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ABSTRACT

Maintaining high genetic diversity within and among wildlife populations is an important
component to the management of threatened species. Population genomics utilizes recent
advancements in high-throughput next-generation sequencing to obtain genome-wide data that can
yield deeper perspectives on intraspecific genetic variation and elucidate evolutionary significant
units that may require conservation management or augmentation. The semi-aquatic Blanding’s
Turtle (Emydoidea blandingii) has experienced drastic population declines in North America due
in large part to anthropogenic activities. This species is listed as threatened or endangered across
most of its range. A population genomic study can help to understand the status of this species and
guide future management practices. Hence, a population genomic analysis was conducted using
3RAD to discover and analyze SNPs across the range using samples from Nebraska, Indiana,
Michigan, Ohio, and Nova Scotia,. Range-wide analysis used 8,602 SNPs while analysis within
the Great Lakes region used 7,893 SNPs. High amounts of missing data were found across all
individuals and loci. Low levels of genetic variation relative to other turtle species were detected
both across the range and within the Great Lakes region. Minimal population structure was
detected range-wide via clustering and admixture analyses; however, a signal of population
differentiation was detected among Nebraska, Nova Scotia, and the Great Lakes. Clustering and
differentiation analyses focused on the Great Lakes region found a signal of population structure
and differences between the Lake Michigan and Lake Erie watershed. These results may prove
useful for conservation management of Blanding’s Turtle populations, particularly related to

efforts using translocation or head-starting practices.



CHAPTER 1. INTRODUCTION

1.1 Conservation Genetics

As the global loss of biodiversity has continued at an alarming rate, conservation genetics
has become an important component in understanding the status of declining species and informing
conservation management decisions (Frankham, 1995, 2003). Anthropogenic forces leading to
habitat loss and population declines can have a direct impact on the genetics of wildlife populations,
resulting in decreased genetic variation or inbreeding (Ashley et al., 1990; Gibbs, 1998; Templeton
et al., 1990; Wayne et al., 1992). Reduced genetic diversity within and among populations is a
cause for concern as low genetic variation can lead to reduced reproductive fitness and viability of
individuals, i.e. inbreeding depression (Charlesworth & Willis, 2009; Lacy, 1987; Ralls et al.,
1988). With the advent of new technologies, many conservation genetic studies routinely obtain
genome-wide data that may supplement existing studies done with different molecular markers
(Allendorf et al., 2010; De Cara et al., 2011; Luikart et al., 2003). Doing so can yield deeper
perspectives on intraspecific genetic variation and elucidate evolutionary significant units that may

require conservation management or augmentation (Meffe et al., 1995; Moritz, 1994).

1.2 Approaches to Population Genetic Analysis

Various genetic tools have been used in the past few decades to study genomic variation
both within and between wildlife populations across a wide range of taxa (Fauvelot et al., 2003;
Garcia-Moreno et al., 1996; Jonker et al., 2012). One of the more popular markers for genetic
studies have been microsatellites, which have been successful in numerous studies but require
primers developed for the study species or a closely related species (Selkoe & Toonen, 2006;
Wright & Bentzen, 1995). This can be an issue, as using primers for the study species that were
developed for a different species, even if closely related, can lead to errors in the amplification of
loci in the study species (Prosser et al., 1999). Significant loci that have occurred due to mutation
may also be overlooked in the study species and repeat lengths of loci present in the study species
may be misrepresented (Ellegren et al., 1995; Jarne & Lagoda, 1996). Another issue with
microsatellites is the relatively low numbers of markers, which can be further reduced if issues

such as those mentioned previously do occur (DeFaveri et al., 2013; Lemopoulos et al., 2019).



Using techniques that utilize higher numbers of markers may provide greater coverage and a better
view of the level, distribution, and history of intraspecific genetic variation (Liu et al., 2005; Spinks
et al., 2014).

Recent advancements in high-throughput next-generation sequencing have revolutionized
how genetic studies are conducted and have facilitated the development and use of new genetic
techniques (Emerson et al., 2010; Morin et al., 2004; Yang et al., 2009). One such technique that
has gained popularity is Restriction site-Associated DNA Sequencing (RADseq). Its primary
advantage over microsatellites is that there is potential for a high degree of resolution using large
numbers of markers without the need for any prior genomic information (Andrews et al., 2016;
Baird et al., 2008). The relatively lost-cost of discovery and genotyping of high numbers of genetic
markers across the genome for non-model species has made RADseq an attractive method for
conservation genetic projects working with a given budget (Andrews et al., 2016). This approach,
while promising, has not been widely implemented for turtle populations at a regional scale.

RADseq uses a reduced-representation sequencing approach targeting a subset of the
genome to identify hundreds or thousands of Single Nucleotide Polymorphisms (SNPs) (Luikart
et al., 2003). In general, RADseq begins with multiple samples of high-quality DNA that are
digested with one or more chosen restriction enzymes (Andrews et al., 2016). Next, specific
sequencing adapters are constructed and ligated to target genomic DNA fragments adjacent to
restriction cut sites. These adapters contain sample-specific barcodes that identify samples which
are sequenced together (multiplexed) in a single library. The genomic DNA then includes a wide
range of fragment lengths that are size-selected isolate fragments of ideal lengths for sequencing.
Although many different approaches to RADSeq exist, one that has been developed more recently
is a triple enzyme digestion approach (3RAD) (Bayona-Vasquez et al., 2019). 3RAD uses three
restriction enzymes during the sequencing process which helps to accurately detect SNPs in the
genome and overcomes some of the limitations of other RADSeq methods (Bayona-Vasquez et
al., 2019). It does this by reducing the quantity of adapter-dimer formation during digestion and
ligation, which can help the adapter sequence to better ligate to the DNA. 3RAD also reduces
preparation steps through better design of the adapters and reagents while improving PCR yields
of input product and allowing for the multiplexing and pooling of high quantities of individual
samples (Bayona-Vasquez et al., 2019). RADseq can be used to gain an accurate picture of the

landscape genetics of non-model organisms.
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1.3 Blanding’s Turtle

Blanding’s Turtle (Emydoidea blandingii) is a semi-aquatic species that inhabits shallow,
freshwater wetlands across the northern United States and southern Canada (Ernst et al., 2009;
Standing et al., 1999). It is species of conservation concern whose life-history traits make
management efforts difficult (Congdon et al., 2001; Congdon et al., 1993). The first of these is
extended longevity, as this species is known to be long-lived with a maximum lifespan of 75 years
or more (Brecke & Moriarty, 1989; Congdon et al., 2001). Its reproductive traits of delayed
maturation and low annual fecundity are also of note, as females reach sexual maturity at 14-20
years old and lay an average of one clutch of 10 eggs per year (Congdon et al., 2001; Ernst et al.,
2009). Furthermore, individuals have been shown to travel long distances over terrestrial
landscapes, commonly moving anywhere from hundred meters to several kilometers over the
duration of their active season (Standing et al., 1999). Blanding’s Turtle is currently listed as
endangered or threatened throughout most of its range due to habitat loss or degradation and road
mortality coupled with its delayed maturation and low reproductive frequency (Congdon et al.,
1993).

The center of the Blanding’s Turtle’s geographic range is the Great Lakes region with its
entire range spanning from southwestern Quebec and southern Ontario westward to Nebraska
along with a few disjunct populations in the northeastern United States and Nova Scotia (Ernst et
al., 2009). Major geological changes over 18,000 years ago, namely cycles of glacial advance and
retreat, resulted in the current distribution of many native North American species (Schmidt, 1938;
Streicher et al., 2012). This is true as well for the Blanding’s turtle with evidence suggesting that
at least two evolutionarily distinct lineages occur across the range (Jordan et al., 2019; Mockford
et al., 2007). The Great Lakes region is hypothesized to be one genetic lineage that is separated
from populations in New York, New England, and Nova Scotia along a boundary in eastern
Ontario (Jordan et al., 2019; Mockford et al., 2007). A possible boundary may also exist in eastern
Nebraska, separating these populations from those in the Great Lakes region and creating a third
genetic lineage (Jordan et al., 2019). Within the Great Lakes region, current populations in Indiana,
Michigan, and Ohio are thought to have resulted from northern expansions of the species after the
retreat of the Wisconsin glacier (Mockford et al., 2007).

Genetically this species has shown low variation, possibly as a result of a bottleneck event

following the glacial retreats (Rodder et al., 2013). However, recent evidence from a series of
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regional analyses using microsatellite loci suggests that there can be considerable differentiation
among populations within lineages (Davy et al., 2014; Reid et al., 2017; Sethuraman et al., 2014).
This differentiation has also been found to correspond with watersheds, possibly as a result of post-
glacial colonization along watershed boundaries resulting from the recession of the Wisconsin
Glacier (Sethuraman et al., 2014). Human activities have further segmented and isolated the
populations of Blanding’s Turtle, potentially reducing gene flow and contributing to inbreeding
depression. The Blanding’s Turtle is considered a non-model organism with no reference genome
of a closely related species available. At present, there is no genome-wide regional analysis of

genetic variation in Blanding’s Turtle that includes Indiana, Michigan, and Ohio.

1.4 Study Objective

My purpose in this study was to use RADseq to analyze the genetic variation of Blanding’s
Turtle populations. I focused on the regional level within Indiana, Michigan, and Ohio but also
compare results to those from samples within other hypothesized lineages. This will help identify
the degree of population structure, levels of inbreeding within populations, and contribute to
understanding the population history of Blanding’s Turtles in the region. It will also contribute to
plans for conservation management of this species by locating sites that can be used as potential
source populations for head-starting or translocation to augment or establish populations.
Blanding’s Turtle’s status as a species of conservation concern, along with its historical range

patterns makes this a species of interest for a population genomics study.

12



CHAPTER 2. METHODS

2.1 DNA Extraction and Sequencing

I collected 96 Blanding’s Turtle blood and tissue samples previously gathered from 5 localities
in Indiana, 8 localities in Ohio, 7 localities in Michigan, 1 locality in Nova Scotia, and 1 locality
in Nebraska (Appendix A). Blood and tissue samples were stored in 95% ethanol at -4°C. I used
the DNeasy Blood & Tissue Kit (Qiagen, MD, USA) to perform DNA extractions on the blood
and tissue samples and I quantified DNA concentrations using a Nanodrop spectrophotometer.

Genomic DNA samples were sent to Tangled Bank Conservation (Asheville, North Carolina)
for PCR amplification and construction of a genomic library. A 3RAD protocol from the
University of Georgia EHS DNA laboratory (Athens, GA) was followed using the restriction
enzymes BamHI, Mspl, and Clal. Samples were first normalized to 20ng/puL and quantified on a
Qubit fluorometer before preparation for ligation and PCR, with lower quality samples being
purified with SpeedBead and checked on an agarose gel. PCR products were then sent to Genewiz
(South Plainfield, NJ) for sequencing using an Illumina flow cell Novaseq S4 PE150 on a NovaSeq
6000 platform.

2.2 SNP Identification and Filtering

Initial identification, analysis, and filtering of the raw Illumina reads of 96 Blanding’s Turtle
samples was done using iPyRAD (Eaton 2020). The original pipeline pyRAD (Eaton, 2014) was
created to provide a user friendly and flexible program for accurate assembly, analysis, and quality
filtering of de novo locus identification applicable to larger scale studies. iPyRAD continues to
provide many of the same benefits, including the ability to handle insertion-deletions among
sequences, while greatly increasing performance and scalability (Eaton & Overcast, 2020).

iPyRAD includes a 7 step assembly workflow for processing raw Illumina data that results
in  multiple data analysis and statistics output files (for overview see,

https://ipyrad.readthedocs.io/en/latest/7-outline.html). My samples were run through this

workflow beginning with step 1, which loaded in the sequence data and demultiplexed the raw
reads by barcodes. Demultiplexed reads were run through step 2, which performed quality control

by filtering out base calls with a quality of less than 5 before moving on to step 3 where de novo
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clustering was performed at a threshold of 85%. Steps 4-7 performed more filtering and clustering
including removing duplicates and a maximum of 8 indels and 20 SNPs allowed per locus, a
minimum of 4 samples per locus needed for output, a maximum of 2 alleles allowed at each site
in the consensus sequences per individual, and sequences with more than 50% heterozygous sites
being excluded. Initial filtering revealed one individual did not sequence well and was removed
from the data.

The programs VCFtools (Danecek et al. 2011) and the POPULATIONS module in STACKS
v2.55 (Catchen, Hohenlohe, et al., 2013) were used for further filtering of the output files from
iPyRAD. Two different filtering schemes were conducted, one including samples from Nova
Scotia and Nebraska with 3 populations assignments used based on geographic distance (FS-1)
(Figure 1). The second filtering scheme excluded the Nova Scotia and Nebraska samples with two
approaches to population assignments taken: one using 15 populations assignment based on
locality and one using 2 population assignments based on the Lake Michigan and Lake Erie
watersheds at the hydrologic unit 4 level (FS-2) (Figure 2). Both filtering schemes included
filtering sites by a minimum genotype read depth of 2 which improves confidence that false
homozygotes are excluded from further analysis. A minimum minor allele frequency of 5% was
also applied to both filtering schemes to lessen the chance of including incorrectly called bases
and to reduce the number of rare alleles in the data which can be uninformative (Roesti et al.,
2012). Finally, sites with greater than 99% missing data were also filtered out. In order to reduce
the chance of retaining linked loci, a random SNP from each locus was written to the output files

for both filtering schemes from STACKS (Andrews et al. 2018).

2.3 Genetic Diversity and Population Structure

STRUCTURE v2.3.4 (Pritchard et al., 2000) a model-based approach which assumes
Hardy-Weinberg equilibrium and linkage equilibrium among clustered samples, was used first to
examine population structure. Runs in STRUCTURE were setup using values for K from 1 to 10
with both burn-ins and MCMC replications set to 10,000 repeated over 10 iterations for each K
value. STRUCTURE runs were performed both with and without the LOCPRIOR parameter for
FS-1 and FS-2. When using LOCPRIOR, a priori localities were assigned using sample location
or watershed. LOCPRIOR builds the a priori localities into the model, which can be informative

in situations with weak population structure signals (Porras-Hurtado et al., 2013). Output files from
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STRUCTURE were run through StructureSelector (Li & Liu, 2018) with the Puechmaille method
(Puechmaille, 2016) being used to determine the best-fit K value. The Puechmaille method is
useful for judging the number of clusters in situations with uneven sampling across localities
(Puechmaille, 2016). Clustering assignments from STRUCTURE results were visualized using
Clumpak (Kopelman et al., 2015). Data files were then converted to PED format using PGDspider
v2.1.1.5 (Lischer & Excoffier, 2012). PED files were converted into LFMM format for further
analysis of population structure using the R package tess3r (Caye et al., 2016). R package tess3r
differs from STRUCTURE by using ancestry coefficients stored in a (-matrix and by
incorporating geographic sample coordinates to visualize results on a geographical map.

The genetics tool PLINK was then used to convert PED files to a PLINK format for use in
the R package SambaR for further analysis of population structure (de Jong et al., 2021; Purcell et
al., 2007). In SambaR I ran discriminant analysis of principal components (DAPC) and principal
coordinate analysis (PCoA) (Gower, 1966; Jombart et al., 2010). DAPC takes a model-free
approach and can incorporate prior population assignments while PCoA is conceptually similar to
principal component analysis (PCA) but uses the genetic data as an input in the form of a
dissimilarity matrix. SambaR was also used to measure population differentiation (Fst) between
Nebraska, the Great Lakes, and Nova Scotia and between the Lake Michigan and Lake Erie
watersheds., with low Fst values indicating a low level of genetic differentiation between
populations.

The POPULATIONS module in STACKS was used to gain measures of within site
diversity including the number of private alleles, the number of polymorphic loci, observed
heterozygosity (Ho), expected heterozygosity (Hr), and inbreeding coefficient (Fi5). Analyses were
done for both FS-1 and FS-2, with low levels of Ho indicating low genetic variability within a

population and high levels of Fis indicating higher levels of inbreeding.
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Figure 1: Distribution of Blanding’s Turtle populations. Red layer indicates county locations of
samples used in the analysis. Dark grey layer shows the range-wide geographic distribution of
Blanding’s Turtle. Black line shows last glacial maximum of the Wisconsin Glacier.
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Figure 2: Sample and watershed distribution for the Midwest Blanding’s Turtle populations.
Dark counties show locations of samples used in the analysis. Cross-hatched layer shows
regional geographic distribution of Blanding’s Turtle. Blue layer shows the Lake Michigan
Watershed and pink layer shows the Lake Erie Watershed
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CHAPTER 3. RESULTS

3.1 Sequencing and Filtering

Initial de novo identification of loci using iPyRad resulted in the discovery of 25,778 loci.
Primary filtering through iPyRad to remove duplicates and loci with more than 8 indels, more than
20 SNPs, more than 50% heterozygous sites, less than 4 samples, and more than 2 alleles per locus
resulted in 10,070 SNPs retained across 95 individuals. Missing data per individual was 92.23%
while the mean read depth per individual was 0.88 and the maximum read depth was 9.74. Further
filtering through VCFtools of individuals based on a missing data threshold of 99% and outlier
individuals discovered through PCoA resulted in 91 individuals retained in FS-1 and 78 individuals
retained in FS-2. Final filtering of the remaining individuals in each filtering scheme by minimum
depth per genotype of 2, minimum minor allele frequency of 0.05, and max missing data per site
0f 99% resulted in 8,602 unlinked SNPs retained in FS-1 and 7,893 unlinked SNPs retained in FS-
2.

3.2 Filtering Scheme 1 (FS-1)

3.2.1 Population Structure

Analyses of population structure for FS-1 revealed variable best-fit K values (Table 1).
STRUCTURE results of FS-1 based on the Puechmaille method both without LOCPRIOR and
with LOCPRIOR based on geographic region revealed K = 3 but with high admixture and no
obvious pattern of cluster assignment (Figure 3). PCoA results for FS-1 from SambaR showed
minimal separation of Nova Scotia and Nebraska from the Great Lakes region (Figure 4). However,
DAPC analysis run through SambaR using prior population assignment based on region showed a
clear separation of most individuals into the three regions respectively (Figure 5).

Genetic differentiation analyses in SambaR showed significant (P<0.001) differences
between among Nebraska, the Great Lakes, and Nova Scotia (Table 2). The lowest differentiation
was between Nebraska and the Great Lakes (Fst = 0.174). The highest genetic differentiation was
between Nebraska and Nova Scotia (Fst = 0.490).
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3.2.2 Genetic Diversity

Genetic diversity results for each sampling locality from STACKS showed private alleles
ranged from 41 to 1188 (Table 3). Samples IN0O6 and OH13 had the lowest number of private
alleles while INO7 and MI10 had the highest. Number of polymorphic loci ranged from 179 to
2921 with OH13 and IN06 having the lowest and INO7 and MI10 having the highest (Table 3).
Mean observed heterozygosity, Ho, ranged from 0.2246 to 0.3259 (Table 3). Samples NSO1 and
NEO1 had the lowest Hop values while INO6 and OH16 had the highest. Mean expected
heterozygosity, Hg, ranged from 0.1180 to 0.1895 (Table 3). Samples NSO1 and NEO1 were the
sites with the lowest Hr while INO7, MI10, and MIO06 had the highest Hg values. Inbreeding
coefficient values, Fis, ranged from -0.0075 to 0.0194 with INO7 having the highest and OHO08
having the lowest (Table 3).

Comparing the Great Lakes region to Nebraska and Nova Scotia, the Great Lakes region had
the highest values for each with 1929 private alleles, 8125 polymorphic loci, 0.3523 Ho, 0.3026
Hg, and 0.0510 Fis(Table 3).

3.3 Filtering Scheme 2 (FS-2)

3.3.1 Population Structure

Analyses of population structure for FS-2 revealed variable best-fit K values (Table 1).
STRUCTURE results based on the Puechmaille method identified K = 2 for FS-2 both without
LOCPRIOR and using LOCPRIOR with watersheds but found K = 3 for LOCPRIOR using site
localities (Figure 6). Cluster assignments closely resembled watershed designation for all three
approaches in FS-2 but was much more obvious when using watershed designation (Figure 6).
Much more admixture (blue and red bars) was exhibited when comparing localities than when
comparing watersheds (Figure 6). K = 2 was chosen for visualization of all Great Lakes region
STRUCTURE results based on evidence of fewer clusters. Results from tess3r for FS-2 using the
geographic coordinates of individuals identified K = 4 with the majority of individuals assigned to
clusters roughly based on watershed designations (Figure 7).

PCoA results for FS-2 displayed no clear separation of individuals into clusters and lacked

any pattern associated with watershed designation (Figure 8). However, DAPC analysis for FS-2
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using a priori site localities based on watershed showed a clear separation of most individuals into
the two watershed clusters (Figure 9).
Genetic differentiation analyses in SambaR showed significant (P<0.001) between the Lake

Michigan and Lake Erie watershed clusters (Fst=0.028; Table 4).

3.3.2 Genetic Diversity

Genetic diversity results from STACKS comparing clusters based on watersheds showed
the Lake Erie watershed cluster had a higher number of private alleles and polymorphic loci with
51 and 2764 respectively while the Lake Michigan watershed had 27 private alleles and 1582
polymorphic loci (Table 3). The Lake Erie Watershed also had higher values for Ho, Hg, and Fis,
with 0.3632, 0.2768 and 0.0293 respectively (Table 3). The Lake Michigan watershed had an Ho
value of 0.0343, am Hg value of 0.2324, and a Fis value of 0.0257 (Table 3).
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Table 1: Summary of best-fit K values for each filtering scheme based on the program and model
used.

Program/Model Best-fit K  Best-fit K
(FS-1) (FS-2)
STRUCTURE (no LOCPRIOR) 3 2
STRUCTURE (LOCPRIOR using site localities) 3 3
STRUCTURE (LOCPRIOR using watersheds) - 2
SambaR (PCoA) 1* 1*
SambaR (DAPC) 3 Q%%

*]ittle to no structure seen

**using location information based on watershed
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Figure 3: Cluster results for FS-1 from STRUCTURE both with and without LOCPRIOR across
all 17 site localities based on K = 3. Blue bars represent cluster 1, red bars represent cluster 2,
and yellow bars represent cluster 3.
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Figure 4: PCoA results from SambaR for FS-1 comparing Nebraska, the Great Lakes, and Nova
Scotia.
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Figure 5: DAPC results from SambaR for FS-1 using Nebraska, the Great Lakes, and Nova
Scotia as prior population assignments.
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Figure 6: Cluster results from STRUCTURE. Results without LOCPRIOR across the 15
Midwest site localities based on K =2 (A). Results with LOCPRIOR using the 15 Midwest site
localities based on K =2 (B). Results with LOCPRIOR using watershed information based on K
=2 (C). Blue bars represent cluster 1 and red bars represent cluster 2.
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Figure 7: Results for FS-2 from tess3r incorporating geographic coordinates of individual
samples. Blue layer represents cluster 1, red layer represents cluster 2, purple layer represents
cluster 3, and the grey layer represents cluster 4.
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Figure 8: PCoA results from SambaR for FS-2 comparing Lake Michigan and Lake Erie
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Figure 9: DAPC from SambaR for FS-2 using Lake Erie and Lake Michigan watershed
designations as prior population assignments.
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Table 2: Pairwise Fsr genetic differentiation results between clusters based on region. The Fsr
value is shown below the diagonal and P value is shown above the diagonal.

Region Nebraska Great Lakes Nova Scotia
Nebraska - <0.001 <0.001
Great Lakes 0.174 - <0.001
Nova Scotia 0.490 0.210 -
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Table 3: Blanding’s Turtle genetic diversity results based on all 17 sampling localities, three
regions, and two watersheds. (N), total samples size; Hg, mean expected heterozygosity; Ho,
mean observed heterozygosity; Fis, mean inbreeding coefficient; SE, standard error

Locality N | Private | Polymorphic HO (SE) HE (SE) Fis (SE)
Alleles Loci
NEO1 5 215 458 0.2470 0.1318 -0.0001
(0.0052) (0.0053) (0.0107)
INO1 7 217 742 0.2708 0.1488 0.0025
(0.0045) (0.0046) (0.0119)
INO6 3 41 222 0.3259 0.1647 -0.0060
(0.0090) (0.0091) (0.0093)
INO7 13| 1188 2921 0.2989 0.1895 0.0194
(0.0026) (0.0027) (0.0118)
IN10 7 111 423 0.2822 0.1496 0.0011
(0.0060) (0.0061) (0.0119)
MI05 6 192 657 0.2772 0.1515 0.0026
(0.0048) (0.0049) (0.0107)
MI06 12 490 1528 0.2993 0.1774 0.0115
(0.0035) (0.0036) (0.0132)
MI07 2 77 260 0.2958 0.1497 0.0000
(0.0077) (0.0078) (0.0075)
MI10 6 892 2308 0.3118 0.1834 0.0070
(0.0029) (0.0030) (0.0089)
OHO1 5 183 607 0.2689 0.1423 0.0005
(0.0048) (0.0049) (0.0098)
OHO06 6 260 885 0.2793 0.1501 -0.0013
(0.0041) (0.0042) (0.0095)
OHO08 4 76 386 0.2985 0.1545 -0.0075
(0.0065) (0.0065) (0.0103)
OHO09 4 144 466 0.2678 0.1425 -0.0032
(0.0055) (0.0056) (0.0100)
OH12 3 106 392 0.2694 0.1390 -0.0002
(0.0059) (0.0060) (0.0087)
OH13 2 43 179 0.2739 0.1409 0.0032
(0.0089) (0.0089) (0.0075)
OH16 3 68 291 0.3174 0.1627 -0.0034
(0.0078) (0.0078) (0.0081)
NSO1 3 231 396 0.2246 0.1180 -0.0004
(0.0051) (0.0052) (0.0085)
Nebraska 5 215 458 0.2470 0.1318 -0.0001
(0.0052) (0.0053) (0.0107)
Great Lakes | 83 | 1929 8125 0.3523 0.3026 0.0510
(0.0030) (0.0016) (0.0422)
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Table 3 continued.

NovaScotia | 3 | 231 396 0.2246 0.1180 -0.0004
(0.0051) (0.0052) (0.0085)
Lake Michigan | 27 | 1582 3776 0.34278 0.2324 0.0257
(00483) (0.0027) (0.0186)
Lake Erie | 51| 2764 5758 0.3632 0.2768 0.0293
(0.0039) (0.0021) (0.0310)
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Table 4: Pairwise Fsr genetic differentiation results between clusters based on watershed (K = 2).
The Fsrvalue is shown below the diagonal and P value is shown above the diagonal.

Watershed Lake Michigan Lake Erie
Lake Michigan - <0.001
Lake Erie 0.028 -
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CHAPTER 4. DISCUSSION

4.1 Overview

This study used a RAD-seq method, 3RAD, to discover and genotype loci in Blanding’s
Turtle. Genetic analysis of identified SNPs found little to no structure across all 17 site but with
analyses using prior population assignments of Nebraska, the Great Lakes, and Nova Scotia
showing some genetic signal. Little to no structure was found within the Great Lakes region
without using geographic coordinates or prior population localities. However, incorporating
geographic coordinates and prior population information identified two genetic cluster that aligned
with the watershed of origin. Preliminary analysis found very high missing data both per individual

and per locus.

4.2 Dataset Characteristics

All RAD-seq datasets suffer from missing data to some extent due to allelic dropout and null
alleles, errors arising from library preparation and sequencing, and variation in the depth of
coverage among loci (Andrews et al., 2016; Arnold et al., 2013; Eaton et al., 2017; Gautier et al.,
2013). Most studies choose to filter out the loci and/or individuals with the highest amounts of
missing data, typically requiring around 50-80% of the individuals to have data for a given locus,
otherwise that locus is discarded from analysis, or discarding individuals that lack data at more
than 90% of the loci (Bernardi et al., 2016; Blanco-Bercial & Bucklin, 2016; Catchen, Bassham,
et al., 2013; Jackson et al., 2014; Rodriguez-Ezpeleta et al., 2016; Van Wyngaarden et al., 2017).

Although these cutoff values are common, the choice is arbitrary and many studies have
been successful in revealing significant genetic signals even with very high levels of missing data
(Eaton et al., 2017; Hodel et al., 2017). For example, Tripp et al. (2017) found that the run that
resulted in the best-supported and most fully resolved phylogenetic trees for Petalidium
(Acanthaceae) used a dataset in which allowed for 90% missing data across 176,198 SNPs. The
authors of these studies argue that allowing for high amounts of missing data can actually benefit
RAD-seq studies by retaining a much larger number of SNPs, essentially overcoming the high

missing data through a much greater number of markers (Eaton et al., 2017; Hodel et al., 2017;
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Tripp et al., 2017). The numbers of SNPs used in this study (8,602 SNPs retained in FS-1 and
7,893 SNPs retained in FS-2) were relatively high compared to other freshwater turtle studies
(Dresser, 2017; Gallego-Garcia et al., 2019; Spinks et al., 2014; Xie et al., 2021). However, these
numbers are rather low relative to other studies with a high amount of missing data which typically
retained anywhere from around 25,000 to 180,000 SNPs (Eaton et al., 2017; Hodel et al., 2017;
Tripp et al., 2017). This may have an impact on the results of this study, as the data gained from
the retained number of SNPs may not be enough to overcome the high amounts of missing data.

The differences in the number of SNPs discovered in this study compared with other
freshwater turtle studies is a result of the difference in both the study species and the number of
samples being used. For example, although Dresser (2017) and Gallego-Garcia et al. (2019)
similiary utilized 3RAD and iPyRad for SNP discovery and bioinformatic filtering, they
discovered 2,658 and 3,211 SNPs using 171 Glyptemys muhlenbergii samples and 175
Mesoclemmys dahli samples respectively. Differences in dataset preparation methods such as
bioinformatic filtering and choice of parameters such as MAF can also impact the number of SNPs
found and affect downstream analysis (Shafer et al., 2017). Another study used RAD-seq with 35
Pelodiscus sinensis samples but used SAMtools and bcftools for SNP discovery and filtering,
finding just 105 high-quality SNPs (Xie et al., 2021).

To date, this is the first genomic study of Blanding’s Turtle using a RADseq method. Locus
identification and SNP calling was done de novo as no prior genomic information, or a closely
related reference genome, were available to use. This also may have impacted the number of
markers used in this study as having the ability to align sequences with a reference genome will
usually result in the discovery of a larger number of SNPs (Catchen et al., 2013). Additionally,
low and uneven samples sizes among many of the sites could have impacted genetic analysis and

clustering results (Kalinowski, 2011; Shafer et al., 2017).

4.3 Population Structure and Genetic Diversity

Analysis comparing samples for FS-1 from Nebraska, Nova Scotia, and the Great Lakes
region using both model based and model-free based methods revealed very little to no population
structure in Blanding’s Turtle across the range. PCoA of range-wide samples showed a very minor
pattern, with samples from all three regions grouped close together with minimal separation of

regions across the plot while DAPC results using prior population assignment based on region
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found most individuals clustering within their respective geographic regions. STRUCTURE
results of these samples found three clusters, however the high amount of admixture of the three
clusters across all samples precluded assignment of any region to any one cluster.

Similarly, initial analysis focusing in on the Great Lakes region and including samples from
Indiana, Michigan, and Ohio also showed little to no population structure using model based and
model-free methods. Just as seen in the range-wide analysis, PCoA results of the Great Lakes
samples did no exhibit enough of a pattern to assign samples or localities to any cluster. Similarly,
basic STRUCTURE results revealed two clusters but the admixture exhibited across the samples
made clustering assignment difficult.

These results disagree with recent work done using microsatellites and mitochondrial and
nuclear loci that found a clear separation between the Great Lakes region and eastern North
America, with a possible third separation between the Great Lakes Region and Nebraska (Jordan
et al., 2019; Mockford et al., 2007). Although my results were somewhat surprising, there have
been previous genetic studies conducted on a smaller scale on populations of Blanding’s Turtle in
areas such as Chicago, Illinois, Ann Arbor, Michigan, and Nova Scotia to New York that also
found very little to no genetic structures among localities (Howes et al., 2009; McGuire et al., 2013;
Mockford et al., 2005; Rubin et al., 2001).

However, using the LOCPRIOR parameter for FS-2 in STRUCTURE incorporates sampling
locations for each individual as prior population information (Pritchard et al., 2010). This can be
useful in analysis of datasets with a very weak structure signal that standard structure models may
fail to detect (Pritchard et al., 2010). Employing the LOCPRIOR parameter for the Great Lakes
dataset displayed less admixture across all samples and allowed for stronger inferences on
clustering assignment. Using sample localities for prior population assignment revealed two
clusters following a pattern somewhat consistent with watershed designation of sample localities.
Hence, another STRUCTURE run was conducted using the Lake Michigan and Lake Erie
watersheds as prior population assignments, revealing two clusters with much less admixture
allowing for a much stronger inference of cluster assignment. DAPC analysis affirmed these
results by incorporating watershed as prior population assignment, showing strong clustering of
Indiana samples into the Lake Michigan watershed and Michigan and Ohio samples into the Lake
Erie watershed. Furthermore, integrating exact geographic coordinates of individual samples into

clustering analysis using tess3r revealed four clusters. Despite the larger amount of clusters, the
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majority of samples concurred with the LOCPRIOR and DAPC analyses with most samples
following the pattern of clustering based on watershed.

Analyses focused on genetic differentiation of Nebraska, the Great Lakes, and Nova Scotia
based on F'st reported vastly different results from clustering and admixture analyses. These
results were closer in agreement with previous work done by Jordan et al. (2019) in showing that
the Great Lakes region is distinct from both Nebraska and Nova Scotia but more similar to
Nebraska. Unsurprisingly, Nebraska and Nova Scotia were much more highly differentiated
from each other than from the Great Lakes. Expected heterozygosity estimates were low across
all localities supporting previous work showing low genetic variation in Blanding’s Turtle using
mitochondrial and nuclear loci (Jordan et al., 2019).

Similar analyses conducted within the Great Lakes region showed a significant, but rather
small, differentiation between the Lake Michigan watershed and the Lake Erie watershed. These
results support previous findings by Sethuraman et al. (2014) that watersheds may be an
important factor to consider when trying to detect genetic signals between populations. This
pattern and the low genetic variation detected may be a product of population bottlenecks
following the displacement of E. blandingii populations during the Pleistocene resulting from
glacial advance during glaciation events, with the most recent being the Wisconsin Glaciation
period (Hewitt, 2000). Studies have shown E. blandingii may have had smaller sources of
refugia than other turtle species during these glacial events, which may have led to reduced
genetic variation across the range (Rddder et al., 2013). The subsequent northward
recolonization events may have then aligned with the Lake Michigan and Lake Erie watersheds
created from the retreat of the Wisconsin Glacier, with more limited gene flow occurring across
watershed boundaries (Larson & Schaetzl, 2001).

Another possible explanation for the limited genetic variations and structure seen in this
study may be the evolution rate of the chosen marker. SNPs tend to have a slower rate of
evolution and a lower degree of polymorphism than other markers such as microsatellites, which
are known for their fast mutation rate and high degree of polymorphism (Hess et al., 2011;
Narum et al., 2008; Vignal et al., 2002). This coupled with the long estimated generation time of
37 years for Blanding’s Turtle (Congdon et al., 1993) as well as small population sizes may lead

to stronger genetic drift occurring for more quickly evolving markers than for SNPs.
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4.4 Management Implications and Future Directions

Translocation efforts of reptiles can be a useful tool when motivated by conservation, and
supplementation of Blanding’s Turtle populations in northwestern Illinois via head-starting
programs have proven to be successful (Germano & Bishop, 2009; Thompson et al., 2020).
However, localities for potential source populations must be carefully considered, as movement of
individuals between populations with a deeper, historical divergence carries the risk of decreased
fitness per increased outbreeding depression.

Although minimal population structure was revealed across the range in this study, a signal
of differentiation among the easternmost site of Nova Scotia, the Great Lakes region, and the
western-most site of Nebraska was detected and should be considered when designing
management plans for Blanding’s Turtle. This is particularly relevant for management at sites near
the confluence of these major regions, where adaptive difference in populations across the
boundary may preclude supplementation via translocation. Similar considerations should be given
to watershed boundaries within the Great Lakes region, as genetic differentiation between
localities within the Lake Michigan watershed and the Lake Erie watershed was detected.

Further studies using RADseq to discover genome-wide SNPs in Blanding’s Turtle are
needed to gain a clearer picture on the effectiveness of this technique for this species. Priority
should be given to reducing the amount of missing data in the dataset and increasing the number
of SNPs discovered, as this may result in greater coverage and stronger genetic signals. This may
be overcome by using high quality DNA samples, as RADseq approaches tend to perform poorly
with highly degraded genomic DNA (Graham et al., 2015). Another approach may be to design
baits using a method called RADcap (Hoftberg et al., 2016a, 2016b). RADcap works by first
running 3RAD on a small number of samples to identify variable loci (Hoffberg et al., 2016a,
2016b). Then, custom sequence baits are designed to enrich the candidate SNPs found among these
loci across many individuals (Hoffberg et al., 2016a, 2016b). 3RAD is then rerun with all of the
samples, resulting in lower rates of PCR duplicates and missing data (Hoftberg et al., 2016a,
2016b). The creation and use of a reference genome of either this species or of a closely related
species, such as Western Pond Turtle (Actinemys marmorata), may also prove useful, as being
able to align sequences with a reference genome tends to result in the discovery of a larger number

of SNPs (Catchen et al., 2013).
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4.5 Conclusion

To date, this is the first study on Blanding’s Turtle using genome-wide SNPs discovered
using a RAD-sequencing method. Low genetic variation was detected across the range and within
the Great Lakes regions. Weak signals of population structure were revealed among the localities
in Nebraska, the Great Lakes, and Nova Scotia and between the Lake Michigan and Lake Erie
watersheds in the Great Lakes region. These results should be considered in management plans for
this species, especially in areas where the regions or watersheds meet.

High amounts of missing data were present across all samples and loci and a relatively low
number of SNPs were discovered which may be having a negative impact on the results of this
study. Futures genomic studies of Blanding’s Turtle should prioritize obtaining a larger number of

SNPs and decreasing the amount of missing data in the dataset.
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APPENDIX A. SAMPLES PER LOCALITY

Sample localities with location codes for pre-filtered Blanding’s Turtle samples. N represents the

total number of samples for each locality.

Sample Locality N
Nebraska
NEO1 5

Indiana
INO1 7
INO6 3
INO7 13
IN10 6
IN12 2

Michigan
MI01
MI05
MI06 13
MI07
MI10
MI12
MI13
Ohio
OHO1
OHO06
OHO08
OHO09
OH12
OH13
OH16
OH17

[Sa NN

TSI RN

R INWOVIULOU|D

Nova Scotia
NSO1 3
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APPENDIX B. BEST-FIT K VALUE

StructureSelector results using Puechmaille MedMedK plots for determining the best-fit K value
through. Results for the FS-1 (K = 3) (A). Results for the Great Lakes region without LocPrior
(K =2) (B). Results for the Great Lakes region using LocPrior based on sample locality (K = 3)
(C). Results for the Great Lakes region using LocPrior based on watershed location (K = 2) (D).
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