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Abstract 
Chromosomal inversions can play a role in local adaptation as advantageous alleles 

become linked by supressed recombination in heterokaryotypes. Understanding the role 

of inversions in adaptation among small, isolated populations is an important addition for 

robust conservation strategies. As such, we conducted low-coverage whole genome 

sequencing on N=192 brook trout (Salvelinus fontinalis) collected from nine small 

streams in Nova Scotia. Individuals were sequenced at ~3x depth using paired end 

sequencing on the Illumina NovaSeq and genotype likelihoods calculated with ANGSD. 

Four potential inversions were discovered only in individuals from western streams that 

have lower streamflow and higher maximum daily water temperatures. Population 

genomics methods of LD, admixture and heterozygosity were used to support the 

detection of potential inversions. Some genes found within these putative inversion 

regions play a role in biological processes that are linked to thermotolerance and suggest 

evidence for potential local adaptation.  

  



 

x 
 

List of Abbreviations and Symbols Used 
lcWGS low-coverage whole genome sequencing 

lcWGR low-coverage whole genome resequencing 

LD linkage disequilibrium 

Hobs observed proportion of heterozygotes 

CI chromosomal inversion 

SV structural variant 

CNV copy number variant 

cfs cubic feet per second 

cms cubic meters per second 

PCA principal components analysis 

SAF sample allele frequency 

MAF minor allele frequency 

2D-SFS two-dimensional site frequency spectrum 

Dxy nucleotide divergence 

π nucleotide diversity 

FST population genetic differentiation  

GLM generalized linear model 

GO gene ontology 

Cerk ceramide kinase 

Cerkl ceramide kinase like  

  



 

xi 
 

Acknowledgements 

To my twin sister Becky, it has been extremely hard living so far away from you for 

almost 3 years with very limited visits due to the pandemic when we were so used to 

always being around each other. Thank you so much for all your support along this crazy 

adventure of ups and downs and I promise I will come home more often when this is 

done.  

I remember during my undergrad in 2015 I learned about whole genome sequencing. 

Having worked and studied in the field of population genomics, I thought it would be 

amazing to do whole genome sequencing, but I never thought it would happen. I 

shouldn’t have ever said that because here I am, having done low-coverage whole 

genome sequencing to find potential inversions in one of my favorite fish. I came into 

this degree with quite a bit of lab experience that helped me succeed from a lab 

perspective and as an individual to which I would like to thank Caleigh and Woz. You 

two taught me everything I know about population genetics, lab work, troubleshooting, 

and how to be an excellent lab mate which I applied during my masters. Woz, thank you 

especially for always understanding my very visual learning style. You have been an 

inspiration to me, and I hope that I can continue teaching in that way. Before starting my 

masters, I really wanted to learn bioinformatics for genomic analyses. I came across the 

bioinformatics data skills book by Vince Buffalo and as I look back, this book was 

instrumental for my thesis for three reasons. It taught me to always include the version 

numbers for packages, to keep detailed notes, and to comment scripts. It’s hard to even 

express how important this was. Jumping into the world of bioinformatics when I was 

used to using genetic software that had GUIs was a massive learning curve. I am thankful 

to my self for heavily commenting my code so that I could remember what exactly I did 

when it came to methods, and I am sure anyone who reads this thesis will appreciate it. In 

part I was driven to do this because while I was learning I found it extremely frustrating 

to find scripts on GitHub that had no comments. Thank you also to Claire Mérot for 

helping me understand the use of percentiles in capturing LD and her wonderfully 

commented scripts that allowed me to do LD heatmaps and various other analyses 

involved in inversion discovery. 



 

xii 
 

Brook trout…where do I begin. I did quite a bit of work on brook trout in my previous 

role as a lab technician which included providing a lot of support at a research hatchery 

where I spent quite a bit of time weighing, measuring, fin clipping, moving, and 

spawning brook trout. It was there that I learned phenotypic differences between different 

strains and understood their true beauty. My masters included a field component to which 

I was able study brook trout in small streams. Thank you, John MacMillan and Sam 

Andrews, for all of your help with electrofishing, sampling brook trout, installing 

temperature loggers and teaching me about the streams. This is an experience that I truly 

appreciate because I was able to make a connection between the genomic side of things 

and ecological side. I was so used to only looking at things from a genetic perspective, 

but having the opportunity to look at environmental impacts on brook trout was a truly 

unique experience that I will never forget. The brook trout genome is massive and while 

it made me cry many times due to large data problems, it allowed me to discover 

something that hasn’t been done yet which could be used in conservation of the species. 

I knew that completing my masters would be challenging, but the learning curve of 

bioinformatics and programing is indescribable for someone who had essentially zero 

experience prior. Thank you to the support staff of ACENET for help troubleshooting 

programs and script issues on the Digital Research Alliance of Canada clusters. I want to 

thank everyone in the Ruzzante lab for their support and help through this process, but 

most importantly Lisette. Lisette thank you so much for all that you taught me in Linux, 

bash scripting, Compute Canada, and all programs relevant to low-coverage whole 

genome sequencing. It is particularly challenging to try and troubleshoot errors in bash let 

alone when you are locked out of the university due to a pandemic. Thanks, Lisette, for 

your patience and support in helping me either in the office or online when we had to, for 

being there to vent about how frustrating of a program ANGSD is to deal with, and for 

being a great friend. Thank you, Mallory, for all your help in R and supporting me while I 

often got mad at my computer behind you. You taught me so much about manipulating 

and plotting various kinds of data which allowed me to make the pretty figures seen in 

this thesis. To James and Ellie, thank you for your emotional support and help with R 

things, scripting, writing and various others, but most importantly for being awesome 

friends. Chris, you may not have helped directly with my thesis, but thank you for being 



 

xiii 
 

an awesome friend and fishing buddy. The escape from my data analyses to learn more 

about fishing was very much appreciated. 

To my supervisor Daniel, I am so thankful to have had you as a supervisor. You are the 

true definition of supportive. Throughout this journey I always felt like you believed in 

what I was doing and that I would figure out whatever difficult analyses or errors I got. 

Your constant positive attitude and feedback was very much appreciated. I will forever 

remember the excitement on your face every time I came into your office with a new plot 

to show you. Thank you for letting me take the thesis in the direction that we went, 

despite it being quite different than what it was supposed to be. This itself is a learning 

experience I am very grateful for. Thank you to my committee members, Paul, and Ian 

for the suggestion to do lcWGS and for fruitful discussions along the way. 

Moving to a city far from my hometown where I lived for my entire life was very 

difficult but every part of the experience of living in Halifax has been amazing and I will 

never forget it. I drove here in the height of the pandemic with whatever fit in the rental 

SUV of my belongings and quickly began meeting the most amazing people including 

my partner, Megan. We have been through quite a bit over the past two years and having 

you by my side has been so special. Your constant positive attitude and outlook on life as 

well as your love and support has allowed me to get through the toughest times. I can’t 

imagine having done this without you. To Cat, Joc, Noor, Scott, Tay Tay, and GG thank 

you all for being the greatest humans and for being so welcoming to me! The times we 

spent together during my degree were all so fun and I will never forget it. To Dash, while 

we have drifted apart since I moved here, I thank you for always being there to listen to 

my issues, for making me move beyond my comfort zone in different aspects of life, and 

for suggesting that doing a masters would be a great idea. I appreciate all the help and 

advice you offered from your own life experiences in completing this chapter of my life. 



 

1 
 

Chapter 1: Introduction 

1.1 Local Adaptation And Speciation 

When populations are fragmented and small, genetic drift is expected to prevail over 

natural selection and local adaptation. The relatively recent unraveling of various types of 

structural variants (SV) in genomes among a wide variety of taxonomic groups (Cohen et 

al., 2023; Liu et al., 2022; Lundberg et al., 2023; Zhang et al., 2023) however, has led to a 

better understanding of the roles of natural selection and genetic drift in generating local 

adaptation. Chromosomal inversions (CIs) are a type of genomic SV which occur when 

part of the chromosome breaks and the orientation between the breakpoints becomes 

reversed (Kirkpatrick, 2010). 

Inversions can lead to local adaptation if the inverted chromosomal regions contain genes 

and alleles that play a role in biological processes such that individuals carrying an 

inversion exhibit a fitness advantage over individuals not carrying it (Blanquart et al., 

2013; Kirkpatrick, 2010). The role of inversions in local adaptation and speciation comes 

primarily from the suppressed recombination that takes place in heterokaryotypes which 

have one copy of the inverted and one copy of the non-inverted sequence arrangement. 

Speciation can occur if inversions harbor duplications, deletions, and insertions that make 

heterokaryotypes inviable, thus creating a barrier between individuals with and without 

inversions and is known as underdominance (Kirkpatrick, 2010). Speciation via 

inversions with underdominance is likely less common than speciation via recombination 

because they will only become established if they occur when populations are small such 

that genetic drift prevails, and when local adaptation with gene flow allows the inversion 

to be maintained (Hoffmann & Rieseberg, 2008). Speciation can occur via recombination 

if there are alleles within an inversion that cause reproductive isolation even when there 

is gene flow. Dobzhansky-Müller incompatibilities from negative epistatic interactions 

can prevail and have a greater impact on fitness than for example, locally adapted alleles 

(Faria, Johannesson, et al., 2019; Hoffmann & Rieseberg, 2008). Alternatively, alleles 

leading to reproductive isolation could be locally adapted and will become established in 

populations if they have a positive impact on fitness (Hoffmann & Rieseberg, 2008). 

Speciation by recombination can also occur if divergent selection plays a major role or if 
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there is assortative mating. When an inversion develops, it evolves by natural selection 

and genetic drift where the roles of drift, mutations, and recombination change through 

time thus shaping the persistence or removal of inversions. Current research is allowing 

us to better understand how inversions evolve by examining the roles of various types of 

balancing and divergent selection (Faria, Johannesson, et al., 2019). Inversions can reach 

fixation by selection or drift in some populations, and they can be maintained by 

balancing selection. Balancing selection can result from overdominance where the 

heterokaryotypes are selected over homokaryotypes or associative overdominance in 

which recessive alleles accumulate causing lower fitness in homokaryotypes.  

1.2 Chromosomal Inversions And Other Structural Variants 
The recent explosion of CI research has suggested that inversions are often large with an 

average size of 8.4 megabases (Wellenreuther & Bernatchez, 2018) and frequent as 

shown in deer mice where 13 large inversions have been described (Harringmeyer & 

Hoekstra, 2022). CIs can be paracentric when the break occurs along a chromosome arm, 

or pericentric when they straddle the centromeres, however, these are less common due to 

the generation of inviable gametes (Hoffmann & Rieseberg, 2008; Wellenreuther & 

Bernatchez, 2018). The role of inversions in local adaptation has been documented in 

many species such as the monkey flower where inversions are responsible for annual and 

perennial ecotypes (Twyford & Friedman, 2015), and common quails where a large 

inversion controls phenotypic differences in size, throat colouration, wings, migration, 

and flight efficiency (Sanchez-Donoso et al., 2022). Chromosomal inversions are also 

implicated in the differences in migration behavior and more broadly in adaptation to 

environmental differences in willow warbler (Lundberg et al., 2023), and Atlantic cod 

(Matschiner et al., 2022). Other types of SVs can also be linked to local adaptation and 

speciation. Transposable elements, gene duplications, chromosomal fusions, 

translocations, insertions, and deletions are all SVs that can change the nucleotide 

sequence, sometimes having an adaptive advantage and can therefore contribute to 

speciation (Mérot et al., 2020). For example, recently a chromosomal translocation was 

discovered among Newfoundland populations of Atlantic salmon that is involved in 

population structuring and its frequency is influenced by temperature suggesting evidence 

of local adaptation (Watson et al., 2022). 
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1.3 Whole Genome Sequencing 
While CIs are the most documented of SVs with adaptive advantages and have been 

studied for many years (e.g., Sturtevant, 1921), they have recently gained increased 

attention following the decreased cost in whole-genome sequencing. Low-coverage 

whole genome sequencing (lcWGS) has facilitated a more robust understanding of the 

importance of CIs in local adaptation (Faria, Johannesson, et al., 2019). lcWGS is a 

recently developed sequencing technique that is becoming more predominant in 

population genomic studies as the cost is similar to other highly used sequencing methods 

such as RAD-seq, though this is dependent on sample and genome size (Fuentes-Pardo & 

Ruzzante, 2017; Lou et al., 2021). While there are different forms of whole genome 

sequencing, in lcWGS each sample is individually barcoded and sequencing coverage per 

individual is between 1-5x. It thus requires the use of genotype likelihoods rather than 

direct genotype calls to account for uncertainty in a probabilistic framework (Lou et al., 

2021). Inversions have been discovered via other sequencing techniques such as long-

read sequencing, but these methods are more expensive and are more labour intensive in 

terms of bioinformatics (Harringmeyer & Hoekstra, 2022; Stenløkk et al., 2022) 

1.4 Brook Trout 
Brook trout are economically important and one of the top sportfish in Nova Scotia. 

Populations in some lakes and rivers of Nova Scotia have been maintained by stocking 

programs since the early 1900s (Lehnert et al., 2020), but brook trout remain vulnerable 

to habitat loss, overexploitation, invasive species that compete for food and habitat as 

well as climate change causing low streamflow which is particularly challenging given 

their thermal tolerance (Cherry et al., 1977; MacMillan et al., 2008; Nova Scotia 

Department of Agriculture and Fisheries Inland Fisheries Division, 2005). Some 

salmonids have been well studied from a local adaptation perspective as seen in a recent 

study on Coho salmon that covered their entire North American range and found that 

migration distance and elevation are important to local adaptation (Rougemont et al., 

2023). Local adaptation has also been documented in redband trout from the Columbia 

River where there is evidence that temperature variation has a role in local adaptation and 

that genes effecting migration and developmental timing are found in adaptive regions 

(K. R. Andrews et al., 2023; Z. Chen & Narum, 2021). However, studies on local 



 

4 
 

adaptation in brook trout are very scarce. Brookes et al. (2022) examined introduced 

brook populations in western Canada and did not find evidence of local adaptation. 

Inversions have been reported in salmonids and in rainbow trout a known inversion 

contains genes important for distinguishing migratory ecotypes (Arostegui et al., 2019; 

Pearse et al., 2019). An inversion polymorphism has also recently been discovered in 

Arctic charr with genes that have a role in cell adhesion and signal transduction (Hale et 

al., 2021) further adding to our understanding of the role of inversions in local adaptation. 

Despite current ongoing research on inversions and local adaptation, no studies to my 

knowledge have captured the role of inversions among brook trout and their potential role 

in local adaptation. Such knowledge could improve our understanding of brook trout 

vulnerability to population decline and help build a basis for new conservation efforts. 

Brook trout in the current study originate from populations that have not been stocked 

(John MacMillan, personal communications, July 2022) thus providing a unique scenario 

to examine the role of inversions in pristine populations exhibiting limited to no gene 

flow (Ruzzante et al., 2016) which are likely shaped by colonization history. Eastern 

Canada exhibits evidence of having been colonized by brook trout originating from three 

glacial refugia: Mississippian, Acadian and Atlantic refugia (Black et al., 1986; 

Danzmann et al., 1998). Glaciation and postglacial colonization history is known to play 

a role in shaping population distribution and structure (Bernatchez & Wilson, 1998) and 

could potentially help explain population differences in inversion patterns. 

1.5 Objectives 
In this thesis I investigate the presence of potential chromosomal inversions among brook 

trout populations and assess their contribution to local adaptation. I hypothesize that there 

are potential chromosomal inversions, and that they contain genes which are locally 

adapted to environmental variables such as water temperature. Brook trout were sampled 

from nine streams in the North Mountain, Nova Scotia that show differences in surficial 

geology, streamflow, and temperature between eastern and western streams. lcWGS was 

performed on individuals with a target depth of 4x and genotype likelihoods analyzed 

using methods of LD, population structure, heterozygosity, nucleotide diversity and 

divergence. We report on four potential chromosomal inversions discovered only in a 
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subset of brook trout populations examined and explore the relevance of genes in these 

regions to local adaptation.   
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Chapter 2: Methods 

2.1 Field Work 

2.1.1 Brook Trout Sampling 
Brook trout (N=360) were sampled non-lethally by backpack electrofishing from nine 

streams along the North Mountain, Annapolis Valley, Nova Scotia in June 2021. In each 

stream, fish (N=20) were collected from each of 2 locations for a total of N=40 

individuals per stream. Sampling locations were separated by ~ 600 m from each other 

(Table 1 and Fig. 1). These streams differed in environmental and physical characteristics 

such as surficial geology, area of drainage basin, stream gradient (Table 1), pH, water 

temperature, and streamflow (Table A1, A2). Fish were measured (fork length) and fin 

clipped. Fin clips were stored in ETOH for subsequent DNA analysis. 

Table 1 Physical characteristics of the nine streams sampled for brook trout in the North 

Mountain, Annapolis Valley, Nova Scotia and average and median fork lengths of 40 

brook trout sampled from each stream. 

Stream Surficial 

Geology 

Area of 

drainage 

basin (km2) 

Stream 

gradient % 

(slope) 

Average 

fork 

length 

(cm) 

Median 

fork 

length 

(cm) 

Ross Creek Scoured 

layer of 

glacial till 

6.9 3.42 10.33 9.5 

Woodworth Scoured 

layer of 

glacial till 

10.78 2.93 11.01 10.8 

Black Hole Scoured 

layer of 

glacial till 

6.42 3.66 11.77 10.6 

Church Vault Thick stony-

granite 

derived till 

10.7 2.70 11.32 11 

Saunders  Thick stony-

granite 

derived till 

8.50 3.33 11.63 11cm 

Robinson Thick stony-

granite 

derived till 

12.3 3.08 10.80 10.45 

Sheep Shearer Silt 7.90 3.77 15.11 14.4 

Healeys Silt 4.9 4.5 11.48 10.95 

Poole Silt 6.89 6.03 12.87 12.4 
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Figure 1 Nine streams in the North Mountain, Nova Scotia sampled for brook trout. 

Shapes indicate the type of surficial geology that make up the streams. 

pH was measured with the pHep+ H198108 (Hanna instruments) in the middle of the 

stream and at both banks. Electrofishing time, water temperature, and air temperature 

were recorded at each stream.  

2.1.2 Temperature Loggers 
HOBO pendant temperature loggers were installed in six streams on April 29, 2021. A 

logger was placed at Church Vault Brook on a tree to record air temperature. The logger 

at Healeys Brook was moved downstream on June 22, 2021, because where it was 

initially installed had dried up. A logger was installed at Poole Brook on this day.  

2.1.3 Streamflow 
Streamflow was measured using the float method as a velocity-area measurement in all 

nine streams once a month from July to November 2021. An A-Just-A-Bubble fishing 

float (Rainbow plastics©) filled half-full with water was used as the float. Streamflow 
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was estimated in straight stream sections with minimal rock obstructions. A reel-

measuring tape was used to measure the width of the stream in both an upstream and a 

downstream site. The length of the stream section was set at approximately 3x the width. 

In most cases the length was at least 2x the width. We also measured depth at every 30 

cm interval in both the upstream and downstream transects. A float was dropped 

approximately 60 cm upstream of the upstream transect marker such that it would gain 

speed before entering the area of streamflow measurement. The time for the float to reach 

the downstream marker was taken with a stopwatch and five measurements were taken 

per stream. Surface velocity in ft/sec for each of 5 floats from every stream was 

calculated. The depths of each of the upstream and downstream sections were averaged 

and the area calculated by multiplying the width of the stream section by the average 

depth. An average area was calculated from the area upstream and downstream for every 

stream. Surface velocity was calculated and multiplied by 0.66 to account for depth as the 

average channel velocity (United States Department of the Interior Bureau of 

Reclamation, 1997). Streamflow or discharge in cubic feet per second (cfs) was 

calculated by multiplying the average velocity by the average area and converted to cubic 

meters per second (cms). pH and surface water temperature were recorded at each 

streamflow measurement site in the middle of the measured section and at both banks. 

2.2 DNA Extractions And Quantification  

DNA was extracted from N=22 individuals per stream chosen to represent a single age 

class based on fork length. For DNA extraction I used the Omega E.Z.N.A tissue DNA 

kit (Omega Bio-Tek) following the manufacturer’s protocol. DNA was quantified (in 

ng/μL) using the Quanti-iT Picogreen dsDNA assay (Invitrogen) with a microplate reader 

and each sample was run in triplicate to get an average quantity (in ng/μL).  

2.3 Library Preparation And Low-Coverage Whole-Genome (lcWGS) 

Sequencing 

Six libraries were prepared for lcWGS following the Illumina DNA Prep protocol with 

modifications of the Illumina Nextera-Flex protocol, Hackflex (Gaio et al., 2022), 

multiplexed library prep from Baym et al. (2015), and the protocol from Therkildsen and 

Palumbi (2017). For a description of library preparation steps see Figure 2. The pooled 
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library of 192 individuals was sequenced on 4 lanes of paired-end 2x 150bp reads on a 

NovaSeq S4 flowcell. 
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Figure 2 Flowchart representing a summary of the lab procedures used for lcWGS library 

preparation. The Illumina DNA prep protocol was used with modifications following 

Illumina Nextera-Flex protocol, Hackflex (Gaio et al., 2022), and the protocol from 

Therkildsen and Palumbi (Therkildsen & Palumbi, 2017). 
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2.4 Data Filtering 

Raw fastq files were assessed using FastQC v.0.11.9 (S. Andrews, 2010) and MultiQC 

v.1.11 (Ewels et al., 2016) and adapters removed with Trimmomatic v.0.39 (Bolger et al., 

2014) in paired end mode. Fastp v.0.23.1 (S. Chen et al., 2018) was used to remove poly-

G tails. FastQC v.0.11.9 (S. Andrews, 2010) and MultiQC v.1.11 (Ewels et al., 2016) 

were run using the trimmed fastq files to confirm that adaptors and poly-G tails were 

removed.  

2.5 Reference Genome Mapping And Sequence Filtering 

Filtered reads were mapped to the lake trout (Salvelinus namaycush) genome 

SaNama_1.0 (GenBank assembly accession: GCF_016432855.1; (Smith et al., 2022) 

with Bowtie2 v.2.4.4 (Langmead & Salzberg, 2012). The indices of the reference genome 

and dictionary were generated using SAMtools v.1.13 (Li et al., 2009) and Picard tools 

v.2.26.3 (“Picard Toolkit,” 2019). Aligned bam files were filtered with SAMtools v.1.13 

(Li et al., 2009) to remove discordantly mapped pairs and those with mapping quality 

score below 20. The pooled library was run on each of the 4 lanes of the flowcell 

resulting in a forward and reverse read for every individual on each lane following 

recommendations regarding batch effects (Lou & Therkildsen, 2022). SAMtools v.1.13 

(Li et al., 2009) was used to merge the mapped bam files to produce one file per 

individual. Picard tools v.2.26.3 (“Picard Toolkit,” 2019) MarkDuplicates command was 

used to identify and remove PCR and optical duplicate reads and overlapping paired 

reads were removed using the Bamutils v.1.0.14 (Jun et al., 2015) clipOverlap command. 

Filtered reads were aligned around indels with GATKs v.3.7 IndelRealigner (McKenna et 

al., 2010) to account for mapping errors and to increase consistency of read alignments in 

regions with indels. Following indel realignment, individual read depth was calculated by 

stream (population) using the SAMtools v.1.13 depth command (Li et al., 2009). Average 

depth per individual and stream (population) were calculated from the depth files 

produced by SAMtools v.1.13 depth command (Li et al., 2009). Average depth per 

stream across 21-22 individuals ranged between 1.8x and 2.6x.  
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2.6 SNP Calling And Genotype Likelihoods 

ANGSD v.0.933 (Korneliussen et al., 2014) was used to estimate minimum and 

maximum depth thresholds to improve accuracy of genotype likelihoods. After depth 

filtering, the .mafs.gz files showing the major, minor, and reference alleles, and 

frequency of minor allele were used to generate a SNP list. The ANGSD v.0.933 

(Korneliussen et al., 2014) sites index function was used to generate index files. 

Genotype likelihoods and minor allele frequencies of 5% were estimated using ANGSD 

and SAMtools identified 1,745,248 SNPs while GATK identified 1,798,343 SNPs. 

SAMtools was chosen for further ANGSD analyses because it is more conserved than 

GATK, which is the more appropriate option given that a reference genome of a different 

species was used. The covariance matrices produced by ANGSD were used to perform a 

principal components analysis (PCA) in R v.4.1.2 (R Studio Team, 2021) with ggplot2 

v.3.3.5 (Wickham, 2016), dplyr v.1.0.7 (Wickham et al. 2021), and tidyverse v.1.3.1 

(Wickham et al. 2019). Eigen vectors and values were calculated from the covariance 

matrices and used to plot principal components explaining the highest percent of 

variation in the SNP data. ANGSD was used to calculate genotype likelihoods. The 

.mafs.gz and beagle.gz files produced from running ANGSD with a supplied SNP list 

were used for the estimation of linkage disequilibrium (LD). PCAngsd v.1.10 (Meisner & 

Albrechtsen, 2018) was used to generate a covariance matrix of individual allele 

frequencies using the LD pruned genotype likelihoods .beagle file produced from 

ANGSD, filtering out data with a minor allele frequency below 5%. The covariance 

matrix was used to perform a PCA in R v.4.1.2 (RStudio Team, 2021) as described 

above.    

2.7 Linkage Disequilibrium And Decay 

The minor allele frequency file (.mafs.gz) and genotype likelihoods file (beagle.gz) 

produced from ANGSD with the supplied SNP list were used to calculate LD using 

ngsLD v.1.1.1 (Fox et al., 2019). LD was tested over three different window sizes (100, 

200, 500kb) with –max_kb_dist. The rate of decay in LD began to slow down at 

approximately 20kb after which SNPs are unlikely to be linked and this was used to 

calculate LD with parameters discussed in the appendix (Figure A1). SNPs in LD were 
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pruned using ngsLD’s prune_graph.pl resulting in 302,953 SNPs. For pruning, the 

minimum weight for assuming SNPs were connected based on r2 values (--min_weight) 

was set to 0.4 based on the LD decay plot and was done by chromosome.  

2.8 LD By Chromosome 

To look for evidence of potential inversions the minor allele frequency and genotype 

likelihood files mentioned above from all 192 Brook Trout were separated into individual 

files based on chromosome. ngsLD v.1.1.1 (Fox et al., 2019) was used to calculate LD for 

each chromosome using –max_kb_dist and –max_snp_dist of 0 while randomly sampling 

50% of SNPs. The r2 values from the LD data was divided into percentiles and plotted as 

heatmaps in R v.4.0.2 (RStudio Team, 2021) using ggplot2 v.3.3.6 (Wickham, 2016) 

following scripts from Mérot et al. (2021). Heatmaps of each chromosome were used to 

find areas of high LD (r2 above ~0.6) and genotype likelihoods were calculated using 

ANGSD on SNPs only in those regions. PCAs for chromosomes with high LD blocks 

were produced using ggplot2 v.3.3.6 (Wickham, 2016) in R v.4.0.2 (RStudio Team, 

2021). A potential inversion should show three groups representing two homokaryotypes 

(i.e., one with and one without the inversion) and heterokaryotypes with one copy of the 

inversion (Huang & Rieseberg, 2020).  

A subset of each of chromosomes 9, 14, 19, 24 (NC_052315.1, NC_052320.1, 

NC_052325.1, NC_052330.1) was chosen for further analyses based on size of blocks of 

LD. LD was calculated for all nine populations pooled, for each population separately, 

and for sets of populations pooled by geology (scoured glacial till, thick glacial till, silt) 

using ngsLD v.1.1.1 (Fox et al. 2019). Heatmaps of LD were produced as described 

above (see appendix for more detail) to determine if blocks of LD were in all nine 

populations or a subset of populations, and to assess the effect of sample size on LD.  

Subsets of five individuals (unless there were not 5 in a group) from each of the three 

groups in PCAs of chromosomes were used to estimate FST. The sample allele frequency 

(SAF) was calculated using ANGSD v.0.933 (Korneliussen et al., 2014) with the -doSaf 

option. Two-dimensional site frequency spectrum (2D-SFS) was calculated between SAF 

groups with realSFS in ANGSD with the -fold 1 parameter. FST was estimated using 

realSFS in ANGSD in sliding windows of 10kb. FST data was used to produce Manhattan 
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plots in R v.4.1.2 (RStudio Team, 2021) with ggplot2 v.3.3.6 (Wickham, 2016), and 

dplyr v.1.0.9 (Wickham et al. 2022) to see if there were high FST SNPs on those 

chromosomes.  

2.9 Heterozygosity 

Heterozygosity is used as a method for identifying potential inversions as 

heterokaryotype individuals represented in the middle of PCAs will have one copy of the 

inverted arrangement and have higher heterozygosity than homokaryotypes with and 

without potential inversions. ANGSD was used to calculate allele frequencies and Hardy-

Weinberg equilibrium with -doHWE on individuals representing the 3 potential inversion 

groups for each of chromosome 9, 14, 19, and 24 using SNP lists for entire 

chromosomes. Observed proportion of heterozygotes (Hobs) was calculated and average 

Hobs in 10kb windows with a 10kb slide was obtained using the R package 

WindowScanR (Tavares, 2022) across entire chromosomes. Average Hobs was also 

calculated within potential inversion regions using a window size that was equal to the 

potential inversion region and boxplots generated using R v.4.0.2 (RStudio Team, 2021) 

and ggplot2 v.3.3.6 (Wickham, 2016). Hobs represents the per base position across 

individuals in each of the inverted homokaryotype, heterokaryotype, or non-inverted 

homokaryotype groups. For each chromosome and group (inverted homokaryotypes, 

heterokaryotypes, non-inverted homokaryotypes) I estimated the Bonferroni corrected 

(p<0.001) number of SNPs within the corresponding region that deviated from Hardy-

Weinberg.  

2.10 Nucleotide Diversity And Divergence 

Nucleotide diversity () and divergence (dxy) can be used to look at age of inversions 

where younger inversions can have lower diversity and divergence because there has not 

been as much time for genetic variation to accumulate compared to the ancestral 

arrangement. Selection is also known to impact patterns of diversity. The same 

individuals used for heterozygosity representing the 3 potential inversion groups were 

used for diversity and divergence calculations. ANGSD v.0.933 was used to get global 

counts of potential inversion groups to select appropriate maximum and minimum depth 

filters for SAF and run again with -doSaf. SAFs were used to get the folded site 
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frequency spectrum using realSFS in ANGSD v.0.933 and saf2theta used to output theta 

values. A 10kb sliding window analysis with a slide of 10kb was done on the thetas using 

do_stat from thetaStat in ANGSD v.0.933.  was plotted inside and outside potential 

inversion regions for homokaryotypes with inversions and homokaryotypes without 

inversions. ANGSD v.0.933 was run using -doMaf and SNP lists for regions inside 

potential inversions and the minor allele frequencies were used to calculate dxy using 

modifications to 

https://github.com/mfumagalli/ngsPopGen/blob/master/scripts/calcDxy.R. The R package 

WindowScanR (Tavares, 2022) was used to produce average dxy in windows of 10kb with 

a 10kb slide. Dxy was plotted for inverted and non-inverted individuals inside potential 

inversion regions.  

2.11 Population Genomics  

Pairwise weighted FST were estimated between each pair of brook trout populations using 

ANGSD v.0.936 (Korneliussen et al., 2014) and between populations in the three 

different geological groupings (scoured glacial till, thick glacial till, silt). The SAF was 

first estimated for each population (-doSaf where SAF is the population folded minor 

allele frequency). It is folded because the reference genome is used as the ancestral state 

rather than an outgroup. Genotype likelihoods and posterior probabilities are used to 

estimate the SAF for each population before the site frequency spectrum (SFS) is 

generated. The SAF files per population were used to obtain the folded two-dimensional 

site frequency spectrum (2D-SFS) between all 36 population combinations using the 

realSFS program in ANGSD. The -fold 1 parameter was used with the unfolded .saf files 

to generate the folded 2D-SFS. FST was estimated between all 36 population 

combinations and between the three geological groupings (scoured glacial till, thick 

glacial till, silt). ANGSDs realSFS was used to first estimate the per site FST index with 

unfolded SAF and folded SFS using the fst index command with -whichFst 1. FST was 

then estimated using realSFS fst stats2 command with a window size of 10kb and a step 

size of 10kb. The resulting text files of windowed FST estimates were used to generate 

Manhattan plots in R v.4.1.2 (RStudio Team, 2021), with ggplot2 v.3.3.6 (Wickham, 

2016), and dplyr v.1.0.9 (Wickham et al. 2022). The same method was used to observe 
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potential inversions on chromosome 9, 14, 19, and 24. For each chromosome, 5 

individuals (except for some inversion groups where there are 4 individuals) representing 

each of homokaryotypes with inversions, homokaryotypes without inversions and 

heterokaryotypes were analyzed using the above steps and Manhattan plots generated 

across the genome and on each of the 4 chromosomes.  

2.12 Admixture 

NGSadmix (Skotte et al., 2013) is part of ANGSD (v.0.933) and was used to infer the 

likely number of populations through calculation of likelihood ratios from admixture 

proportions using the LD pruned genotype likelihoods (.beagle.gz). NGSadmix was run 

setting -K from 1-10 and repeating each K run 5 times with a filter for minor allele 

frequency of 5%. CLUMPAK (Kopelman et al., 2015) was used to calculate delta K and 

the corresponding admixture proportion file (.qopt) was plotted in R v.4.1.2 (RStudio 

Team, 2021). 

2.13 Geology Vs Distance As Predictors Of FST  

The type of glacial till, referred to as surficial geology throughout is an environmental 

characteristic that differs between groups of populations. Scoured glacial till is exposed 

bedrock with thin layers of leftover glacial material, thick glacial till is a mixture of stone 

and sandy material from glaciers left on top of bedrock, and silt streams consist of a 

compact clay and sand like material (Richard & Bradley, 1992). Geology could be related 

to the distance between streams and a generalized linear model (GLM) was used to find a 

significant predictor of linearized FST. Pairwise weighted FST were estimated between all 

36 pairs of population combinations using ANGSD v.0.936 (Korneliussen et al., 2014) as 

described in the population genomics section. R studio v.4.1.2 was used to calculate mean 

FST per population and linearized following the method in Rousset (1997). The stats 

package 4.1.2 (R Core Team, 2020) in R studio v.4.1.2 (RStudio Team, 2021) was used 

to fit a GLM using a gaussian function with distance in km and whether populations were 

within a geology group or between geology groups as predictors of linearized FST. 

Predicted linearized FST was plotted against actual linearized FST to visualize the model 

prediction using ggplot2 v.3.3.6 in R studio v.4.1.2 (RStudio Team, 2021). 
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2.14 Gene Annotations 

Regions of potential inversions on chromosomes 9, 14, 19, and 24 were used to 

determine genes and gene annotations in those regions to search for a potential 

connection to local adaptation. Size of potential inversions were adjusted for some 

chromosomes after plotting observed heterozygosity as it was easier to determine start 

and stop positions from those plots. The UCSC genome browser (Kent et al., 2002) was 

used to search potential inverted regions on chromosomes 9, 14, 19, and 24 of the lake 

trout genome and the resulting gene table was sorted in R v.4.0.2 (RStudio Team, 2021) 

to search for unique gene symbols. The lake trout genome is not fully annotated and as 

such resulting loci not corresponding to any genes were removed from further analyses. 

Lists of gene symbols were searched in Metascape v.3.5 (Zhou et al., 2019) with input 

species as any and analysis as human to find GO terms of biological processes, pathways, 

and protein interactions. Gene symbols were also searched on google scholar using the 

gene symbol and salmonid to determine if there were any relevant genes in already 

published data.   
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Chapter 3: Results 

3.1 Genome Mapping, Filtering, And Sequence Depth 

The target sequencing depth was 3x and average depth per stream shows a range between 

1.8x and 2.6x after filtering out low quality reads (Figure 3).  

 

Figure 3 Average sequencing depth per stream (population) calculated at all positions 

covered by reads using the lake trout (Salvelinus namaycush) reference genome. Error 

bars are 95% confidence intervals. Streams are ordered from East to West among the 

North Mountain, Nova Scotia. 

3.2 ANGSD SNP Calling And Genotype Likelihoods 

PCA of the covariance matrix representing 1,745,248 SNPs show grouping of individuals 

by population and geology except for Poole Brook (Figure 4A). PC1 explains 7.92% of 

variation and PC2, 5.68% of variation. PCA done using likelihoods and frequencies 

determined with the SNP list following SNP discovery shows similar groupings (Figure 

S1). An LD pruned SNP list was used with ANGSD to produce a PCA where PC1 

explains 6.41% of variation and PC2, 5.01% of variation in genotype likelihood data 

(Figure 4B). Individuals from scoured glacial till and thick stony glacial till group closer 

together on PC1 and PC2 than figure 4A that is based on all SNPs. Results using GATK 

for genotype likelihoods were similar (Figure S2).  
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Figure 4 PCA with genotype likelihoods for N=192 brook trout. A) Covariance matrix 

based on 1,745,248 SNPs. B) Covariance matrix based on 302,953 SNPs (i.e., SNPs left 

after pruning for SNPs in LD). Colors indicate streams and shapes indicate geology. 

3.3 Admixture 

The best K as determined from delta K in CLUMPAK is 4. Admixture proportions of K4 

indicate that individuals are grouped based on geology except for Poole Brook which is 

different from the neighboring Healeys Brook and Sheep Shearer both located within the 

same silt geology type (Figure 5).  
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Figure 5 Admixture proportions for K=4. Each bar represents an individual brook trout.  

RC= Ross Creek, WW= Woodworth, BH= Black Hole, CV=Church Vault, SB= Saunders 

Brook, RB= Robinson, SS= Sheep Shearer, HE = Healeys, PL= Poole Brook. Admixture 

analysis was done using the LD pruned SNP list. Populations group by geological 

background with the exception of Poole.  

3.4 Potential Inversion Support 

3.4.1 Linkage Disequilibrium 

Heatmaps of LD for all populations pooled using the lake trout genome indicate multiple 

blocks of LD (r2 > 0.60) on 30 chromosomes with chromosome 9, 14, 19, and 24 

(NC_052315.1, NC_052320.1, NC_052325.1, and NC_052330.1) containing the largest 

LD blocks (Figure 6, Table 2). The size of LD blocks seen on these chromosomes differ 

with the largest on chromosome 14 and 19 while chromosome 24 contains two LD blocks 

(Figure 6, Table 2). Genotype likelihoods and minor allele frequency were estimated for 

SNPs in LD blocks for all 30 chromosomes which contain LD blocks (Figure 6) using all 

individuals and PCAs generated (not included). Chromosome 9 contains 26,792 SNPs, 

chromosome 14 21,488 SNPs, chromosome 19 25,705 SNPs, and chromosome 24 31,569 

SNPs. 
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Figure 6 Heatmaps of r2 from LD calculations for 192 brook trout on all 42 chromosomes 

in the lake trout genome. The second percentile of r2 values in 250 kb windows were used 

for plotting. High r2 values and dark colours represent areas on a chromosome with high 

LD. 
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Table 2 Size of LD blocks on four lake trout chromosomes. The size was determined 

from the r2 of LD depicted in heatmaps produced for these chromosomes using all 192 

brook trout. 

Chromosome Size of LD block (mb) 

9 (NC_052315.1) 20-45 

14 (NC_052320.1) 5-30 

19 (NC_052325.1) 0-31 

24 (NC_052330.1) 11-19 and 21-35 

 

Heatmaps were also produced with populations pooled by geology (scoured glacial till, 

thick glacial till, and silt), and individually by populations to further look at patterns of 

LD. 

3.4.1.1 Chromosome 9, 19, and 24 
Large LD blocks are seen on chromosomes 9, 19, and 24 when all populations are pooled 

(Figure 6). When individuals from streams in the west (Healeys, Sheep Shearer, Poole) 

are excluded, the LD pattern disappears in the remaining 6 populations pooled (Figure 7A 

and 7B) suggesting the LD patterns in chromosomes 9, 19, and 24 appear exclusively in 

the three western populations (Healeys, Sheep Shearer, Poole). For all three 

chromosomes (i.e., chromosomes 9, 19, 24) I then plotted the LD patterns individually by 

populations (panels A, B, and C in Figures 8-10) and pooled within substrate type 

(Figures 8D, 9D, 10D). Once again, no LD was observed in the populations from either 

the scoured or the thick stony glacial till, but LD persisted in the three western 

populations from the silt substrate, whether examined individually (panels A,B,C in Figs 

8-10) or pooled (panel D in Figures 8-10). That this LD pattern persists when the samples 

from the three populations are pooled suggests the LD is not due to chance due to small 

sample size. 
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Figure 7 Heatmaps of chromosomes 9, 14, 19, 24 (NC_052315.1, NC_052320.1, 

NC_052325.1, NC_052330.1) from the lake trout genome. r2 values in 250kb windows of 

the second percentile from LD calculations are shown. A) Heatmaps of all 9 populations 

pooled B) 6 populations excluding individuals from silt streams (Healeys, Sheep Shearer, 

Poole). High r2 values are those with dark colours and represent areas of high LD.  
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Figure 8 Heatmaps of chromosome 9 (NC_052315.1) from the lake trout genome. r2 

values from LD calculations in percentiles are depicted. High r2 values are those with 

dark colours and represent areas of high LD. A-C) Individual populations, D) populations 

pooled by geology type (Scoured glacial till, thick glacial till, silt). 
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Figure 9 Heatmaps of chromosome 24 (NC_052330.1) from the lake trout genome. r2 

values from LD calculations in percentiles are depicted. High r2 values are those with 

dark colours and represent areas of high LD. A-C) Individual populations, D) populations 

pooled by geology type (Scoured glacial till, thick glacial till, silt). 
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Figure 10 Heatmaps of chromosome 19 (NC_052325.1) from the lake trout genome. r2 

values from LD calculations in percentiles are depicted. High r2 values are those with 

dark colours and represent areas of high LD. A-C) Individual populations, D) populations 

pooled by geology type (Scoured glacial till, thick glacial till, silt). 

3.4.1.2 Chromosome 14 
A large LD block is also seen on chromosomes 14 when all populations are pooled, and 

the LD block disappears when streams in the west are excluded (Figure 7). LD blocks are 

seen in western streams individually and when pooled by geology suggesting that LD in 

individual populations is not due to sample size (Figure 11). On chromosome 14, a large 

LD block is also present among individuals from Woodworth and this pattern persists 

when populations are pooled by geology in scoured glacial till but disappears when 

western populations are excluded (Figure 7, 11). This unique pattern is also present to a 

lesser extent in individuals from Ross Creek and Black Hole. This pattern is not seen on 

chromosomes 9, 19, and 24.  
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Figure 11 Heatmaps of chromosome 14 (NC_052320.1) from the lake trout genome. r2 

values from LD calculations in percentiles are depicted. High r2 values are those with 

dark colours and represent areas of high LD. A-C) Individual populations, D) populations 

pooled by geology type (Scoured glacial till, thick glacial till, silt). 

3.4.2 Genotype Likelihoods 

PCA of chromosomes 9, 14, 19, and 24 show 3 groups with individuals clustering as 

heterokaryotypes with and without inversions on the left and right side and 

heterokaryotypes in the middle which is expected for potential chromosomal inversions 

(Figure 12). For all chromosomes, the number of individuals with the potential inversion 

is 5 or fewer and most individuals fit into the homokaryotypes without inversions group. 

Chromosome 14 and the first block of LD on chromosome 24 have 4 individuals with the 

potentially inverted arrangement in PCAs (Figure 12). On chromosome 9 individuals 

from Sheep Shearer and Healeys are found in each of the 3 groups indicating there are 

individuals with and without potential inversions. A similar pattern is found in both LD 

blocks on chromosome 14 and 24 where there are individuals with and without inversions 

from Healeys. Individuals from Woodworth show high levels of LD on chromosome 14 
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(Figure 11) and in the PCA some of the individuals from Woodworth group closer to the 

middle representing heterokaryotypes (Figure 12). On chromosome 19 there are no 

individuals from Poole that have the non-inverted arrangement (Figure 12). 

 

Figure 12 A-E PCA for LD blocks on Chromosomes 9, 14, 19, and 24. There were two 

distinct LD blocks on chromosome 24 where D) represents the first block and E) 

represents the second. The 3 clusters in A-E represent the different karyotypes expected 

when there is an inversion. The middle group on each PCA represents heterokaryotypes 

that have one copy of the inversion, the left and right groups represent either individuals 

with two copies of the inversion arrangement or no inversion arrangements.  

3.4.3 Genetic Differentiation 

Manhattan plots of five individuals from each of the 3 groups except chromosome 9 and 

the first LD block of chromosome 24 where there were four individuals show a peak of 

high FST SNPs on potentially inverted chromosomes despite genome wide high levels of 

FST (Figure S8-12). Some peaks such as on chromosome 9 are more distinct than other 

potentially inverted chromosomes, but these high levels of FST provide further support for 

potential inversions.  
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3.4.4 Observed Proportion Of Heterozygotes (Hobs) 

Average observed heterozygosity (Hobs) was calculated in 10kb windows across 

chromosomes 9, 14, 19, and 24 to further support potential inversions. Lower average 

Hobs is seen among individuals homozygous for the potential inversion and for the 

alternate arrangement where heterokaryotypes show expected higher levels of average 

Hobs (Figure 13, S14). The start and stop position of potential inversions was more 

precisely estimated from average Hobs compared to the LD blocks and 3 of the 4 inversion 

sizes were adjusted. The potential inversion on chromosome 9 is from 22-42Mbp, 

chromosome 14 was unchanged at 5-30Mbp, and chromosome 19 is from 13-25Mbp. 

Chromosome 24 was thought to have two potentially separate inverted regions, and 

average Hobs suggests the potential inversion is in the second chunk further along the 

chromosome at 20-32Mbp (Figure S13).  

Average Hobs was calculated within potentially inverted regions on chromosomes 9, 14, 

19, and 24 using windows the size of potential inversion regions. This produced the 

expected pattern of very low heterozygosity within the LD block in individuals that have 

two copies of the inverted alleles (left column), intermediate Hobs in homokaryotypes 

with two copies of the non-inverted alleles (right column), and very high Hobs particularly 

within the LD block among heterokaryotypes have the highest Hobs on all 4 chromosomes 

(Figure 13).  
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Figure 13 Average observed proportion of heterozygotes (Hobs) in windows the size of 

potential inversion regions. Individuals included in each of inverted homozygotes, 

heterozygotes, and non-inverted homozygotes are those represented by the 3 different 

karyotype groups in PCAs of LD blocks (Figure 12). For chromosome 9 there are 5 

potential inverted homokaryotypes, 23 potential heterokaryotypes, and 140 potential non-

inverted homokaryotypes. For chromosome 14 there are 4 potential inverted 

homokaryotypes, 9 potential heterokaryotypes, and 163 potential non-inverted 

homokaryotypes. For chromosome 19 there are 7 potential inverted homokaryotypes, 12 

potential heterokaryotypes, and 169 potential non-inverted homokaryotypes. For 

chromosome 14 there are 4 potential inverted homokaryotypes, 11 potential 

heterokaryotypes, and 166 potential non-inverted homokaryotypes. All individuals from 

each of the inverted, non-inverted homokaryotypes and heterokaryotypes were used to 

calculate Hobs. Hobs is calculated as a population representing inverted homozygotes, 

heterozygotes, or non-inverted homozygotes per SNP position then averaged. 

3.5 Nucleotide Diversity (π) And Divergence (Dxy) 

For all 4 chromosomes there is a consistent pattern of slightly higher π among potentially 

inverted homokaryotypes both within and outside (collinear region) the putatively 

inverted region (Figure 14, groups 1 and 2, respectively) than in the putatively non-

inverted homokaryotypes (Figure 14, groups 3 (within) and 4 (outside) the region).  
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Figure 14 Nucleotide diversity (Pi) within the potential inversion region of individuals 

representing the homokaryotypes with and without potential inversions compared to 

collinear regions on chromosomes 9, 14, 19, 24. Individuals representing 

homokaryotypes with and without potential inversions are those in the left and right 

clusters of PCAs on LD blocks of chromosomes (Figure 12). Group 1 are 

homokaryotypes with the potential inversion where Pi is inside potential inversion 

regions, group 2 are homokaryotypes with the potential inversion where Pi is the 

collinear region of each chromosome. Group 1 and 2 are the same individuals, but Pi was 

calculated inside potential inversion regions and outside. Group 3 are homokaryotypes 

without the potential inversion where Pi is inside potential inversion regions and group 4 

homokaryotypes without the potential inversion where Pi is collinear regions on each 
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chromosome. Group 3 and 4 are the same individuals, but Pi was calculated inside 

potential inversion region and outside. For chromosome 9 there are 5 potentially inverted 

homokaryotypes and 140 potential non-inverted homokaryotypes. For chromosome 14 

there are 4 potential inverted homokaryotypes and 163 potential non-inverted 

homokaryotypes. For chromosome 19 there are 7 potential inverted homokaryotypes and 

169 potential non-inverted homokaryotypes. For chromosome 14 there are 4 potential 

inverted homokaryotypes and 166 potential non-inverted homokaryotypes. 

Nucleotide divergence is greater among collinear regions of homokaryotypes with 

inversions than inside inversion regions on chromosomes 9, 14, 19, and 24 (Figure 15). 

This pattern is expected if diversity was higher in homokaryotypes without inversions 

although homokaryotypes with and without the inversions show similar diversity (Figure 

14).  

 

 

Figure 15 Average nucleotide divergence (dxy) within and outside (i.e., collinear region) 

the inverted regions of all individuals representing homokaryotypes with potential 

inversions from PCAs of LD blocks shown in figure 12 which are those in the small 

cluster on the left for on chromosomes 9 and 14 and those on the right in clusters on 

chromosomes 19 and 24. For chromosome 9 there are 5 potentially inverted 

homokaryotypes. For chromosome 14 there are 4 potential inverted homokaryotypes. For 

chromosome 19 there are 7 potential inverted homokaryotypes. For chromosome 14 there 

are 4 potential inverted homokaryotypes. 
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3.6 Gene Annotations 

Lists of gene symbols within potential inversions on chromosomes 9, 14, 19, and 24 were 

searched for gene ontology (GO) terms to look for potential biological processes, 

pathways, and protein interactions that might be important to local adaptation. Some 

genes located on all four chromosomes have a potential connection to response to 

temperature and western streams that these individuals are from have higher maximum 

daily water temperatures (Table 3,4 and Figure 16).  

 

Figure 16 Maximum daily water temperatures calculated from water temperature 

recorded every two hours from May-November 2021 with HOBO pendant loggers. 

Temperature was recorded in a subset of the nine streams. The red line represents 

temperature that brook trout avoid.  
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Table 3 Biological processes and pathways involved in statistically significant gene 

symbols from chromosomes 9, 14, 19, and 24. Processes with a -log10(P) greater than 3 

were included in the table. 

Chromosome GO biological process, KEGG Pathways, Reactome Gene Sets 

9 Platelet activation, axon guidance 

14 Glutathione metabolism, positive regulation of intracellular protein 

transport, regulation of transcription initiation by RNA polymerase II, 

negative regulation of binding, positive regulation of cell growth, 

response to temperature stimulus 

19 COPII-mediated vesicle transport, regulation of cell-substrate 

adhesion, positive regulation of apoptotic process, positive regulation 

of protein localization to membrane 

24 Epithelial tube morphogenesis, cellular lipid catabolic process, 

protein folding, muscle contraction 

 

Table 4 Protein-enrichment for gene symbols from chromosomes 9, 14, 19, and 24. 

Chromosome Protein-protein Interaction Enrichment 

9 Inflammatory mediator regulation of TRP channels, C-type lectin 

receptor signaling pathway, growth hormone synthesis, secretion 

and action 

14 Regulation of TP53 activity through phosphorylation, vesicle-

mediated transport in synapse, mRNA metabolic processes 

19 COPII-mediated vesicle transport, ER to Golgi anterograde 

transport, transport to the golgi and subsequent modification 

24 Muscle structure development 

 

3.7 Distance And Geology As Predictors Of FST  

GLM of distance and geology as predictors of linearized FST suggest a small positive and 

significant relationship between distance and linearized FST slope= 0.001894, p<0.05 

(Table 5) suggesting that with every increase in FST the distance increases. Whether 

individuals are within a geology group has a negative and non-significant relationship 

with FST slope= -0.00643, p>0.05 (Table 5) suggesting that individuals within a geology 

group have lower FST than between geology groups, but this is not significant. The actual 

linearized FST plotted against the models predicted FST suggests that individuals in 

streams that are further away tend to have higher FST which is also seen when average FST 

per population comparison is plotted again distance in km (Figure 17 and Figure S7).  
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Table 5 Summary coefficients for GLM of distance in km and geology group as 

predictors of linearized FST. The model was produced using the gaussian family. Geology 

predictor represents individuals within a geology group or between different geology 

groups (scoured glacial till, thick glacial till, silt). 

 Estimate p-value 

Intercept 0.214114 1.55E-08 

Distance (km)  0.001894 0.00272 

Within geology group -0.00643 0.83888 

 

 

Figure 17 Predicted linearized FST based on a GLM of distance and geology as predictors 

of linearized FST. The y axis is the actual linear FST values and the x axis are linear FST 

predicted from the GLM.  
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Chapter 4: Discussion 

4.1 Overall Findings And Importance 

Four large putative chromosomal inversions representing 3% of the lake trout genome were 

discovered among western populations of brook trout where the surficial geology differs 

from the other streams. Smaller haploblocks were detected in other chromosomes and they 

suggest the existence of other potential structural variants, haploblocks under selection or 

potential smaller inversions. Patterns of LD are similar among chromosomes 9, 19, and 24 

showing individuals from western streams exhibiting large LD blocks. On chromosome 14 

individuals from western streams and from one stream in the east, Woodworth, show 

evidence of a large LD block. The fact that LD patterns occur in individual streams from 

the west and persists when populations are combined, suggest that the LD patterns observed 

in individual populations are not due to random departures from equilibrium due to small 

sample size. Patterns of LD and Hobs suggest these are potential inversions rather than other 

types of structural variants although they could also be large haploblocks under selection; 

they are also rare given that they were generally found in a low number of individuals. 

Gene ontology of some genes within potential inversion regions suggest biological 

processes that could be important to local adaptation among the western populations 

particularly with regards to temperature tolerance. The discovery of new potential 

inversions in brook trout from lcWGS adds to previous work using reduced representation 

sequencing methods (Sutherland et al., 2016) and provides a better understanding of 

inversion differences and similarities with the closely related lake trout (Boeberitz et al., 

2020). The occurrence of potential inversions among predominantly western populations 

indicates a potential role in local adaptation likely due to temperature differences among 

streams suggesting local adaptation and stream colonization history could be important 

factors contributing to the observed differences. The cerkl (ceramide kinase like) gene 

found within the inversion on chromosome 19 is a relative of cerk (ceramide kinase) which 

is known to effect thermal adaptation in other salmonids. Cerkl could play an important 

role in local adaptation to temperature differences. 
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4.2 Caveats And Limitations To lcWGS For Inversion Detection In Species 

With Small Ne, Genetic Drift, And Limited To No Gene Flow 

The use of whole genome sequencing has facilitated the detection of structural variants 

including chromosomal inversions allowing us to further understand the role of local 

adaptation among populations. In addition, lcWGS makes this more accessible as the cost 

of sequencing continues to drop and library preparation is cost effective (Lou et al., 2021; 

Therkildsen & Palumbi, 2017). By using lcWGS, we were able to calculate LD across 

entire chromosomes providing initial support for probable inversions, common in 

inversion discovery (Faria, Chaube, et al., 2019; Harringmeyer & Hoekstra, 2022; Mérot 

et al., 2021), but this technique also has caveats to consider. Inversion discovery via 

methods such as LD have been biased to large regions of genomes because the ability to 

detect reduced recombination in heterokaryotypes increases with inversion size as more 

SNPs will be in LD (Hale et al., 2021; Wellenreuther & Bernatchez, 2018). Large 

inversions are also common because they contain more alleles and genes that could be 

beneficial and therefore become established (Connallon & Olito, 2022). It is also 

important to note that LD blocks can be the result of other structural variants such as 

fusions or haploblocks under selection and this is why LD is the first step in inversion 

detection (Mérot et al., 2020). In addition, lcWGS provides genotype likelihoods 

(probability of observing a genotype at each site in an individual given that if diploid, 

there are 10 potential genotypes) rather than direct genotype calls and available software 

for environmental analysis often require direct genotype calls. Genotype environmental 

analyses such as RDA require direct genotype calls which can be obtained by converting 

genotype likelihoods, but this is not ideal because the confidence in calls will be low due 

to low coverage. There is a need therefore to develop software that can use likelihoods 

for genotype environmental type analyses. This shortcoming is currently addressed by 

genotyping a few individuals at high depth therefore increasing confidence in calls via 

imputation (see e.g., VanRaden et al. 2015). Using genotype likelihoods has its own 

drawbacks that can be addressed using filters for sequencing quality scores and 

parameters in commonly used programs such as ANGSD for depth and minor allele 

frequencies as an example (Lou et al., 2021). See the appendix for all filtering used. 

Small sample size from each stream in the current study likely added to biases of certain 
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analyses such as nucleotide diversity and FST. Both are calculated from the sample allele 

frequency (SAF) which considers all individuals from each population. In addition, Lou 

et al. (2021) showed through simulations that diversity is generally either under or 

overestimated depending on sample size, depth and genotype likelihood model used, 

whether GATK or SAMtools. While more studies are using lcWGS, the role sample size 

plays in analyses is not entirely known and remains an area of discussion, especially for 

study systems where species have small effective sizes, little to no gene flow and strong 

genetic drift (Fuentes-Pardo & Ruzzante, 2017; Lou et al., 2021) Previous research on 

some of these brook trout populations suggest that they have small effective sizes 

(Ruzzante et al., 2016). This allowed for discovering limitations of analyses that can be 

done with lcWGS. Many studies that use lcWGS have done so on marine species with 

large population sizes and high gene flow (e.g., Atlantic cod, Atlantic silverside; 

O’Donnell & Sullivan, 2021; Wilder et al., 2020). A large population size will facilitate 

the identification of outlier loci that might be linked to local adaptation as genetic drift 

does not have as large an impact and therefore genome wide FST estimates are relatively 

low. While FST was used in the current study as a secondary method to identify potential 

inversions this method is not recommended for the finding of outlier loci in small 

populations because drift can cause issues with false positives as seen in a study on small 

populations of Alpine ibex (Leigh et al., 2021). In addition, rates of recombination can 

also impact false positive detection (Booker et al., 2020). 

Another limitation to this study was the use of the lake trout reference genome due to the 

lack of available brook trout genome. Although brook trout is more closely related to lake 

trout than to other salmonids with available genome sequence (Lecaudey et al., 2018), 

salmonids in general have been through whole genome duplication events which could 

affect the number and type of structural variants between two species. While the lake 

trout genome is fully annotated, there are regions on the potential inversion chromosomes 

where there is no gene information available. Newer versions of the lake trout genome 

could lead to increased confidence in the placement of scaffolds on chromosomes and the 

discovery of more gene locations. In addition, with the discovery of these potential 

inversions, it remains unknown whether the reference genome of the lake trout has the 

ancestral or derived arrangements making it difficult to determine which arrangements in 
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the current study are derived or ancestral. Mapping to the lake trout genome is not ideal 

because it can introduce bias to analyses as regions that are most conserved will have 

better mapping success and it can produce lower mapping quality reads (Bohling, 2020; 

Fuentes-Pardo & Ruzzante, 2017). As such, steps were taken to account for this. 

Parameters described in the methods and appendix such as indel realignment and removal 

of duplicate reads were used to be more stringent. It is important to note that potential 

inversions discovered here could also simply be from using the lake trout genome 

however if this were the case, I would not expect to see these large haploblocks only in a 

subset of the streams. 

4.3 Environmental Characteristics Vs Genetic Distance 

The nine streams sampled along the North Mountain, Nova Scotia have different 

environmental characteristics, some of which were examined in this thesis such as the 

surficial geology, pH, water temperature and streamflow. Ruzzante et al. (2016) 

suggested environmental differences between streams could explain the large variation in 

effective to census population size ratios and I explored such potential relationships 

further. PCA of all nine populations show individuals grouping based on the surficial 

geology with the exception of Poole brook (Figure 4), and admixture analysis show the 

same pattern (Figure 5) suggesting there are likely 4 population groups. The results based 

on over one million SNPs add to the findings of Ruzzante et al. (2016) and suggest that 

pairs of populations closer together are more similar to each other than pairs of 

populations further apart. While the grouping of populations by surficial geology could 

be important, it requires further consideration. In this study system, streams on the same 

surficial geology type are also located closer to each other than to streams on different 

surficial geology types. It would be ideal if the surficial geology types were dispersed 

throughout the North Mountain to help further understand this potential relationship. That 

the streams on the same surficial geology type are close together could confound the 

patterns I have found in my thesis. Surficial geology and bedrock characteristics are 

important factors to consider when looking at local adaptation to stream dwelling fish 

because of its interconnectedness with streamflow and water temperature via surface 

drainage and conductivity (Newton et al., 1987; Webster et al., 2006). The North 

Mountain consists of three flow units, upper, middle, and lower which have basalt 
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formations of variation in thickness underlying surficial geology (Kontak, 2001). Streams 

in the west generally cut through the lower and middle flow units while all other streams 

are among the middle flow unit or cut through the middle and upper flow unit. Evidence 

from the current study suggests that streams in the west are warmer and have lower 

streamflow which can in part be explained by silty till which due to its thinness, would 

reduce groundwater availability. While surficial geology seemed important to population 

structuring, GLM analysis of distance between streams and surficial geology (Table 5, 

Figure 17) indicates distance is a significant predictor of linearized FST. This pattern of 

isolation by distance (IBD) was likely the result of the progressive colonization of 

streams from west to east currently maintained by low levels of gene flow. Although 

surficial geology is not a significant predictor, it is important to note that western streams 

dried up in the summer months and made streamflow nil or at least impossible to 

measure. That surficial geology was not a significant predictor is not to say it does not 

play a role in the patterns I see. Linearized FST was calculated across the genome and not 

just within potential inversion regions. It is thus possible that if this analysis was done 

focusing on potential inversion regions that it could be more significant. A complete 

genotype-environment analyses would be required to more effectively examine the 

potential role of surficial geology. Future work might focus on the effects of habitat 

fragmentation due to drying of streams and its role in local adaptation which presumably 

will intensify as climate change continues (Blackman et al., 2021). Genetic drift is 

pronounced in small populations and can outcompete the role of natural selection. While 

we do not know which is the case here, extensive research on brook trout in Cape Race 

Newfoundland suggests that despite small population sizes, brook trout are able to adapt 

in fragmented habitats through phenotype-environment associations (Wood et al., 2014, 

2016; Wood & Fraser, 2015; Zastavniouk et al., 2017). The putative inversions 

discovered here suggest they could be important in local adaptation and might have a 

connection to phenotypic plasticity if genes in potentially inverted regions are related to 

characteristics such as growth, colouration and metabolism. While more work is needed 

for gene annotation, results indicate that all four chromosomes contain genes that could 

be involved thermal adaptation (Table 3).   
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4.4 Stocking And Hybrids 

It is important to note that the presence of potential inversions in only western streams is 

not likely due to stocking. To our knowledge none of the studied streams have been 

stocked with brook trout. Rumsey Lake, which drains into Poole Brook, was stocked 

once with brook trout (~200) in 1997 and multiple times with rainbow trout starting in the 

1970s and continuing to the present. Elliot Lake, which drains into Healeys and Sheep 

Shearer brook, was stocked with brown trout and tiger trout a few times in the 1990s and 

early 2000s (John MacMillan, personal communications, July 2022). Two brown trout 

individuals were sampled in each of Healeys and Sheep Shearer but they are 

phenotypically quite distinct from brook trout, so it is highly unlikely we sampled brown 

trout that we thought were brook trout. Tiger trout are sterile suggesting its unlikely that 

any mating occurred between brook trout and tiger trout that could cause genetic 

differences among populations. No tiger trout were sampled in either steam. Although 

there is potential for undocumented stocking, an extensive study on brook trout in Nova 

Scotia based on microsatellite DNA suggests that introgression of hatchery and wild 

stocks is limited and therefore unlikely to have an impact (Lehnert et al., 2020). It is 

worth noting that the presence of brown trout in Healeys and Sheep Shearer brook could 

create competition for resources. In all other sampled streams, American eels are the only 

competitors (John MacMillan, personal communication, May 2021).  

4.5 Deglaciation, History Of Colonization And Inversions 

The discovery of potential inversions unique to western streams could be explained by 

the post glacial colonization history of brook trout in the North Mountain as a result of 

deglaciation of Atlantic Canada. Different patterns of ice advance and retreat took place 

in the North Mountain region of Nova Scotia during the late Wisconsinan phase 

approximately 14,000-10,000 years before present (Stea et al., 1998). During this period, 

different marine incursion and recession events generated a post-glacial history that led 

the western streams (Healeys, Sheep Shearer, Poole) to deglaciate sooner than the eastern 

streams (Shaw et al., 2006; Stea, 2004, John Gosse, personal communications, November 

2022). The specific timing of post-glacial history is unknown for the study streams. We 

do know, however, that the western streams deglaciated first. The timing of deglaciation 
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is expected to have affected the stream colonization sequence contributing to the IBD 

pattern we observed in the present populations aided by minimal gene flow among 

streams. This is also consistent among other populations of brook trout where IBD 

patterns created from postglacial colonization help genetic structuring with limited gene 

flow for example see Pilgrim et al., 2012. In a more recent study on brook trout from 

Québec by Ferchaud et al. (2020), they found that high levels of genetic differentiation 

and low levels of IBD affecting adaptive variants can be partially explained by 

colonization history. Colonization history of brook trout involves 3 refugia of which 

eastern Canada contains individuals with Atlantic and Acadian refugia assemblages 

(Danzmann et al., 1998). Mitochondrial DNA (mtDNA) work on brook trout from New 

Brunswick, Nova Scotia, and Cape Breton suggests however, that all populations in this 

region derive from one lineage (Jones et al., 1996). It is important to note that no original 

research on brook trout assemblages used samples from any of the streams sampled in the 

present study, so it is possible that another assemblage exists given the history of 

deglaciation. The colonization history of brook trout in Labrador is hypothesized to be 

from Mississippian and Atlantic refugia and/or an Acadian refugium (Black et al., 1986; 

Danzmann et al., 1998). Results based on microsatellite analyses of brook trout in 

Labrador suggest a mix of the two hypotheses (Pilgrim et al., 2012) so it seems possible 

that North Mountain brook trout could be of different lineages. Perhaps when the western 

streams deglaciated, brook trout founded those streams and underwent a population 

bottleneck generating the genetic differences that we see currently. Analysis of 

mitochondrial DNA would help answer the question of whether there are different 

lineages of brook trout in the North Mountain. 

4.6 Inversion Detection And Establishment 

The discovery of chromosomal inversions has been facilitated by whole genome 

sequencing, and it is allowing us to better understand the role of inversions in local 

adaptation and speciation. Four potential chromosomal inversions were discovered 

among individuals from three western streams Healeys, Sheep Shearer and Poole as 

determined by high LD, grouping of karyotypes on PCAs and Hobs (Figures 7, 12, 13). 

Lower Hobs among individuals in the homokaryotype group with potential inversions than 

among individuals in the homokaryotype group without them (Figure 13) also provides 
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support that the potential inversions on all four chromosomes are likely the derived state 

as opposed to ancestral because we expect a younger arrangement to have lower diversity 

due to less time for the accumulation of mutations. That these putative inversions are only 

found in some populations suggests they could be adaptive despite known high levels of 

genetic drift and limited to no gene flow in all studied populations. While LD blocks are a 

first step indication that inversions might be present, genetic hitchhiking during selective 

sweeps and natural selection could also generate haplotype blocks that are not SVs. This 

is seen in Atlantic herring where large haplotype blocks are adaptive and maintained 

without evidence of structural variation (Lamichhaney & Andersson, 2019). In addition, 

other types of SVs such as chromosomal fusions can generate haploblocks such is the 

case in Atlantic salmon (Wellband et al., 2019). It is unlikely that the putative inversions 

are other types of SVs although they could represent large haploblocks under selection. 

Filtering of data after genome alignment removed the possibility for the presence of 

indels and duplications, which rules out some types of transposable elements and CNVs. 

While some CNVs can cause reduced recombination, it is unlikely the case here given the 

large size of potential inversions discovered (Table 2).  

The patterns of diversity discovered here (Figure 14) are unlikely the result of hard 

selective sweeps as was the case in a study on marine snails (Faria et al. 2018). If 

selective sweeps, which can last many generations, were driving the large LD blocks, we 

would not see the three different karyotypes in PCAs (Hale et al., 2021). In such a case, 

individuals with potentially inverted sequences are expected to exhibit lower diversity 

(Cruickshank & Hahn, 2014) and this is not what we see (Figure 14). On the other hand, 

if an inversion is young relative to the alternate arrangement, there will also be lower 

diversity in the homokaryotype with inversions than in the homokaryotypes without 

inversions (Faria, Chaube, et al., 2019). Additionally, divergence can be used to 

determine age of inversions. Mérot et al. (2021) found higher divergence among inverted 

arrangements and estimated time of divergence using a molecular clock and generation 

times. We see slightly higher diversity in homokaryotypes with potential inversions than 

in homokaryotypes without potential inversions (Figure 14) and divergence is much 

lower in potentially inverted regions among homokaryotypes with inversions than in 

collinear regions (Figure 15). Over time differences in diversity between arrangements is 
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expected to decline as mutations accumulate while divergence should increase from 

supressed recombination in heterokaryotypes (Faria, Chaube, et al., 2019), but this can 

also be impacted by types of selection. In a study on mimetic butterflies, divergence time 

was calculated using a molecular clock and within inversion regions, divergence time was 

lower than in collinear regions suggesting the inversion occurred after lineages split and 

gene flow is responsible for inversion maintenance (Jay et al., 2018). Further research on 

mitochondrial DNA would need to be conducted to improve our understanding of 

whether putative inversions discovered here are young or old given the contrasting 

patterns of diversity and divergence. It is also important to note that we do not know 

whether the individuals used to generate the lake trout reference genome have the 

alternate or derived arrangement. Gene flux which refers to the exchange of alleles from 

inverted regions to collinear regions in heterokaryotypes could also potentially explain 

why we see lower divergence among individuals with potential inversions (Guerrero et 

al., 2012; Navarro et al., 1997). PCAs of LD blocks (Figure 12) show some individuals 

grouping between homokaryotypes and heterokaryotypes, an indication that there is gene 

flux, though this could also be from more than one inversion on a chromosome such is 

the case for rainbow trout on Omy05 (Pearse et al., 2019), or that the size of the inversion 

is actually smaller or larger than captured here. It is possible that the size of the potential 

inversions were not optimally estimated with LD. If these are potential inversions, long 

read sequencing would provide much more accurate locations of breakpoints and could 

help determine if size can be used to explain these individuals. Gene flux can, in this 

situation, be a form of gene flow or migration between the different karyotypes and in 

that sense, partially explain the lower divergence in homokaryotypes for the potential 

inversion arrangement (Guerrero et al., 2012).  

The lack of similar findings where divergence is lower among individuals with inverted 

arrangements than in those with collinear regions could also be due to the complicated 

relationship involved in inversion establishment and maintenance that can change 

between arrangements through time (Faria, Chaube, et al., 2019). While I am not sure 

what the exact age of the potential inversions might be, the age could be affected by the 

timing at which environments developed differences that contribute to possible local 

adaptation. Here we see more heterokaryotypes relative to homokaryotypes with potential 
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inversions which suggests that the establishment of these inversions are type II in that we 

see heterokaryotypes and homokaryotypes for the inversions (Faria, Johannesson, et al., 

2019). It is possible that two forms of balancing selection in overdominance and 

associative overdominance are acting among the western populations where potential 

inversions could be accumulating a deleterious mutational load (Berdan et al., 2021). In 

this case, homokaryotypes are expected to have reduced fitness and this could help 

explain the greater number of heterokaryotypes than homokaryotypes. This has been seen 

in the supergene of butterflies (Jay et al., 2021) and balancing selection in general is 

responsible for maintaining inversions in other species such as rainbow trout (Pearse et 

al., 2019) and the stick insect (Lindtke et al., 2017). Additionally, we know that these 

populations have small effective sizes and inbreeding is prevalent (Ruzzante et al., 2016) 

which would possibly make it harder for deleterious mutations to be purged, however the 

heterokaryotype advantage allows the maintenance of the potential inversions, or likely 

has thus far. In addition, evidence of local adaptation for thermal tolerance suggests that 

divergent selection is also potentially playing a role in the current study system as these 

genes may provide a fitness advantage. While we do not know the age of these potential 

inversions, over time the maintenance of inversions could change with selection, drift, 

and recombination in combination with accumulations of mutations and epistatic 

interactions which could have an impact on diversity and divergence.  

4.7 Inversions In Salmonids And Adaptive Advantage 

These four potential inversions add to the growing number of structural variants 

discovered among salmonid species. Although the lake trout reference genome was used 

in this study, we find similarities to previously discovered inversions and add potential 

diagnostic ones not found in other salmonids such as Arctic charr, rainbow trout, and 

Atlantic salmon. Chromosome 24 (Sna 24) of the lake trout genome is known to be 

differentiated between Arctic charr, rainbow trout, and Atlantic salmon and results here 

further support that this inversion is likely polymorphic between lake trout and brook 

trout. Sna 10, 11, and 34 are shared chromosomes with inversions between lake trout and 

brook trout, however I did not further assess them because they did not have large LD 

blocks. It is possible that we do not see LD blocks with high r2 because the brook trout 

sampled do not have this inversion which is probable considering that North Mountain 
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brook trout have not been included in inversion studies to date or that this is an artefact of 

using the lake trout reference genome. Sna 12, Sna 23, and Sna 28 have been previously 

shown to differentiate lake trout and brook trout (Boeberitz et al., 2020) however these 

did not contain large LD blocks. Sna 28 does have a small LD block near the end of the 

chromosome (Figure 6) and perhaps should be further studied to examine if it is 

differentiated between species. To my knowledge, potential inversions discovered on Sna 

9, 14, and 19 in brook trout are new and perhaps differentiated from lake trout as these 

chromosomes are not known to hold inversions among lake trout (Boeberitz et al., 2020). 

This further adds to the growing research on inversions among salmonids in uncovering 

adaptive divergence and speciation events. 

In addition to inversion discovery, our findings also provide insight into gene function 

inside potential inversions. Two hundred and fifty seven genes were identified within the 

four potential inversions and gene annotations revealed some key pathways such as 

platelet activation on chromosome 9 which is known to have a role in immune response 

(Yun et al., 2016). This is particularly interesting because previous research on cutthroat 

trout found SNPs responsible for thermal tolerance to be linked to functions in immune 

response (Amish et al., 2019). Given that the streams where the potential inversions were 

found have higher maximum daily water temperatures (Figure 16) it seems probable that 

this could be an adaptive strategy with regards to thermal tolerance such as was described 

for cutthroat trout. Recently a study on redband trout which occupy high elevation forest 

and low-elevation deserts found, using lcWGR, that the cerk gene that has a role in 

cardiovascular systems could be significant in thermal adaptation (Z. Chen & Narum, 

2021). This gene has also been linked to thermal adaptation in rainbow trout because of 

its role in metabolic and wound-healing rates (Willoughby et al., 2018). Particularly 

interesting in the current study is the finding of the cerkl gene among the potential 

inversion on chromosome 19. Cerkl protein is related to cerk and they both have a role in 

metabolism of signalling lipids, however cerkl does not phosphorylate ceramide 

(Bornancin et al., 2005; Chalfant & Spiegel, 2005). The role of cerk in stress related 

signalling pathways suggests it might be involved in cardiovascular function from 

reduced oxygen at higher water temperatures and heat shock response (Z. Chen & 

Narum, 2021). Cerkl plays a role in stress-induced apoptosis and is known to be regulated 



 

47 
 

during oxidative stress such as hypoxia where overexpression protects cells from 

apoptosis as found in a study looking at its role in retinal degeneration (Tuson et al., 

2009). While this has been studied with regards to its specific connection to retinal 

degeneration (J. Chen et al., 2015; Tuson et al., 2009), we do not know if it has a similar 

role in thermal adaptation among other cell types but further research should be 

conducted to understand this potential relationship. 

On chromosome 24 I found genes that are connected to cellular lipid catabolic processes 

effecting the breakdown of lipids. This has potential significance because lipids are used 

for maturation and migration in Atlantic salmon (Mobley et al., 2021). Perhaps brook 

trout utilize a similar pathway and are growing faster as a response to the increased 

temperature. This was seen in a study on rainbow trout where resident trout grew faster in 

warmer streams and those in cooler streams showed higher lipid content (McMillan et al., 

2012). Also on this chromosome are processes linked to muscle contraction which could 

be connected to temperature tolerance via cardiovascular function, swimming, and 

foraging. Of particular interest is muscle contraction with regards to swimming and 

foraging and could be indirectly affected by streamflow. Rainbow trout were studied in 

two Californian coastal streams that differ in streamflow, temperature and stream cover 

where those in the warmer, lower flow reached their growth potential earlier due to 

adjustments in their foraging behaviour (Rossi et al., 2022). There is not a clear pattern in 

streamflow among eastern streams studied, but western streams show lower flow than the 

eastern streams (Figure S14) and this could be important for adaptation with regards to 

muscle contraction if the brook trout need to adapt from temperature stress, and both food 

and habitat availability. Interestingly, SNPs within the dystrobrevin alpha gene that has a 

role in muscle contraction were found to be adaptive among brook trout in Québec 

(Ferchaud et al., 2020). This gene is found on Dolly Varden chromosome 19 which 

corresponds to lake trout chromosome 25. That other genes involved in muscle 

contraction among salmonids have been linked to local adaptation provides further 

support that it could be important in the current study. It is important to remember that 

although there are genes located within these potential inversions that indicate they might 

have some kind of adaptive advantage, we cannot rule out the possibility that some are 
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not adaptive, but simply along for the ride in the potential inversions where 

recombination is low to none.  

Brook trout are the number one sport fish in Nova Scotia and remain vulnerable to habitat 

loss via climate change. In Nova Scotia brook trout are stocked to maintain populations 

for harvest however stocking programs do not incorporate genomic structural variants 

into determining the best stock for a given environment. The discovery of chromosomal 

inversions and their role in local adaptation is an exploding avenue of research because of 

the decreased cost in whole genome sequencing. Given that here I discover potential 

inversions that have potential adaptative significance to temperature tolerance and that 

other salmonid research has found supergenes responsible for phenotypic differences, it 

seems that we should incorporate these advantageous structural variants into conservation 

of species such as brook trout. I did not collect any phenotypic data in the current study 

such as body size and size at age, and this would be helpful in future research to try and 

find phenotypic differences that might also link to genes located in these potential 

inversion regions. While I discovered four potential inversions among these brook trout 

populations using indirect detection, more research could be done to further confirm that 

these are inversions and that the potential inversions are themselves adaptive through a 

more direct detection approach such as long-read sequencing and genetic mapping (Mérot 

et al., 2020). With long-read sequencing we would be able to find breakpoints to further 

understand the role of potential inversions. Breakpoints generate mutations that can cause 

deletions which can be independent of reduced recombination from inversions and be a 

source of natural selection (Stenløkk et al., 2022; Villoutreix et al., 2021). An 

environmental analysis should also be conducted to provide more support for the role of 

potential local adaptation with regards to temperature and surficial geology type.  
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Appendix 

DNA Extraction And Quantification 

For DNA extraction, a small ~10mg piece of tissue was placed in each 1.5mL tube using 

flame sterilized forceps. Tissue was left to dry for ~1.5 hours to let any remaining ethanol 

evaporate off before adding proteinase K and TL buffer. Samples were placed in a 55˚C 

incubator overnight before completing the DNA isolation and wash steps. DNA was 

eluted in 100μL of elution buffer and run on a 1.5% agarose gel to confirm quality and 

quantity. 15μL of GelGreen (Biotium) was added to each 1.5% gel to stain DNA and a 

1kb DNA ladder (Biotium) was used to determine size of extracted DNA. 5μL of ladder 

was loaded into one well on each gel and 2μL of each sample was mixed with 2μL 

loading dye (New England Biolabs) before being pipetted into each well.  

For DNA quantification, 50μL of PicoGreen MasterMix was added to each well of the 

microplate followed by 49μL of 1X TE buffer and 1μL of extracted DNA. Standards used 

for the assay were 2ng, 5ng, 10ng, and 20ng representing the quantity range of brook 

trout samples and volumes of 1X TE and standard added to the plate varied depending on 

the concentration of standard. All samples were diluted to 1.6 ng/μL using ddH2O for 

library preparation.  

Data Filtering And Reference Genome Mapping 

The processing of raw data was done following the Therkildsen lab GitHub 

https://github.com/therkildsen-lab/genomic-data-analysis as a general guide. The specific 

parameters that I used are described below. FastQC v.0.11.9 (S. Andrews, 2010) and 

MultiQC v.1.11 (Ewels et al., 2016) were used on demultiplexed, raw, and barcode 

removed fastq files to examine quality of reads and test for the presence of adaptor 

sequences. Trimmomatic v.0.39 (Bolger et al., 2014) was used to remove i5 and i7 IDT 

Illumina and Illumina Nextera adapters with the following parameters: paired end mode 

with seed mismatches 2, palindrome clip threshold 30, simple clip threshold 1, and 

minimum length of 40. The two-colour chemistry used by the Illumina NovaSeq can lead 

to the presence of poly-G tails. Fastp v.0.23.1 (Chen et al., 2018) was used on the paired, 

adaptor trimmed fastq.gz files to remove poly-G tails with the –cut_right option using –

cut_right_window_size 4, and –cut_right_mean_quality 20. For genome mapping to the 

https://github.com/therkildsen-lab/genomic-data-analysis
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lake trout reference genome, the unplaced scaffold was not used for alignment to reduce 

the effects of reads mapping in duplicate locations. End to end mode in Bowtie2 with –

sensitive were used to improve percentage of reads mapping to account for the use of a 

closely related species reference genome and the inter-mate distance for mapping 

concordant reads was set from 0-1500bp. For indel realignment, GATKs 

RealignerTargetCreator function was used to make an intervals file with locations of 

indels and potential indels which the IndelRealigner function uses as input. Reads with 

minimum base quality < 20 and minimum mapping quality < 20 were removed for depth 

calculations using SAMtools v.1.13 (Li et al., 2009) The resulting depth files were 

analyzed in R v.4.1.2 (RStudio Team, 2021) using tidyverse v.1.3.1 (Wickham et al., 

2019), ggplot2 v.3.3.5 (Wickham, 2016), Rmpi v.0.6-9.2 (Yu, 2002), dplyr v.1.0.7 

(Wickham et al., 2022), knitr v.1.36 (Xie, 2015), and RColorBrewer v.1.1.2 (Neuwirth, 

2022).  

Depth And Genotype Likelihood Parameters For ANGSD 

The -doDepth and -doCounts parameters of ANGSD v.0.933 (Korneliussen et al., 2014) 

were used for depth calculation and -maxDepth was used to set an initial maximum depth 

of 10x per individual. -minMapQ 20, -minQ 20, -remove_bads 1, -only_proper_pairs 1 

and -C 50 were set to filter out reads with minimum mapping and minimum quality 

below 20 and to keep proper pairs. Briefly, the distribution of depth counts from the 

.depthGlobal files were plotted as histograms using R v.4.1.2 (RStudio Team, 2021) with 

tidyr v.1.2.0 (Wickham & Girlich, 2022), data.table v.1.14.2 (Dowle & Srinivasan, 2021), 

ggplot2 v.3.3.6 (Wickham, 2016), na.tools v.0.3.1 (Brown, 2018), and dyplr v.1.0.9 

(Wickham et al., 2022). Data was filtered based on the normal distribution and the mean 

and standard deviation was calculated. The maximum and minimum depth were then 

calculated as the mean + and – the standard deviation. This was done for each stream and 

for all streams combined. ANGSD v.0.933 was then used to calculate genotype 

likelihoods (-GL), the major and minor alleles were determined (-doMajorMinor 1), and 

minor allele frequency estimated (-doMaf 1). Genotype likelihoods were calculated with 

SAMtools (-GL 1) and GATK (-GL 2) for comparison in number of SNPs discovered. -

setMinDepth and -setMaxDepth were set according to the .depthGlobal data from the 

previous step of ANGSD -doDepth and -doCounts. For genotype likelihoods, other 
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ANGSD parameters included were -uniqueOnly 1, -remove_bads 1, -only_proper_pairs 

1, -trim 0, -C 50, -baq 1, -minInd 10, -minMapQ 20, -minQ 20, -doIBS 1, -makematrix 1, 

-doCov 1, -SNP_pval 1e-6, and -minMaf 0.05. The -SNP_pval was set at 10-6 for calling 

polymorphic loci and -minMaf was used to filter out SNPs with minor allele frequency 

below 5%. After determining the number of SNPs, genotype likelihoods were calculated 

again using the SNP list generated from the previous step in discovering SNPs with the 

following parameters -doMajorMinor 3 as the SNP list, -rf as the chromosome list, -GL 

1, -doMaf 1 where the major and minor allele were determined from the genotype 

likelihoods given the SNP list, and -doIBS 1, -doCounts1, -doCov 1, and -makematrix 1. 

Population Genomics 

Parameters for ANGSD to generate SAFs were as follows -ref, -anc, -uniqueOnly 1, -

remove_bads 1, -only_proper_pairs 1, -trim 0, -C 50, -minMapQ 20, -minQ 20, -minInd 

10, -setMinDepth, -setMaxDepthm -doCounts 1. For SAFs based on geology, -minInd 30 

was used because there are three populations in each group and 30 was roughly half of 

the individuals. Minimum and maximum depth were set based on the previously 

described depth method used in ANGSD to determine these thresholds. 

Linkage Disequilibrium And Decay 

A position file was generated from ANGSD’s minor allele frequency file (.mafs.gz) with 

chromosome and position in the genome of all the identified SNPs required for LD 

calculation. The LD decay rate was unknown for brook trout and determined using the 

fit_LDdecay.R script of ngsLD so that an appropriate maximum distance in kb between 

SNPs could be used for LD calculation. Prior to determining the decay rate, LD was 

calculated with a much larger max_kb_dist than likely which was used to determine LD 

decay. ngsLD was run with the following parameters --probs, --n_ind 192, --n_sites 

1745248, --max_kb_dist 100. The .ld file was compressed and supplied as input for 

fit_LDdecay.R with the following parameters –ld r2, --n_ind 192, --fit_level 100, --

fit_boot 100, --max_kb_dist 200, --fit_bin_size 1000, --plot_data, --plot_scale 3 (Figure 

A1).  
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Figure A- 1 LD decay plot produced with fit_LDdecay.R of ngsLD where –max_kb_dist 

for LD calculation (.ld file supplied to fit_LDdecay.R) was 200kb and –max_kb_dist for 

fit_LDdecay.R was 200kb. LD represents the r2 values for LD calculations at each 

position and distance is displayed in bp. 

Linkage Disequilibrium Pruning 

The pruned .ld files were used to generate a LD pruned SNP list and used as input for 

ANGSD to calculate genotype likelihoods and minor allele frequencies using the 

following parameters -GL 1, -doGlf 2, -doMajorMinor 3, -doMaf 1, -doPost 1, -doIBS 1, 

-doCounts 1, -doCov 1, -makeMatrix 1.  

Linkage Disequilibrium By Chromosome And Testing Of Different Populations 

Optimization Of LD Calculation And Percentile Plotting 

Individual chromosome minor allele frequency and genotype likelihood files discussed in 

the methods were used to calculate LD by chromosome with ngsLD v.1.1.1 on all 192 

brook trout. The following parameters were used in ngsLD, --posH, --probs, --n_ind, --

n_sites (corresponding to the number of SNPs in each .maf.gz file), --max_kb_dist 0, --

max_snp_dist 0, --rnd_sample 0.5. The –rnd_sample parameter was used to randomly 

sample 50% of the frequency and likelihood file comparisons to reduce the time and size 

of files produced. –max_kb_dist and –max_snp_dist were set to 0 so that LD was 

calculated across the entire chromosome with no threshold of distance to calculate LD. A 

maf of 10% and all SNPs were used to test the impact on heatmaps of LD. These 



 

66 
 

parameters had small or no effect on the results. The original genotype likelihoods 

generated using maf 5% and randomly sampling 50% of SNPs were used for following 

analyses. R2 values were summarized into percentiles using scripts from Mérot et al. 

(2021) and plotted in R v.4.0.2 (RStudio Team, 2021) using ggplot2 v.3.3.6 (Wickham, 

2016). The second percentile of r2 values was plotted in windows of 250kb for heatmaps 

using all 192 individuals. Different window sizes and percentiles were tested, and 

window size had no or very minimal impact on the resulting heatmaps. The second 

percentile was chosen to be more conservative as the first percentile and higher showed 

the highest LD, generating larger blocks which could over represent potential inversions.  

Exploring Pattern Of LD Blocks  

Chromosomes (N=30) with blocks of LD (r2 above ~0.6) were further analyzed using 

PCA to look for patterns of inversions in all individuals (3 groups representing 

homozygotes for the inversion, homozygotes without the inversion, and heterozygotes 

with one copy of the inversion). SNPs within LD blocks were used to calculate genotype 

likelihoods using ANGSD v.0.933 with the following parameters -ref, -GL 1, -doGlf 2, -

doMaf 1, -doMajorMinor 3, -sites, -rf, -doIBS 1, -doCounts 1, -doCov 1, -makeMatrix 1. 

PCA was performed in R Studio v.4.0.2 with the eigen function and plotted with ggplot2 

v.3.3.6. PCA for a subset of chromosomes NC_052315.1 and NC_052330.1 (largest LD 

blocks) suggested that streams located most West along the North Mountain were distinct 

from all other streams (Figures S3 and S6). This resulted in PCA testing using six 

populations without the Western streams (Sheep Shearer, Healeys, Poole) to determine if 

three groups would be visible. This was done because we initially thought the distinct 

Western streams were challenging our ability to see three groups (though still visible) 

representative of a potential inversion. PCA of LD blocks for some chromosomes did not 

show the expected three groups and we thought this might be because the LD block was 

two separate blocks or a smaller block. LD calculated in smaller blocks for some 

chromosomes made groups clearer in PCA and in general breaking one LD block in two 

did not change the pattern seen in PCA.  

Chromosome 9, 14, 19, 24 (NC_052315.1, NC_052320.1, NC_052325.1, NC_052330.1) 

were used to test patterns in LD heatmaps based on sample size and grouping of 



 

67 
 

populations. Heatmaps were made for chromosomes 9, 14, 19, and 24 using all 

populations, each population individually, and as groups of three populations based on 

geology (scoured glacial till, thick glacial till, silt) (Figures 8-11). LD was calculated as 

described above using ngsLD v.1.1.1. The fifth percentile was used for plotting heatmaps 

of individual streams because LD was higher across the chromosome which could be 

over representative of the LD block thus the fifth percentile was used. The second 

percentile was used for all individuals together and grouping by geology.  

Heterozygosity And Nucleotide Diversity/Divergence Among Inversion 

Polymorphisms 

Allele frequencies of major and minor alleles across chromosomes 9, 14, 19, and 24 for 

individuals representing the 3 different groups of a potential inversion were calculated 

with ANGSD v.0.933 using -doHWE 1, -GL 1, -minMapQ 20, -minQ 20, -remove_bads 

1, -doMajorMinor 3, and -sites corresponding to the SNP list for each chromosome. 

Observed and expected proportions of heterozygotes and homozygotes were calculated 

using the following script 

https://github.com/clairemerot/angsd_pipeline/blob/master/01_scripts/Rscripts/Hobs_slid

ing.r (Mérot, 2021) and the R package WindowScanr v.0.1 (Tavares, 2022) was used to 

calculate average observed proportion of heterozygotes (Hobs) in 10kb windows with a 

10kb step. Hardy-Weinberg observed and expected frequencies per SNP position were 

used to calculate Hobs. Average Hobs across each chromosome was plotted in R v.4.0.2 

(RStudio Team, 2021) using ggplot2 v.3.3.6 (Wickham, 2016). For 3 of the 4 

chromosomes, the size of the potential inversion could be more accurately estimated from 

these plots compared to the LD heatmaps and the SNP lists were adjusted accordingly. 

Hobs was also calculated within potential inversion regions using windows the size of 

potential inversions and plotted as boxplots in R v.4.0.2 (RStudio Team, 2021) using 

ggplot2 v.3.3.6 (Wickham, 2016). Results of tests for Hardy-Weinberg equilibrium using 

-doHWE mentioned above indicate that on all four chromosomes the potentially non-

inverted homokaryotypes have SNPs that deviate significantly from Hardy-Weinberg 

after Bonferroni correction (Table A-2, A-3, A-4, A-5). That there is not a large 

percentage of SNPs that deviate significantly suggests that there is not a deficit of 

https://github.com/clairemerot/angsd_pipeline/blob/master/01_scripts/Rscripts/Hobs_sliding.r
https://github.com/clairemerot/angsd_pipeline/blob/master/01_scripts/Rscripts/Hobs_sliding.r
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homokaryotypes. Potential inverted homokaryotype groups have 5 or fewer individuals 

and it is expected there would be more departures from Hardy-Weinberg, however no 

SNPs showed significant deviations (Table A-3, A-4, A-5, A-6). It is important to note 

that within groups there are individuals from different populations which will affect 

Hardy-Weinberg frequencies. 

Prior to calculating diversity, minimum and maximum depth were determined using the 

same individuals from Hobs representing the 3 inversion groups for chromosomes 9, 14, 

19, 24. ANGSD v.0.933 was used to get global depth files for each individual group 

using -doDepth 1, -maxDepth (based on the number of individuals in each group 

multiplied by 10), -doCounts 1, -dumpCounts 1, -minMapQ 20, -minQ 20, -remove_bads 

1, -only_proper_pairs 1, -C 50. The global depth files were plotted in R v.4.1.2 (RStudio 

Team, 2021) following the same procedure described above in the depth and genotype 

likelihood parameters section. ANGSD v.0.933 was used to calculate SAFs for each of 

the inversion groups using the following parameters -doSaf 1, -GL 1, -doMajorMinor 1, -

doCounts 1, -anc as the reference genome, -ref as the reference genome, -minMapQ 20, -

minQ 20, -remove_bads 1, -uniqueOnly 1, -only_proper_pairs 1, -trim 0, -C 50, -minInd 

(set as half the number of individuals in each bamlist), -setMinDepth, and -setMaxDepth. 

RealSFS in ANGSD was used to get the folded site frequency spectrum from the SAF 

files. It is folded because the lake trout reference genome was used as the ancestral and 

reference for -doSaf. RealSFS saf2theta function was used to convert each SAF and 

folded SFS to a file of thetas. The ThetaStat function in ANGSD was used to get thetas in 

sliding windows of 10kb with a 10kb step and the pairwise theta (tP) and middle 

positions in each thetas.windows.gzpestPG was plotted as boxplots in R v.4.0.2 (RStudio 

Team, 2021) using ggplot2 v.3.3.6 (Wickham, 2016). tP was used because it gives more 

weight to alleles at intermediate frequencies. To help with the bias between sites with 

different number of SNPs, windowed tP values were divided by the number of SNPs in 

the window. For boxplots, data was subset to include only regions inside potential 

inversions and outside inversions on chromosomes 9, 14, 19, and 24 using sizes adjusted 

after doing Hobs.  
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ANGSD v.0.933 was used to calculate minor allele frequencies on the inverted and non-

inverted homozygote individuals used above for Hobs and diversity with the following 

parameters -GL 1, -doMaf 1, -doGlf 2, -doMajorMinor 3, -sites (SNP list for inside 

potential inversions), -rf (chromosome name), and -ref (lake trout reference genome).  

Nucleotide divergence is calculated from minor allele frequencies and ANGSD v.0.933 

was used supplying the same individuals used above for Hobs and diversity. Nucleotide 

divergence is calculated from minor allele frequencies at each site by multiplying minor 

allele frequency by 1 minus the minor allele frequency. The script used is from 

https://github.com/mfumagalli/ngsPopGen/blob/master/scripts/calcDxy.R and was 

modified to only calculate divergence. The R package WindowScanR was used to take 

divergence values and calculate average divergence in windows of 10kb with a slide of 

10kb. Boxplots of divergence for homozygotes with and without inversions and inside 

potential inversion regions were made with R v.4.0.2 (RStudio Team, 2021) using 

ggplot2 v.3.3.6 (Wickham, 2016). 

 

 

 

 

 

 

 

 

 

 

 

https://github.com/mfumagalli/ngsPopGen/blob/master/scripts/calcDxy.R
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Streamflow 
Table A- 1 Streamflow measurements in cubic meters per second (cms) taken once a 

month at the same spot in each stream using the float method as a velocity area 

measurement of streamflow. See methods for description of how measurements were 

taken. 

Stream Streamflow 

(cfs) July 

14 2021 

Streamflow 

(cfs) August 

9 2021 

Streamflow 

(cfs) 

September 

13 2021 

Streamflow 

(cfs) 

October 6 

2021 

Streamflow 

(cfs) 

November 

17 2021 

Ross Creek 0.042 0.138 0.161 0.045 0.083 

Woodworth 

Creek 

0.039 0.096 0.164 0.047 0.105 

Black Hole 

Brook 

0.020 0.063 0.078 0.022 0.077 

Church Vault 

Brook 

0.046 0.128 0.088 0.071 0.074 

Saunders 

Brook 

0.087 0.129 0.142 0.076 0.114 

Robinson 

Brook 

0.033 0.101 0.291 0.103 0.238 

Sheep 

Shearer 

Brook 

0 0.071 0.027 0.007 0.087 

Healeys 

Brook 

0 0.039 0.036 0.008 0.065 

Poole 0 0.031 0.050 0.016 0.112 
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Table A- 2 Average pH calculated from pH measured in the middle and at both banks of 

each stream where streamflow was measured using a pHep+ H198108 (Hanna 

instruments) once a month. 

Stream Average 

pH July 

14 2021 

Average pH 

August 9 

2021 

Average pH 

September 

13 2021 

Average pH 

October 6 

2021 

Average pH 

November 

17 2021 

Ross Creek 7.60 7.79 7.73 7.67 7.62 

Woodworth 

Creek 

7.78 7.87 7.84 7.65 7.56 

Black Hole 

Brook 

7.74 7.83 7.92 7.80 7.64 

Church Vault 

Brook 

8.00 8.10 7.98 8.01 7.70 

Saunders 

Brook 

8.09 8.16 8.00 8.08 7.82 

Robinson 

Brook 

7.88 7.81 7.73 7.86 7.86 

Sheep Shearer 

Brook 

7.84 7.51 7.50 7.44 7.70 

Healeys Brook 7.42 7.55 7.47 7.36 7.77 

Poole 7.59 7.50 7.43 7.17 7.77 
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Table A- 3 Number of SNPs that differ from Hardy-Weinberg and Bonferroni corrected 

values for Chromosome 9. Hardy-Weinberg deviations were estimated for each group 

(inverted homokaryotypes, heterokaryotypes, non-inverted homokaryotypes) within 

potential inversion regions. Individuals included in each of these groups were those 

identified in the PCA of the LD block for chromosome 9 (Figure 12) used to identify the 

3 different karyotypes groups. A p-value of 0.0001 with a Bonferroni correction for 

number of tests equal to the number of SNPs (~21,000) within the potential inversion 

region was used to identify SNPs deviating from HWE. There are 5 potential inverted 

homokaryotypes, 23 potential heterokaryotypes, and 140 potential non-inverted 

homokaryotypes. 

Chromosome 9 

 

# of SNPs out of HWE 

(P<0.0001) 

# of SNPs out of HWE 

after Bonferroni 

correction 

Inverted homokaryotypes 0 0 

Heterokaryotypes 1701 0 

Non-inverted homokaryotypes 1165 213 

 

Table A- 4 Number of SNPs that differ from Hardy-Weinberg and Bonferroni corrected 

values for Chromosome 14. Hardy-Weinberg deviations were estimated for each group 

(inverted homokaryotypes, heterokaryotypes, non-inverted homokaryotypes) within 

potential inversion regions. Individuals included in each of these groups were those 

identified in the PCA of the LD block for chromosome 14 (Figure 12) representing the 3 

different karyotypes groups. A p-value of 0.0001 with a Bonferroni correction for number 

of tests equal to the number of SNPs (~21,000) within the potential inversion region was 

used to identify SNPs deviating from HWE. There are 4 potential inverted 

homokaryotypes, 9 potential heterokaryotypes, and 163 potential non-inverted 

homokaryotypes. 

Chromosome 14 # of SNPs out of HWE 

(P<0.0001) 

# of SNPs out of HWE 

after Bonferroni 

correction 

Inverted homokaryotypes 0 0 

Heterokaryotypes 0 0 

Non-inverted homokaryotypes 1849 383 
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Table A- 5 Number of SNPs that differ from Hardy-Weinberg and Bonferroni corrected 

values for Chromosome 19. Hardy-Weinberg deviations were estimated for each group 

(inverted homokaryotypes, heterokaryotypes, non-inverted homokaryotypes) within 

potential inversion regions. Individuals included in each of these groups were those 

identified in the PCA of the LD block for chromosome 19 (Figure 12) representing the 3 

different karyotypes groups. A p-value of 0.0001 with a Bonferroni correction for number 

of tests equal to the number of SNPs (~20,000) within the potential inversion region was 

used to identify SNPs deviating from HWE. There are 7 potential inverted 

homokaryotypes, 12 potential heterokaryotypes, and 169 potential non-inverted 

homokaryotypes. 

Chromosome 19 # of SNPs out of HWE 

(P<0.0001) 

# of SNPs out of HWE 

after Bonferroni 

correction 

Inverted homokaryotypes 0 0 

Heterokaryotypes 156 0 

Non-inverted homokaryotypes 1916 319 
 

Table A- 6 Number of SNPs that differ from Hardy-Weinberg and Bonferroni corrected 

values for Chromosome 24. Hardy-Weinberg deviations were estimated for each group 

(inverted homokaryotypes, heterokaryotypes, non-inverted homokaryotypes) within 

potential inversion regions. Individuals included in each of these groups were those 

identified in the PCAs of the LD blocks for chromosome 24 (Figure 12) representing the 

3 different karyotypes groups. A p-value of 0.0001 with a Bonferroni correction for 

number of tests equal to the number of SNPs (~10,000) within the potential inversion 

region was used to identify SNPs deviating from HWE. There are 4 potential inverted 

homokaryotypes, 11 potential heterokaryotypes, and 166 potential non-inverted 

homokaryotypes. 

Chromosome 24 # of SNPs out of HWE 

(P<0.0001) 

# of SNPs out of HWE 

after Bonferroni 

correction 

Inverted homokaryotypes 0 0 

Heterokaryotypes 22 0 

Non-inverted homokaryotypes 1798 401 
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Supplementary 
 

 

Figure S- 1 PCA of covariance matrix produced from ANGSD with genotype likelihoods 

calculated with SAMtools. The minor allele frequencies were determined using the SNP 

list of 1,745,248 SNPs. The PCA represents N=192 brook trout coloured by stream 

(population). 
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Figure S- 2 PCA of the covariance matrix produced from ANGSD with genotype 

likelihoods calculated using GATK. The PCA represent N=192 brook trout coloured by 

stream (population) and shape by geology type. The covariance matrix is based on 

1,798,343 SNPs. 
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Figure S- 3 PCA of SNPs located in an LD block (20-45mb) on the lake trout 

chromosome 9 (NC_052315.1) for all 192 brook Trout. Genotype likelihoods and minor 

allele frequencies were determined using SNPs in the LD block and the covariance matrix 

was used to produce the PCA. 
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Figure S- 4 PCA of SNPs located in an LD block (5-30mb) on the lake trout chromosome 

14 (NC_052320.1) for all 192 brook Trout. Genotype likelihoods and minor allele 

frequencies were determined using SNPs in the LD block and the covariance matrix was 

used to produce the PCA. 
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Figure S- 5 PCA of SNPs located in an LD block (0-31mb) on the lake trout chromosome 

19 (NC_052325.1) for all 192 brook Trout. Genotype likelihoods and minor allele 

frequencies were determined using SNPs in the LD block and the covariance matrix was 

used to produce the PCA. 
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Figure S- 6 PCA of SNPs located in an LD block (7-35mb) on the lake trout chromosome 

24 (NC_052330.1) for all 192 brook Trout. Genotype likelihoods and minor allele 

frequencies were determined using SNPs in the LD block and the covariance matrix was 

used to produce the PCA. 
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Figure S- 7 Average FST per population combination where there are 36 populations 

combinations plotted against the distance in km between each stream. Data was grouped 

based on geology (scoured glacial till, thick glacial till, silt) where blue shapes represent 

population comparisons between populations that exist in the same geology and green 

squares represent comparisons between populations that are in different geology groups. 
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Figure S- 8 Genome wide Manhattan plot of 10 individuals, 5 from each of the inverted 

homozygote and non-inverted homozygote groups chosen from the PCA of the LD block 

region for chromosome 9 (NC_052315.1). FST was calculated in windows of 10kb with a 

10kb slide from the 2D-SFS between non-inverted and inverted homozygotes. The lake 

trout reference genome was used to get SAFs for conversion to the 2D-SFS. 
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Figure S- 9 Genome wide Manhattan plot of 10 individuals, 5 from each of the inverted 

homozygote and non-inverted homozygote groups chosen from the PCA of the LD block 

region for chromosome 14 (NC_052320.1). FST was calculated in windows of 10kb with a 

10kb slide from the 2D-SFS between non-inverted and inverted homozygotes. The lake 

trout reference genome was used to get SAFs for conversion to the 2D-SFS. 
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Figure S- 10 Genome wide Manhattan plot of 10 individuals, 5 from each of the inverted 

homozygote and non-inverted homozygote groups chosen from the PCA of the LD block 

region for chromosome 19 (NC_052325.1). FST was calculated in windows of 10kb with a 

10kb slide from the 2D-SFS between non-inverted and inverted homozygotes. The lake 

trout reference genome was used to get SAFs for conversion to the 2D-SFS. 
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Figure S- 11 Genome wide Manhattan plot of 10 individuals, 5 from each of the inverted 

homozygote and non-inverted homozygote groups chosen from the PCA of the LD block 

region for chromosome 24 (NC_052330.1). The LD block on this chromosome was 

thought to be two separate blocks with this figure representing the first chunk. FST was 

calculated in windows of 10kb with a 10kb slide from the 2D-SFS between non-inverted 

and inverted homozygotes. The lake trout reference genome was used to get SAFs for 

conversion to the 2D-SFS. 
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Figure S- 12 Genome wide Manhattan plot of 10 individuals, 5 from each of the inverted 

homozygote and non-inverted homozygote groups chosen from the PCA of the LD block 

region for chromosome 24 (NC_052330.1). The LD block on this chromosome was 

thought to be two separate blocks with this figure representing the second chunk. FST was 

calculated in windows of 10kb with a 10kb slide from the 2D-SFS between non-inverted 

and inverted homozygotes. The lake trout reference genome was used to get SAFs for 

conversion to the 2D-SFS. 
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Figure S- 13 Average observed proportion of heterozygotes (Hobs) across entire 

chromosomes of individuals from the 3 different inversion groups from PCAs of LD 

blocks. All individuals from each of the inverted and non-inverted homozygotes and 

heterozygotes were used to calculate Hobs. Average Hobs was calculated in 10kb windows 

using a 10kb slide and points on the plot represent Hobs for SNPs in these windows. 
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Figure S- 14 Streamflow in cubic meters per second (cms) taken once a month in all nine 

streams sampled for brook trout using the float method from June to November 2021. 
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Figure S- 15 Average observed proportion of heterozygotes (Hobs) in 10kb windows using 

a 10kb slide of the 3 different inversion groups identified in the PCAs on LD blocks. For 

chromosome 9 there are 5 potential inverted homokaryotypes, 23 potential 

heterokaryotypes, and 140 potential non-inverted homokaryotypes. For chromosome 14 

there are 4 potential inverted homokaryotypes, 9 potential heterokaryotypes, and 163 

potential non-inverted homokaryotypes. For chromosome 19 there are 7 potential 

inverted homokaryotypes, 12 potential heterokaryotypes, and 169 potential non-inverted 

homokaryotypes. For chromosome 24 there are 4 potential inverted homokaryotypes, 11 

potential heterokaryotypes, and 166 potential non-inverted homokaryotypes. Average 

Hobs was calculated in potentially inverted regions of chromosomes 9, 14, 19, and 24. Hobs 

is calculated as a population for every SNP and in this case each population is either 

inverted homozygotes, heterozygotes or non-inverted homozygotes. All individuals from 

each of the inverted and non-inverted homokaryotypes and heterokaryotypes were used to 

calculate Hobs. Number of points in each boxplot is representative of the number of 

windows scanned within potentially inverted regions. 

 

 

 


