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Abstract

Braya longii and B. fernaldii are two endangered vascular plants endemic to New-

foundland’s (Canada) Northern Limestone Barrens. Currently, there is no firm un-

derstanding of the genetics of either species. To date, these two species are managed

together under the same Braya Action and Recovery Plans due to their shared habi-

tat and close taxonomic relationship. However, an improved understanding of the

genetics of both B. longii and B. fernaldii would improve the future management and

survival of these two species, as the use of genetically appropriate source populations

in restoration, is a high-priority recovery measure. Genomic analysis is a valuable

tool for delineating conservation units and can be performed by next-generation se-

quencing methods such as genotype-by-sequencing. This research aims first to identify

the genetic diversity and structure of the B. longii and B. fernaldii populations, and

second, to provide insight into the relationship between the two species’ population

genetics and the implications for management/conservation units. I leverage phyloge-

netic results using SplitsTree4, population structure analysis using STRUCTURE and

discriminant analysis of principal components, and SNP analysis using the R package

Hierfstat to gain insights into the relationships between each species and within pop-

ulations. The results support the separation of each species. I propose six divergent

lineages as evolutionarily significant units, three for Braya longii and three for B.

fernaldii. I also propose eight management units, with each population managed sep-

arately, while Sandy Cove 1 and Savage Cove share a single management unit. These

management units can be referenced for making restoration decisions, such as when

sourcing individuals. While this research provides new insight into the population

genetics of B. longii and B. fernaldii for the conservation and management of these

species, future research could use this dataset to estimate past and current gene flow,

effective population sizes and test population expansion or contraction.
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Lay summary

Long’s Braya and Fernald’s Braya are two rare endemic plants found in the Lime-

stone Barrens of the Great Northern Peninsula of Newfoundland (Canada). There is

currently no strong understanding of the genetic relationship between these plants.

These two plants look very similar, have a similar life history, live in the same ecosys-

tem, and are managed together using the same Braya Recovery Plan. Despite having

a very similar appearance, a genetic understanding is needed to know how different

Long’s Braya is from Fernald’s Braya, and how different their populations are from

each other to properly manage these species to support their long-term conservation.

In this study, I processed and analyzed plant samples to gain knowledge about their

genetics to suggest groupings for managing and protecting them. This will help inform

conservation professionals and researchers of the next steps to protect these species.

I propose eight management units representing each population, with the exception

of Sandy Cove 1 and Savage Cove, which could be managed together.
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Chapter 1

Introduction

Biodiversity is valuable for ecosystems, local communities, eco-tourism industries,

medical practice, and agriculture [1, 2]. Over the last 500 years, anthropogenic-driven

extinction has accelerated to rates similar to the worldwide mass extinction events

from the previous 500 million years, with the current rate being 1000 times higher than

natural background extinction rates [3, 4]. Given the high extinction rates, conserva-

tion biology and climate change have become major topics of research. Conservation

actions that slow the rate of biodiversity loss can also slow anthropogenic-driven cli-

mate change [5, 6].

Understanding genetic diversity and structure is essential for preserving biodi-

versity, as genetic information allows for identifying extinction risk accurately and

implementing appropriate recovery strategies [7]. For example, in the case of more

diverse populations, by implementing re-introductions using local population diversity

levels as a benchmark, populations will have the capacity for long-term adaptation

with a lower risk of inbreeding depression [8]. For rare species with low genetic diver-

sity, re-introductions using different sources may result in more diverse populations

with a greater chance of long-term adaptation [9]. Genetic variation and geographic

population distribution are positively correlated, with reduced population sizes and

reduced population ranges having less genetic diversity [10]. Genetic diversity allows

for generational adaptation, and genetically diverse populations are more resilient to

environmental and climate change [11].

Wildlife management is defined by [12] as “the management of wildlife populations

in the context of the ecosystem.” For this text, this concept will be referred to as
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population management. Conservation professionals may act to conserve populations

with low fitness or dwindling population numbers by employing reintroductions [13–

17]. If a population decreases year over year, reintroducing individuals from an outside

population may be a suitable conservation action. For example, Alpine ibex (Capra

ibex ) goat populations have grown from reintroductions from <100 up to around

50,000. However, the reintroduction efforts and strategies resulted in reduced diversity

than the original source population with high levels of inbreeding. Despite this being

a successful reintroduction from a population numbers perspective, the high levels of

inbreeding may have negative long-term effects on the fitness of these goats [18].

Braya longii and B. fernaldii in the family Brassicaceae are two herbaceous, vas-

cular, octoploid plant species with allopolyploid origins [19]. Both species are very

morphologically similar (Figure 1.1). Both species primarily self-fertilize and only

disperse seeds a short distance (within 50 cm of the adult plant) [20, 21]. They

are listed as endangered under the Canadian Species at Risk Act (SARA) and the

Newfoundland and Labrador Provincial Endangered Species Act. They are endemic

to Newfoundland’s northern Limestone Barrens (Figure 2.1). Despite being separate

species, these plants are managed under the same Braya Recovery and Action Plans

[22]. They were designated as “endangered” under COSEWIC due to inhabiting a

limited range on the Limestone Barrens of the Great Northern Peninsula of New-

foundland, as well as experiencing habitat loss and degradation, invasive pests, and

pathogens [23, 24].
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Figure 1.1: A photograph of B. longii [25] (A) and a photograph of B. fernaldii [26]
(B)

Outcrossing is the transfer of gametes for reproduction to other unrelated indi-

viduals, while selfing is the fertilization from pollen originating from the same plant.

Outcrossing species usually have more genetic diversity and less genetic differentia-

tion between populations than selfing species [27]. Rare, endemic species frequently

have low levels of genetic diversity and may experience more differentiation among

populations from inbreeding [28]. Island plants have been assumed to have lower

levels of genetic diversity than mainland plant species due to several factors, such

as genetic bottlenecks from colonization and smaller overall populations [28]. Even

though these factors allow us to hypothesize the expected population genetics of the

endemic Newfoundland plant species Long’s Braya (Braya longii) and Fernald’s Braya

(Braya fernaldii), not all studies exhibit island plant populations having lower levels

of genetic diversity than mainland populations [29]. Based on the literature review I

conducted, there seem to be few studies on the population genetics of rare polyploids

like B.longii and B.fernaldii [19]. Polyploid data can be more challenging to analyze

than diploid data due to allele dosage considerations [30]. Allopolyploids are poly-

ploids originating from a hybridization event, and this chromosomal complexity can

lead to bias in the estimation of genetic diversity [31]. While there has been no pub-

lished study on the genetics of Long’s and Fernald’s Braya, there has been preliminary

research in an Honours thesis [32] which used inter-simple sequence repeats (ISSRs)

from 21 B. longii samples and 28 B. fernaldii samples to suggest management units
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for creating genetically appropriate seed banks. This ISSR work only analyzed 19

loci, recommended that both species should be considered a single management unit,

and suggested that future genetic work should be done on these species.

Conservation professionals should use genomic data for species and population

management. Professionals use various genetic groupings, such as COSEWIC’s Des-

ignatable Units (DU) [33] to manage endangered species by classifying them for pop-

ulation management. Units that can be suggested using genomic data include man-

agement units (MUs) and evolutionary significant units (ESUs) [34–36]. MUs are

separately managed population groups or subgroups because they are genetically dis-

tinct, while ESUs represent evolutionary lineages, and ESUs may contain one or many

MUs [34]. ESUs are valuable as they can capture different evolutionary trajectories,

which are worth conserving separately as they are highly genetically distant [37].

Single nucleotide polymorphisms (SNPs) are a single nucleotide variation at a

specific location in a DNA sequence (Figure 1.2) [38]. One can identify a specific

locus with a polymorphism by comparing two DNA sequences and aligning them by

loci. SNPs are a measure of genetic diversity, and genotype-by-sequencing (GBS) [39]

is a method used to identify SNPs across populations to characterize both gene flow

and adaptive variation [40]. Gene flow is the movement of genetic material between

populations over time, and adaptive variation is the genetic variation as a result of

adaptation to a local environment [41, 42]. Understanding these concepts helps with

the designation of MUs to inform re-introductions. Conservation professionals can

use MUs and ESUs to avoid genetic inbreeding/outbreeding, which is associated with

the risk of losing a parental species from offspring dominating a shared niche [43]. As

the environment changes, a historical understanding of population genetics will be a

snapshot to inform future long-term management [44].

Figure 1.2: An example of a SNP [45]

A high-priority recovery measure in the 2020 amended Action Plan for B. longii

and B. fernaldii [46] is “Using genetically appropriate source populations, reintroduce
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Long’s Braya and Fernald’s Braya by seed, where required, to restore species distribu-

tion within its historic range.” This research aims to elucidate the population genetics

of B. longii and B. fernaldii to close the knowledge gap for this high-priority recovery

measure. To do this, extensive DNA sequencing (GBS) was conducted of both species

from across their distribution ranges, and bioinformatics tools and pipelines were used

to process the data, resulting in the identification of SNPs.

For my thesis, I had the following specific objectives:

1. Estimate levels of population genetic diversity and structure for both Braya

species.

2. Using the genetic results from objective 1, recommend management units (MUs)

and evolutionary significant units (ESUs) for Braya longii and Braya fernaldii.

3. Using the MUs and ESUs from objective 2, recommend strategies for long-term

in-situ and ex-situ conservation that will help with future management decisions.

Due to Braya’s life history traits of selfing, low-range seed dispersal [20], and small

population sizes, I expect that B. longii and B. fernaldii should exhibit low intra-

population genetic diversity and high inter-population genetic differentiation [47, 48].

Another expectation is that every population will be genetically distinct, and there-

fore each population will constitute a separate MU. The following chapters cover a

description of the methods ranging from sample collection in the field to DNA data

analysis, the results containing population diversity metrics and genetic structure, a

phylogenetic analysis, and interpretations of the results.



Chapter 2

Methods

2.1 Sample Collection and DNA Extraction

In 2017, Patrick Lauriault and Luise Hermanutz collected leaf samples under a provin-

cial permit from 39 B. longii and 46 B. fernaldii individuals across eight populations

(Table 2.1) which span across both species’ distributions in the Limestone Barrens

of the Great Northern Peninsula in Newfoundland, Canada, for a total of 85 Braya

samples (Tables 3.1 and 2.1, Figure 2.1). Leaves were selected from healthy-looking

(i.e., no obvious signs of pest or pathogen damage) adult individuals from which no

more than 20% of the plant’s biomass was extracted. Leaf samples were dried and

stored in silica gel.

The low number of sampled Braya populations and individuals reflects the low

total number of populations left in the wild. Both Braya species are small and af-

fected by pests and pathogens, limiting the overall potential sampling pool. The B.

fernaldii population of Port au Choix was the only main population not sampled. It

is located along the coast between Anchor Point and Bellburns. This population was

not sampled since the population is very small, and the plants are smaller than other

B. fernaldii plants; hence to secure sufficient leaf tissue for DNA extraction would

severely compromise the health of the plant.
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Table 2.1: Sampling locality sites for each Braya population in the Limestone Barrens
of Newfoundland (Figure 2.1).

Sampling localities

per species

Population

Acronym

Latitude and Longitude Number of

samples

sequenced

Braya longii

Sandy Cove SC1/SC2 51.36378765, -56.64007902 10/5

Savage Cove VC 51.35332494, -56.66219518 10

Yankee Point YP 51.32488489, -56.71294928 14

Braya fernaldii

Cape Norman CN 51.61458492, -55.91508865 11

Wild Bight WB 51.60587311, -55.8820653 6

Green Island Brook GIB 51.39515877, -56.5315032 15

Anchor Point AP 51.22969866, -56.76906109 8

Bellburns BB 50.40533781, -57.50853539 6
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Figure 2.1: A) Map of North America highlighting the position of the island of New-
foundland. B) Map of Canadian Atlantic provinces (NL, QC, PEI, NB, NS) high-
lighting the study site location. C) Map of Braya fernaldii and B. longii sampled
populations in the Limestone Barrens ecosystem at risk.
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I obtained DNA extractions from a previous study conducted by Tyra Custance

[32]. Here, I present a brief summary of the DNA extraction protocol. At least 20mg of

finely cut leaf tissue was placed inside a 2 mL microcentrifuge tube with two sterilized

3 mm steel balls to help the plant tissue disruption. The microcentrifuge tube was

then placed in a QIAGEN TissueLyser which was run for at least 3 min at 50 Hz. In

many cases, samples were run for an additional 3 min cycles to ensure complete tissue

disruption [32]. The DNeasy Plant Mini Kit from QIAGEN was used to extract the

DNA from the disrupted leaf samples following the manufacturer’s protocol with a

few modifications to improve DNA recovery. Next, 600 µl of AP1 buffer and 4 µl of

RNase were used for each sample. The incubation time for cell lysis was 15 mins at

65 ◦C. After incubation, 195µl of P3 buffer was added [32]. A Qubit fluorometer was

used to quantify the total genomic DNA and diluted DNA extractions in EB buffer

(Qiagen) to 20 ng/µl.

2.2 Genotyping-by-sequencing and SNP discovery

The Institut de Biologie Intégrative et de Systèmes (IBIS) at Université Laval per-

formed the genotyping-by-sequencing (GBS). GBS is a cost-effective sequencing method

that constructs reduced representations of genotypes. Digestion enzymes are used to

reduce the complexity of the DNA. IBIS prepared genomic libraries for the 85 DNA

samples using the Illumina TruSeq HT adaptor and unique barcodes 10-12 bp long

to facilitate demultiplexing. To reduce genome complexity, a rare cutting enzyme,

PstI and a common cutting enzyme, MspI, were used, as proposed in Poland et al.

[49]. Library preparation and sequencing followed the protocol of Abed et al. [50].

Genome Quebec performed the DNA sequencing on one lane of the Illumina HiSeq

4000 PE100. I inspected data quality with FastQC 0.11.9 [51]. After quality control,

I removed five individuals with less than 1 million reads from further analyses, leaving

80 Braya individuals analyzed. Low amounts of reads in these samples could arise

from low DNA concentration, or issues related to library preparation and sequencing.

Data were processed using the GBS-SNP-Calling Reference Optional Pipeline

(GBS-SNP-CROP) v4.1 [52]. I chose this data pipeline because it can handle poly-

ploid individuals by providing ploidy-dependant filtering parameters and a Z-score

metric [53]. The Z-score is a metric used to filter homologous variants. It allows
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filtering variants from various non-diploid scenarios by identifying the proportion of

observed allelic counts for each variant and comparing them to the expected allelic

counts. The Z-score is the deviation from this expected value. GBS-SNP-CROP uses

Trimmomatic v0.39 [54] to remove low-quality reads and adapter sequences and PEAR

v0.9.11 [55] to merge the paired-end reads into single reads. I ran GBS-SNP-CROP

using the parameters found in Table 2.2.

In these and subsequent analyses I systematically tried different parameter values

and selected the parameter values that provided the “best” results. “Best” results,

in this case, were the parameter values that yielded the most interpretable results

that made ecological and biological sense. For example, results that aligned with

the geographical location or were possible based on the biology of Braya. Another

important consideration was to be able to retain enough data for the downstream

analyses. For instance, when filtering SNPs, I must ensure enough SNPs are left for

the population analysis.
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Table 2.2: GBS-SNP-CROP steps and corresponding commands used for this analysis

Step Command

Step 1: Parse the raw reads perl GBS-SNP-CROP-1.pl -d PE -b

BarcodeID.txt -fq Braya -s 1 -e 1 -enz1 TGCA

-enz2 CGG -t 16

Step 2: Trim based on

quality and adaptors

perl GBS-SNP-CROP-2.pl -tm trimmomatic.jar

-d PE -fq Braya_001 -t 16 -ph 33 -ad 0

Step 3: Demultiplex perl GBS-SNP-CROP-3.pl -d PE -b

BarcodeID.txt -fq Braya_001

Step 4: Cluster reads and

assemble the Mock Reference

perl GBS-SNP-CROP-4.pl -d PE -b

BarcodeID.txt -rl 100

Step 5: Align with BWA-mem

and process with SAMtools

perl GBS-SNP-CROP-5.pl -bw bwa -d PE -b

BarcodeID.txt -ref GSC.MR.Genome.fa -t 16

Step 6: Parse mpileup

outputs and produce the

variant discovery matrix

perl GBS-SNP-CROP-6.pl -b BarcodeID.txt -out

GSC.MasterMatrix.txt -t 24

Step 7: Filter variants and

call genotypes

perl GBS-SNP-CROP-7.pl -in GSC.Summary.txt

-out GSC.GenoMatrix.txt -mnHoDepth0 5

-mnHoDepth1 20 -mnHetDepth 3 -altStrength

0.962 -mnAlleleRatio 0.25 -mnCall 0.75

-mnAvgDepth 3 -mxAvgDepth 200

Filter based on z-score awk ’$12<=7&&$12>=-7 {print}’

GSC.GenoMatrix.txt > GSC.FilteredMatrix.txt

Script 8: Create input

files for downstream

analyses

perl GBS-SNP-CROP-8.pl -b BarcodeID.txt -in

GSC.FilteredMatrix.txt
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The sample with the highest number of reads (B.fernaldii -BB-617) was selected

to create a reference genome using VSEARCH v2.15.1 [56]. This strategy was used

because it had been shown to produce the highest number of SNPs when compared to

other strategies [57]. Reads were aligned using BWA aligner v0.7.12 [58], and sorted

and indexed using SAMTools v1.7 [59]. Unless otherwise stated, parameters for all

tools were left at their default values. The parameters used for the initial SNP filtering

(Figure 2.2) using the provided GBS-SNP-CROP Step 7 Script can be found in Table

2.3 [60].

Figure 2.2: GBS-SNP-CROP workflow diagram [61]
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Table 2.3: GBS-SNP-CROP Step 7 parameters

Parameter Definition Parameter Value

Minimum depth when secondary allele count

is zero

mnHoDepth0 5

Minimum depth when secondary allele count

is one

mnHoDepth1 20

Minimum allele depth for calling heterozy-

gotes

mnHetDepth 3

Alternative allele strength altStrength 0.962

Minimum ratio of more frequent allele depth

to less frequent allele depth

mnAlleleRatio 0.25

Minimum percentage of individuals geno-

typed to keep a variant

mnCall 0.75

Minimum average depth mnAvgDepth 3

Maximum average depth mxAvgDepth 200

Version 4.0 of the step 8 script was used instead of 4.1, as the one for 4.1 caused

downstream errors in subsequent scripts due to version incompatibility. The dataset

was filtered as though it was diploid according to the suggestions in the GBS-SNP-

CROP wiki [57] and then filtered for paralogs using the Z-score as also outlined on

the wiki. We used the diploid settings to maintain enough data for downstream anal-

ysis. The Z-score filtering was done to account for the polyploid nature of B. longii

and B. fernaldii. These parameters were established after several runs of the pipeline,

which yielded different SNP sets. Separating sequences deriving from polyploidization

into their respective loci when they are non-allelic and highly related is a challenge of

processing polyploid data and is mitigated by filtering in GBS-SNP-CROP [52]. With-

out accounting for polyploidization, the results may be inaccurate by over-counting

SNPs resulting from duplication. After the initial filtering, GBS-SNP-CROP pro-

vided a Z-score parameter, which I used to address the polyploidization in Braya [52].

Further filtering used the Z-score column of the genotype matrix produced by GBS-

SNP-CROP to filter out homologous variants using the threshold suggested by [53]

of |Zi| < 7. I used a variant calling file (VCF) containing the remaining SNPs after

initial and Z-score filtering for all downstream analyses.
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2.3 Genetic diversity and structure of Braya pop-

ulations in the Limestone Barrens

I obtained genetic diversity statistics using the R package Hierfstat v0.5-11 [62]. I used

vcfR v1.12.0 to read the VCF file into R [63]. The basic.stats function in Hierfstat

provided general statistics at the population level, such as the observed heterozygosity

(HO), observed gene diversity (HS), gene diversity among populations (DST), fixation

index (FST), and inbreeding coefficient (FIS). The pairwise.neifst function provided

pairwise population FST statistics using Nei’s minimum genetic distance [64].

To investigate the genetic structure among Braya individuals within and between

species, I used a model-based clustering method within a Bayesian framework as im-

plemented in STRUCTURE v.2.3.4 [65]. I used Plink v1.90b6.21 [66] to convert the

VCF file to a file that could be used in STRUCTURE. I determined the number of

genetic clusters (K) and used default parameter settings unless otherwise stated. I ran

analyses with the admixture model, without the linkage model, and without a priori

population information. As described in the STRUCTURE documentation [67], Ad-

mixture modelling assumes that each individual draws some genetic information from

each of the K populations, and linkage modelling is similar to admixture modelling,

but linked loci are more likely to originate from the same population. The admix-

ture model was chosen due to the flexibility of the method and the complexity of

real-world populations [67]. I ran STRUCTURE using 400,000 Markov Chain Monte

Carlo (MCMC) generations after a burn-in of 400,000 generations. Each of the 20

iterations ran for both species together and both species individually. I allowed K to

vary from one (no population structure) to 10 genetic clusters. After each of the 20

runs, the STRUCTURE file was uploaded to STRUCTURE HARVESTER v0.6.94

[68], which returned a suggested number of genetic clusters for each run using the

∆K test [69]. The appropriate individual and population files for the suggested K

values were used in CLUMPP v1.1.2 [70] to align the different genetic clusters across

STRUCTURE runs. The results from CLUMPP on the population and individual files

were then processed using DISTRUCT v1.1 [71] to produce bar plots representing the

membership coefficient of each individual to genetic clusters.

I conducted a Discriminant Analysis of Principal Components (DAPC) (Figure
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3.4) using the R package adegenet v2.1.5 [72]. Two axes were retained in the Dis-

criminant Analysis (DA) step, and four were retained in the Principal Component

Analysis (PCA) step. These axes were retained due to the agreement with both the

STRUCTURE bar plots and the phylogenetic analysis generated in this analysis. The

figure was not as interpretable when following techniques for the suggested number

of PCs to retain, and the clusters seemed to be more randomly distributed, so the

exact parameters used for the DAPC were decided instead based on agreement with

other results. However, a secondary DAPC (Figure 3.5) is provided, which uses the

cross-validation (xvalDapc()) function from adegenet [72] to infer the number of PCs

to retain. Cross-validation is an optimization procedure used to provide the correct

number of PCs to retain [73]. During the cross-validation step, 1000 replicates were

carried out at each level of PC retention; the suggested number of PCs was 13, and the

suggested number of DAs retained was 8. Lastly, I conducted an analysis of molecular

variance (AMOVA) for all sampling locations with SNP data using Arlequin v3.5.2.2

with a missing data threshold set to 0.05, which left 1046 loci available for distance

computation [74]. Three stratifications were used: among species, among populations,

and within populations.

2.4 Phylogenetic analysis

A python script called vcf2phylip v2.0 [75] was used to convert a VCF file to a nexus

file so that SplitsTree4 v4.17.1 [76] could open the diversity matrix. A neighbor-joining

unrooted dendrogram was reconstructed using the JukesCantor distance function to

create an equal-angle tree. Bootstrap values were generated using 1000 replicates.
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Results

3.1 Sequencing, filtering, and SNP discovery

I obtained two FASTQ files from sequencing, one containing forward reads (19.9 GB

compressed) and the other reverse reads (20.4 GB compressed). A Phred quality score

is a common metric representing the accuracy of collecting bases during sequencing.

In this study, the Phred [77] sequence accuracy is very high (99%), reflecting a Phred

quality score of 39 [Fig 3.1].

Figure 3.1: Line plots from MultiQC [78] report showing the mean Phred Score per
position (bp).

The data consisted of 366,762,326 reads between 85-97 bp long. After sequencing,

the data was sorted into the original samples by using barcode identifiers in a process

known as demultiplexing. Demultiplexing gave us an average of 2.4 million reads per
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sample, ranging from 0 (no reads) to 15 million reads per sample [Fig. 3.2]. Due to

a lack of data, I discarded five B. fernaldii samples from Cape Norman with fewer

than 1 million sequences, leaving 39 B. longii and 41 B. fernaldii individuals to be

analyzed.

Figure 3.2: Simple figure with Total Sequences (Millions) on both the X and Y axis.
Five samples with fewer than one million reads were removed. Figure created using
MultiQC [78].

Without filtering, GBS-SNP-CROP yielded 92,671 SNPs. After filtering for high-

confidence variants, I retrieved 2,387 SNPs when homologous variants were not filtered

using the Z-score method (Figure 2.2, Table 2.2) and 1,449 SNPs when removing

homologous variants. All downstream analyses used these 1,449 SNPs. Pipeline

parameters were chosen by using suggestions from GBS-SNP-CROP [57] and running

the pipeline several times until enough high-quality SNPs were retained from filtering.
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3.2 Genetic diversity

The B. fernaldii population of Cape Norman displayed the highest observed heterozy-

gosity (0.5821) and observed gene diversity (0.3466), followed by the most southerly

population collected from Belburns (Table 2.1). One of the most northern B. fer-

naldii populations, Wild Bight, had the lowest observed heterozygosity (0.5399) and

observed gene diversity (0.2724). Cape Norman and Wild Bight are geographically

close, being the most northern populations, despite having both the highest (CN) and

lowest (WB) observed heterozygosity. For B. longii, Yankee Point had the highest

observed heterozygosity (0.5424), and Sandy Cove 1 had the highest observed gene

diversity (0.2912).

All inbreeding coefficients (FIS) were negative (Table 3.1), suggesting an excess in

heterozygotes in all Braya populations in relation to what was expected under random

mating. However, this result will be discussed in the next chapter in the context of

B. longii and B. fernaldii being allopolyploids [19] and their likely inheritance mode.

Allopolyploids are polyploids originating from a hybridization event. Outbreeding is

maintained in these populations. Therefore, loss of genetic diversity due to inbreeding

is not a threat for Braya. Genetic differentiation (FST) between B. longii popula-

tions was lower than the differentiation between B. fernaldii populations. The lower

the FST value, the lower the genetic differentiation between individuals/populations.

Within B. longii, the highest pairwise FST values were for Yankee Point and Savage

Cove and the lowest between Sandy Cove and Savage Cove (Table 3.2). Within B.

fernaldii, the highest pairwise FST values were for Anchor Point and Bellburns and

the lowest between Anchor Point and Cape Norman (Table 3.2). Despite the high

pairwise FST values, Anchor Point is the geographically closest population to Bell-

burns, while Bellburns is the most geographically distant from all other populations.

Within B. longii, the FST values suggest that Yankee Point and Savage Cove are the

least differentiated, while Sandy Cove and Savage Cove are the most differentiated.

For B. fernaldii, Anchor Point and Belburns are the most differentiated, and Anchor

Point and Cape Norman are the least differentiated.

The Mantel test did not show a significant correlation between population genetic

differentiation and geographic distances (R = -0.015, p-value = 0.533), suggesting a

lack of isolation by geographic distance. Unexpectedly, populations closer geographi-

cally are not more closely related genetically (Table 3.2).
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Table 3.1: Genetic diversity statistics for each Braya population in the Limestone
Barrens of Newfoundland generated from Hierfstat’s basic.stats function. HO = ob-
served heterozygosity, HS = observed gene diversity, DST = gene diversity among
populations, and FIS = inbreeding coefficient averaged over loci [79]

Population per species (acronym) #samples HO HS DST FIS

Braya longii

Sandy Cove 1 (SC1) 10 0.5234 0.2912 0.0397 -0.7974

Sandy Cove 2 (SC2) 5 0.5368 0.2714 0.0595 -0.9778

Yankee Point (YP) 14 0.5424 0.2729 0.0580 -0.9872

Savage Cove (VC) 10 0.5415 0.2731 0.0578 -0.9828

Braya fernaldii

Green Island Brook (GIB) 15 0.5649 0.3031 0.0278 -0.8639

Anchor Point (AP) 8 0.5554 0.2969 0.0340 -0.8707

Wild Bight (WB) 6 0.5399 0.2724 0.0585 -0.9818

Cape Norman (CN) 6 0.5821 0.3466 -0.0157 -0.6796

Bellburns (BB) 6 0.5817 0.3278 0.0031 -0.7746

Total 80 0.5515 0.2944 0.0366 -0.8736
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Table 3.2: Above the diagonal are pairwise FST (fixation index) values amongst
eight Braya populations in the Limestone Barrens. Below the diagonal are distances
in kilometres amongst the Braya populations obtained from Geographic Distance
Matrix Generator v1.2.3 [80]. Population acronyms as in Table 3.1. Bold FST values
correspond to the highest and lowest estimates within species, as discussed in the
text.

B. longii B. fernaldii

SC YP VC GIB AP WB CN BB

B
.

lo
n

gi
i SC - 0.0403 0.0146 0.0600 0.0668 0.0584 0.0708 0.0638

YP 6.67 - 0.0483 0.0877 0.0784 0.0858 0.0994 0.0981

VC 1.93 4.74 - 0.0799 0.0832 0.0803 0.0992 0.0872

B
.

fe
rn

al
di

i

GIB 8.31 14.84 10.21 - 0.0754 0.0531 0.0728 0.0628

AP 17.42 11.29 15.64 24.75 - 0.0818 0.0454 0.0945

WB 59.05 65.56 60.96 50.75 74.47 - 0.0873 0.0677

CN 57.49 64.04 59.40 49.20 73.14 2.48 - 0.0699

BB 122.89 116.63 121.12 129.79 105.48 175.61 174.85 -

3.3 Population structure

Since both species are a) morphologically similar, b) are sister species in a phylo-

genetic study of the genus Braya [19], and c) are managed under the same action

plan, I explored their population structure together and separately. The analysis in

STRUCTURE for the two Braya species combined showed that the suggested number

of genetic clusters (K) was eight, following the Evanno method [69]. I observed the

following in the clusters:

• Savage Cove and Sandy Cove 1 of B. longii grouped in a single cluster. These

are geographically close populations.

• Wild Bight and Belburns populations of B. fernaldii formed another genetic

cluster. These are geographically distant populations.
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• Half of Cape Norman individuals grouped with Anchor Point. These are geo-

graphically distant populations.

• The remaining populations formed their own genetic clusters (Figure 3.3A)

When STRUCTURE was run separately for each species, the genetic clusters

observed were identical to the combined analysis, reinforcing the confidence of both

analyses, with individuals from each species forming four genetic clusters, respectively

(Figure 3.3B, 3.3C). Admixture was observed in every collection site, indicating evi-

dence of past or current gene flow between populations and species.

Figure 3.3: Bar plots showing the genetic structure of A) both Braya species combined
for K of 8, B) B. longii populations only for K of 4, and C) B. fernaldii populations
only for K of 4. Sampled localities are indicated at the bottom of the bar plots. (Table
2.1)

The first two discriminant functions of the DAPC analysis explained a total of

78% of genetic variation (50% and 28% respectively; Figure 3.4). The first axis sep-

arated mainly the Yankee Point (YP) and Sandy Cove 2 (SC2) populations of B.
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longii from the rest. The second axis distinguished mainly the Savage Cove (VC) and

Sandy Cove 1 (SC1) populations of B. longii from the rest, and these two populations

overlap genetically. Braya fernaldii individuals appeared in the top right quadrant

where all populations were discriminated except for Cape Norman (CN) and Anchor

Point (AP). The Sandy Cove 2 population appeared between B. longii and B. fer-

naldii populations. In the second DAPC (Figure 3.5), which used cross-validation to

inform eigenvalues, the first two discriminant functions explain 56% of genetic varia-

tion (31% and 25% respectively). In this DAPC, the two species exhibit more overlap

with the Braya fernaldii population of Green Island Brook appearing among the Braya

longii populations of Sandy Cove 1 and Savage Cove. The non-cross-validation DAPC

(Figure 3.4) rendered results concordant with the STRUCTURE analysis where no

differentiation was achieved between Savage Cove and Sandy Cove 1, and three in-

dividuals from Cape Norman appeared in the same genetic group as Anchor Point.

The only difference between the DAPC and STRUCTURE results was that the B.

fernaldii populations of Wild Bight and Bellburns were part of the same genetic clus-

ter (in green) in STRUCTURE but were differentiated in the DAPC. Due to this

consistency in results, the non-cross-validation DAPC (Figure 3.4) will be referenced

as the main DAPC in this study.
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Figure 3.4: Visualization of the discriminant analysis of principal components (DAPC)
using genotyping by sequencing data. Inset figures show DA (2) and PCA (4) eigen-
values. Sampling localities appear in different colours. Diamond markers correspond
to B. longii individuals, and circles correspond to B. fernaldii individuals. AP =
Anchor Point, BB = Bellburns, CN = Cape Norman, GIB = Green Island Brook,
WB = Wild Bight, SC1 = Sandy Cove 1, SC2 = Sandy Cove 2, VC = Savage Cove,
YP = Yankee Point



24

Figure 3.5: Visualization of the discriminant analysis of principal components (DAPC)
using the suggested number of PCA eigenvalues (13) from the cross-validation func-
tion in adegenet (xvalDapc). Inset figures show DA (8) and PCA (13) eigenvalues.
Sampling localities appear in different colours. Diamond markers correspond to B.
longii individuals, and circles correspond to B. fernaldii individuals. AP = Anchor
Point, BB = Bellburns, CN = Cape Norman, GIB = Green Island Brook, WB =
Wild Bight, SC1 = Sandy Cove 1, SC2 = Sandy Cove 2, VC = Savage Cove, YP =
Yankee Point

The AMOVA (Table 3.3) results of GBS data supported the significant popula-

tion structure revealed in the first two methods. Most genetic variation (50.31%)

was found among populations within Braya species, 21.89% of the total variation was

among Braya species, and 27.81% was within populations (Table 3.3). At first view,

the amount of variation (27.81%) within populations might seem high; however, as the

STRUCTURE analysis indicates, some populations, such as Cape Norman and Wild

Bight, have within-population genetic variation. To test whether these populations are

driving the within-population variation up, I performed a second AMOVA, including

only the five most homogeneous populations from the STRUCTURE analysis (Table

3.3): SC2, YP, VC, AP and BB. In this AMOVA including only homogenous popu-

lations (Table 3.4), 72% of the total variation was found among populations within

species, 18.47% of the total variation was among Braya species, and only 9.59% was

found within populations. Arlequin does not report confidence limits on variance
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components.

Table 3.3: Analysis of molecular variance as estimated with SNPs using Arlequin [74].

Source of variation Sum of squares Variance

components

Percentage

variation

Among Braya species 1990.98 32.65 21.89

Among populations

within species

4389.69 75.05 50.31

Within populations 2701.27 41.49 27.81

Total 9081.94 149.1941 100

Table 3.4: Analysis of molecular variance as estimated with SNPs using Arlequin [74]
with only data from populations: B.longii (SC2, YP, VC), B. fernaldii (AP, and WB)

Source of variation Sum of squares Variance

components

Percentage

variation

Among Braya species 1002.63 20.44 18.47

Among populations

within species

1870.50 79.62 71.94

Within populations 368.50 10.62 9.59

Total 3241.63 110.68 100
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3.4 Phylogenetic analysis

The phylogenetic tree showed an evolutionary split between the two Braya species

(Figure 3.6), supporting taxonomically different species. Each B. fernaldii population

formed a distinct clade with the exception of Cape Norman, and each clade had

bootstrap values of 20 to 90%. Cape Norman individuals are clustered together with

Green Island Brook and Anchor Point clades. This pattern can also be observed in the

STRUCTURE analysis where Cape Norman individuals share colours with individuals

in both Green Island Brook and Anchor Point (Figure 3.3). Bellburns and Wild Bight

formed two distinct clades with bootstrap support of 59.3 and 90%, respectively.

Likewise, B. longii populations did not all form distinct clades. Savage Cove and

Sandy Cove 1 formed one lineage (bootstrap of 68%) corroborating the DAPC and

STRUCTURE results. Yankee Point and Sandy Cove 2 formed two distinct clades

with bootstrap support of 91 and 100%, respectively. As in the DAPC, the Sandy

Cove 2 branch is found in between the two species of Braya: B. longii and B. fernaldii.

In this chapter, the genomic structure and phylogenetic analyses supported the

taxonomic distinction of B. longii and B. fernaldii, and the genetic differentiation

amongst most collecting sites. Based on these results, I propose MUs and ESUs for

conserving these species, as discussed in the next chapter.
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Sampling Locality Sampling Code

Braya longii

Sandy Cove 1 B.longii-SC1-*

Sandy Cove 2 B.longii-SC2-*

Savage Cove B.longii-VC-*

Yankee Point B.longii-YP-*

Cape Norman B.fernaldii-CN-*

Wild Bight B.fernaldii-WB-*

Green Island Brook B.fernaldii-GIB-*

Anchor Point B.fernaldii-AP-*

Belllburns B.fernaldii-BB-*

Braya fernaldii

Legend

Figure 3.6: Neighbour-joining tree of the 80 B. longii and B. fernaldii individuals
sampled in the Limestone Barrens of Newfoundland. The SNP dataset (1,449 SNPs)
was filtered to account for polyploidization. Numbers along branches are bootstrap
support values.
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Discussion

Using patterns observed from the genetic diversity and structure results, I propose

seven MUs to conserve these two Braya species. Based on the phylogenetic results,

I recommend six ESUs. I recommend a diverse collection representing each MU and

ESU for ex-situ collections. For conservation translocations, careful considerations

must be made when deciding which plants or seeds should be introduced to a given

area. They should be from a location with similar ecology, genetically diverse, and

reproductively healthy [81, Chapter 8]. Due to the complex nature of polyploidism

and the various bioinformatic considerations, future genetic research on Braya longii

and Braya fernaldii can still provide novel and increased insight into the genetic

relationships between these species.

4.1 Genetic diversity and structure in Braya longii

and Braya fernaldii

Despite the need for a genetic understanding when managing populations [7], there

are few plant-focused conservation genetic studies in Canada that discuss MUs or

ESUs. However, there are other Canadian conservation plant studies that do leverage

molecular markers such as Hills Thistle, Few-flowered Club-rush, Cucumber tree,

Eastern Prairie White Fringed Orchid, Pitch Pine, Sugar Maple, Canada Yew and

Whitebark Pine [82–88].

Canada Frostweed (Helianthemum canadense) and Pitchers Thistle (Cirsium pitcheri)
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(a) Canada Frostweed
(Helianthemum canadense) [91]

(b) Pitchers Thistle (Cirsium
pitcheri) [92]

Figure 4.1: Flowers of Canada Frostweed and Pitchers Thistle

(Figure 4.1) [35, 36] are two Canadian conservation genetic studies which use conser-

vation units. While neither study uses GBS data, they are both evaluating population

genetics for the purpose of management. The study on Canada Frostweed used Am-

plified Fragment Length Polymorphism (AFLP) data [89], and the study on Pitchers

Thistle used nuclear microsatellite data. An AMOVA and a STRUCTURE bar plot

were analyzed for Canada Frostweed, while Pitchers Thistle leveraged diversity and

differentiation statistics. The genetic analysis on B. longii and B. fernaldii includes

evaluation of population structure with STRUCTURE bar plots and DAPC, diver-

sity statistics, and phylogenetic analysis. While these methods are frequently used for

agrobiodiversity, such as in watermelon [90], it is less common to find these genetics

methods applied to plant conservation studies in Canada.

Canada Frostweed is found in Atlantic Canada and has a genetic evaluation with

the outcome of proposed conservation units [35]. Due to declining numbers, individ-

uals from Nova Scotia, Maine, New Hampshire, and Quebec were examined to gain

insight into the population genetics for conservation. Similar to what I observed in

Braya, there is a very geographically separated genetic grouping of Frostweed popula-

tions (between Queens County, Nova Scotia and Quebec), which does not align with

the rest of the Frostweed studies’ genetic groupings corresponding to collection sites.

Based on the Frostweed studies’ hypothesis that a common source may have intro-

duced both of these populations [35] and the Braya phylogenetic analysis (Fig. 3.6),
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I recommend that Wild Bight and Bellburns be considered a single ESU despite the

sizeable geographic separation between these populations. The reasons behind these

two geographically distant populations being genetically close are unclear. Potential

explanations could include the transportation of material during road development

and the movement of seeds via animals, such as ducks. However, further research is

needed to explain this observation.

However, unlike the Frostweed study, which estimated the majority (72%) of vari-

ation to be within populations, 9% of variation among populations, and 18% of vari-

ation among regions, the majority (50%) of variation for B. longii and B.fernaldii is

found between populations, with 27.81% of variation being within populations, and

21.89% of the total variation being among Braya species (Table 3.3). For B. longii

and B. fernaldii, I expect the higher levels of population differentiation to result from

the selfing breeding system and small-range seed dispersal. While the 21% variation

among species may seem low, B. longii and B. fernaldii are very morphologically

similar and can not be differentiated on one feature alone.

B. longii and B. fernaldii primarily self-fertilize, with B. longii having a higher

outcrossing potential than B. fernaldii [20, 93]. In greenhouse tests, Harris [93] found

B. longii to fully self-fertilize while Parsons and Hermanutz [20] provided evidence of

outcrossing potential using hand-pollination experiments. The exact natural selfing

and outcrossing rates are unknown. The three separate genetic structure analyses

supported the taxonomic distinction of B. longii and B. fernaldii, and generally align

with genetic patterns of self-pollination [47] by having the majority of (50%) of varia-

tion (Table 3.3) for B. longii and B.fernaldii be found between populations [20]. The

population of Sandy Cove 2 appeared between both the B. fernaldii and B. longii

populations on the DAPC (Fig. 3.4) and phylogenetic tree (Fig. 3.6). Sandy Cove is

bisected by a highway, with Sandy Cove 1 and Sandy Cove 2 located on each side of

the road. Road development may seriously impact the distribution and relocation of

Braya seeds. I hypothesize that the separation of individuals from the Sandy Cove

site in two lineages is because of the amount of substrate movement among quarries

in the B. longii ’s distribution. This clustering suggests that the substrate may have

been moved between populations at some time. Anecdotal information from quarry-

ing operators supports this hypothesis (Copp and Hermanutz, pers. comm.). Due to

the fragmented habitat, SC2 might be a genetic intermediate form/hybrid between B.

fernaldii and B.longii. In a previous study that assessed the hybridization potential



31

of B. longii and B. fernaldii, by using floral measurements and hand-pollination ex-

periments, hybridization potential was identified [20]. In wild populations, observed

individuals exhibiting intermediate morphology between these species further pro-

vided evidence for this hybridization potential. I recommend that future genetic work

on B. fernaldii and B. longii further explores Sandy Cove’s nuances.
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The diversity statistics of B. longii and B. fernaldii mirrors patterns seen in a

study on Senna glutinosa subsp. glutinosa (Figure 4.2). This study uses chloroplast

regions and nuclear microsatellite markers to gain insight into 480 plants from 20

populations across the Pilbara bioregion [94].

Figure 4.2: Photo of Senna glutinosa ssp. glutinosa [95] under the following creative
commons license: https://creativecommons.org/licenses/by-nc/4.0/

Senna glutinosa is also capable of selfing but it is primarily apomictic. Apomixis

is asexual seed development. In this study, similar to what I observed in Braya, a high

estimated heterozygosity is shown along with negative inbreeding coefficients. This is

likely because Senna glutinosa subsp. glutinosa are allopolyploids [94].

4.2 Polyploidism in plant genetic studies

Challenges with the genetic analysis of polyploids often come from inferring allele

frequencies and assumptions about inheritance [96]. Within a genome, inheritance

patterns may vary within individuals, resulting in polysomic or disomic inheritance

at different loci. Polysomic inheritance is when all variants of the same chromosome

can pair in meiosis, while disomic inheritance is the preferential pairing between the

chromosomes derived from the same ancestral species. Polysomic inheritance is seen

in autopolyploids, while disomic inheritance is seen in allopolyploids [96]. Many ge-

netic analytical frameworks make assumptions regarding inheritance and the dosage

of alleles at individual loci. Resolving dosages of alleles is a prerequisite to calculating
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observed and expected allele frequencies. The evaluation of inbreeding coefficients

depends on observed and expected heterozygosity, which is a problem due to the un-

certainty regarding allele dosage. This may result in inaccurate conclusions regarding

genetic structure and diversity.

The FIS values are negative in Table 3.1. A disomic inheritance leads to fixed

heterozygosity, which would cause negative FIS values [31]. A study [31] illustrated

(Figure 4.3) how assumptions of tetrasomy when a species is entirely disomic affect

diversity statistics. In this tetrasomy case study, HS is higher than expected, FST

is much lower, and FIS values are negative. There is evidence that Braya longii

and Braya fernaldii are octoploid allopolyploids [19]. Allopolyploids tend to have

disomic inheritance [96] because chromosomes from the same ancestral genome exhibit

preferential pairing. The patterns seen under the tetrasomy/disomic scenario studied

in [31] mirror what I have found in Braya: negative FIS values, HS higher than

expected and FST lower than expected. The octoploid nature of Braya implies that

this over/underestimation of the diversity statistics would be further exaggerated.

Figure 4.3: The expected heterozygosity HS, the inbreeding coefficients FIS and FST
as a function of the number of generations since population divergence under (a) full
disomy and (b) full tetrasomy. The dotted lines show the theoretical expectations for
HS and FST. Figure from [31] reproduced with permission from Springer Nature.

There are many challenges that polyploidism introduces to population genetics

analyses. One of the major problems is that GBS methods do not handle genotyp-

ing duplicated loci, and biologists must filter duplicated loci, which results in less
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insightful and comprehensive outcomes and interpretations [97]. Many bioinformatics

tools such as OneMap or JoinMap [98–100] only handle haploid or diploid data due

to mathematic assumptions. While several data pipelines for GBS data exist, such as

UGbS-Flex and Stacks [101, 102], I chose GBS-SNP-CROP [52] for both ease-of-use

and for the ability to filter out paralogs. By using the -altStrength parameter when

performing the filtering step (7th script) of GBS-SNP-CROP, only strongly bi-allelic

SNPs are retained. This parameter filters on a population-level allele frequency [57].

A study on the Centaurea aspera L. complex, which includes an autotetraploid sub-

species [103], also leveraged GBS-SNP-CROP to obtain SNPs for downstream analysis

and used an alternate allele strength value of 0.9 in comparison to the value 0.962 used

in this Braya study. This higher value was chosen for stricter levels of error control in

comparison to the suggested levels for an octoploid of 0.820 [57]. Due to the polyploid

nature of these plants and the challenges with inferring allele frequencies, the absolute

values of the results should not be viewed as absolute. Instead, all the results together

and their corresponding patterns provide insight. The selfing rate is important to con-

sider when interpreting our results because of the high calculated heterozygosity and

negative inbreeding values. Such strongly negative FIS values would be remarkable

for species with outcrossing potential, and for species that primarily self-fertilize, they

would be very unlikely. Our hypothesis is that the FIS values are actually reflecting

fixed heterozygosity which is common in allopolyploids.

4.3 Bioinformatic considerations for SNP discov-

ery

It has been shown that variations in bioinformatics pipelines affect the results obtained

from these pipelines; for example, in genetic variant identification and in metage-

nomics analyses [104–107]. With respect to SNP discovery using GBS data, many

different software can be used at each step of the pipeline, for example, for filtering,

demultiplexing, aligning, and sequencing data. Depending on the software and param-

eters used, results might differ. For example, the GBS-SNP-CROP Mock Reference

workflow identified 18 times more SNPs than TASSEL-UNEAK in a pipeline perfor-

mance study when using paired-end data from 48 accessions of Actinidia arguta [57].
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Additionally, differences in the SNPs identified will influence all downstream analy-

ses. While intentionally manipulated for methods validation, Table 3.3 and Table 3.4

illustrated how alterations in data affect final results. The analysis software for this

B. fernaldii and B. longii study was chosen based on benchmarks, accessibility and

ease of use. Parameters that provided the most high-quality SNPs were chosen based

on the literature and my own trials, leading to various results (Tables 3.1, 3.2, 3.3)

that supported one another, were interpretable, and were supported by ecological the-

ory. For example, parameters that lead to results that align with the knowledge that

genetics of rare, endemic species often exhibit low levels of genetic diversity and high

levels of population differentiation from inbreeding [28] were favoured over parameters

that lead to uninterpretable, noisy results.

4.4 Proposed conservation units

While there are many different ways to organize population subgroups for manage-

ment, Canada’s Species at Risk Act recognizes designatable units (DUs). The Com-

mittee on the Status of Endangered Wildlife in Canada (COSEWIC) recognizes a

DU if it has attributes which are discrete and evolutionarily significant [33]. Braya

longii and Braya fernaldii are each a separate designatable unit under COSEWIC

[108, 109]. Management units (MUs) are separately managed population groups or

subgroups because they are genetically distinct, while ESUs represent evolutionary

lineages. ESUs may contain one or many MUs. While people have provided strate-

gies for designating conservation units, there is no standard approach. Hoelzel [110]

suggests leveraging the FST statistic to inform the designation of evolutionarily sig-

nificant units. However, in this study, FST values cannot be directly used due to

the polyploid nature of these plants. Instead of this method, I am using patterns of

genetic structure to conserve based on evolutionary trajectory.

Based on the genetic diversity and structure results, I propose seven MUs for the

conservation of these two Braya species. These are the following for B. longii : 1)

Sandy Cove 1 and Savage Cove (SC1 & VC), 2) Yankee Point (YP), and 3) Sandy

Cove 2 (SC2). For B. fernaldii : 4) Anchor Point (AP) and Cape Norman (CN), 5)

Wild Bight (WB), 6) Belburns (BB), and 7) Green Island Brook (GIB).

Based on the phylogenetic results, I recommend six ESUs. For B. longii : 1) Sandy
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Cove 1 and Savage Cove (SC1 & VC), 2) Yankee Point (YP), 3) Sandy Cove 2 (SC2).

For B. fernaldii : 4) Anchor Point and Cape Norman (AP & CN), 5) Wild Bight and

Belburns (WB & BB), and 6) Green Island Brook (GIB). Gravel movement might

partially explain some of the observed genetic patterns. However, further research is

needed to fully explain the genetic patterns observed.

Based on my results, if there were an interest in reducing management units, the

only separate populations that might be combined and treated as a single manage-

ment unit would be SC1 and VC. However, treating each population as a separate

management unit is a more conservative strategy.

4.5 Recommended strategies for long-term in-situ

and ex-situ conservation

Braya longii and B. fernaldii have a vegetation height of less than 10cm and in-

habit restricted ranges to the naturally occurring Limestone Barrens habitat on the

Northern Limestone Barren of Newfoundland [46]. With such few populations, and

with such minimal adequate potential habitat, maintaining an ex-situ collection and

translocating individuals to areas of location extirpation or new suitable ranges may

be a good conservation strategy. The Hawaiian archipelago has several case studies

from the Hawaiian Rare Plant Program which outlines conservation efforts on species

such as Cyanea pinnatifda and Cyanea grimesiana subsp. grimesiana [111]. I rec-

ommend a diverse collection representing each MU and ESU for ex-situ collections.

For conservation translocations, careful considerations must be made when deciding

which plants or seeds should be introduced to a given area. They should be from

a location with similar ecology, genetically diverse, and reproductively healthy [81,

Chapter 8]. Using the MUs defined as an outcome of this research, I recommend

sourcing individuals from the relevant MU for the given reintroduction.

This study is a stepping stone in satisfying the high-priority species-at-risk-act re-

quirement of reintroducing genetically appropriate individuals to source populations,

populations with reduced sizes, or extirpated populations [46] by proposing manage-

ment units to inform conservation experts. The results of this study also facilitate

the planning of future population samplings and the curating of ex-situ collections.
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4.6 Conclusions and future research

Using a large dataset of DNA sequences, I propose different management and evolu-

tionary significant units to maintain an ex-situ collection of Braya’s genetic diversity

to be used in future reintroductions when necessary. While my analyses have shown

population differentiation and allowed me to suggest ESUs and MUs, future research

can also leverage this high-quality SNP dataset. Future research should estimate the

divergence times of each Braya lineage or ESU to gain insight into the temporal scale

of evolution of these populations in the Limestone Barrens. My SNP dataset could

also be used to estimate past and current gene flow, effective population sizes, and

test population expansion or contraction, which will complement the management of

these endangered species. Each of these additional analyses would provide significant

insight and context into the population genetics of B. longii and B. fernaldii, and

they would greatly improve the current understanding of their populations.
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