives to selective control sufficiently addressed.
Here we demonstrate a latitudinal cline in phenotype frequencies, but also demonstrate that

natural selection is not necessary to explain this cline. We caution that more rigorous testing
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rather than environment-genotype/phenotype correlations are necessary to establish the

importance of natural selection in the evolution of traits, populations, and of species.
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CHAPTER 5 -GENERAL CONCLUSION

In 1972, Gould and Johnston wrote. “The foundation of most evolutionary theory rests
upon inference drawn from geographic variation or upon the verification of predictions made
about it.” This describes essentially the rationale behind this research. Using patterns of
genotypic and phenotypic geographic variation in Pseudacris ornata, we were able to test
specific predictions about the evolutionary processes shaping variation in this species in order to
ultimately improve our understanding of evolution.

We predicted three outcomes for patterns of neutral genetic variation based on previous
data. Hypothesis 1 predicted an overall pattern of isolation by distance due to the limitations of
amphibian dispersal. We did observe this overall pattern of isolation IBD; however, we were
surprised by the large geographic scale on which this pattern was evident. Hypothesis 2 predicted
high differentiation among populations as measured by Fsr and detectable genetic structure on
small spatial scales. However, this was not entirely the pattern we observed. Differentiation
among populations was at most moderate (maximum pairwise Fsp = 0.125), and this was
between samples separated by 550 km. Hypothesis 2 also predicted that genetic structure would
be significant even on geographic scales of several kilometers, and there was evidence for fine
scale population genetic structure in this species. However, this fine scale genetic structure was
only present in the more urbanized of two widespread sampling localities. Hypothesis 3
predicted a sharp division in genetic structure corresponding to crossing the Apalachicola River.
However, our data suggest that the Apalachicola River basin does not impede gene flow in P.

ornata.
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Finally, we predicted that natural selection would be the principle evolutionary force
shaping variation in skin color in P. ornata. In this study, we demonstrated that there was a
significant correlation between the frequency of green frogs and latitude. There was a higher
frequency of green frogs in southern populations and a lower frequency of green frogs in
northern populations. However, when we interpreted this phynotypic cline in light of the overall
pattern of isolation by distance derived from neutral molecular markers, it was apparent that the
neutral evolutionary forces of genetic drift and migration could equally explain the pattern of
phenotypic variation we observed.

This study contributed to our understanding of the complex biogeographic history of the
southeastern United States. Furthermore, this study contributed to our limited understanding of

the strength and mechanisms of natural selection in natural environments.
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