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Abstract

The impact of heterozygosity as an intrinsic mutagen in mammals is unknown. In plant models,

existent heterozygosity increases the local de novo meiotic mutation rate. Mice offer study of

this phenomenon given well-established genomic technologies and strains with known, diverse

genomic landscapes of heterozygosity. High resolution genotyping arrays assay heterozy-

gous single-nucleotide polymorphic (SNP) loci and copy number variants (CNVs). Using a

J statistic for spatial analysis, 60.9% of autosomes from 707 publicly available array samples

have nonrandom spatial associations between heterozygous SNP loci and CNVs. By crossing

C57BL/6J inbred mice to DBA/2J inbred mice, heterozygous SNP loci and de novo CNVs were

analyzed. Of 43 de novo CNVs in F2 mice compared to both F1 and F2 heterozygous SNP

landscapes, 33 and 7 were found to co-localize with heterozygous SNP loci, respectively. Het-

erozygosity may be an overlooked meiosis-linked contributor to CNV mutagenesis, affecting

models of disease risk prediction and evolution.

Keywords: Mutagenesis, heterozygosity, copy number variant, single-nucleotide polymor-

phism, genomic spatial statistical tool, genotyping microarray
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Summary for Lay Audience

Understanding the factors that contribute to the rate, type, and distribution of DNA mutations

across the genome is paramount to fully comprehending diversity in the form and function of

an organism, development of genetic disorders, and the process of evolution. Heterozygos-

ity – the condition of having two different nucleotide sequences at the same location between

parental chromosomes – has been shown to exist nearby new and elevated levels of mutations

arising during development of germ cells in plants. However, this relationship is yet to be

demonstrated in mammals. Mice are ideal to study this due to the availability of strains with

known diverse landscapes of heterozygosity. Single-nucleotide polymorphic (SNP) loci are

sites within a genome that have variable nucleotide content between individuals in at least 1%

of the population and therefore may be sampled for heterozygosity. Copy number variants

(CNVs) are a type of mutation characterized as large DNA duplications or deletions. Microar-

rays designed to target hundreds of thousands of sites across the genome are used to detect SNP

heterozygosity and CNVs. I contributed to development of a spatial statistical analysis pipeline

to determine whether heterozygous SNP loci and CNVs are nearby, far apart, or randomly dis-

tributed for 707 publicly available samples. I found that in 3,533 of 5,799 chromosomes with

CNVs, heterozygous SNP loci and CNVs are nonrandomly distributed with respect to one

another. I also generated six three-generation lineages of mice, crossing two different low het-

erozygosity inbred strains to produce F1 mice with an average of 20% SNP heterozygosity.

Brother-sister mating of F1 mice produced F2 mice with an average of 10% SNP heterozygos-

ity. Microarray analysis followed by application of the analytical pipeline showed that 1,024 of

1,338 chromosomes with CNVs had a nonrandom spatial relationship between heterozygous

SNP loci and CNVs. I identified 43 CNVs in F2 mice that were not inherited from their parents.
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Interestingly, 33 of the non-inherited CNVs were nearby the heterozygous SNP loci found in

their F1 parents. These findings indicate that heterozygosity may contribute to the formation

of CNVs, therefore demanding reassessment of predictions of disease risk and evolutionary

change.
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1

Introduction

1.1 Copy number variants: An underappreciated source of

genetic variation and disease

DNA mutation is the fundamental fuel for the process of evolution, responsible for creating

an immensely rich diversity of life. While the limelight of DNA mutation research has histor-

ically emphasized understanding how changes to single-nucleotides arise, the prevalence and

impact of larger-scale structural mutation is only recently becoming apparent [2]. Copy num-

ber variants (CNVs) are one such large structural mutation. CNVs are deletions or duplications

of regions of DNA historically considered 1 kilobase (Kb) or greater in size [3]. In response

to improved CNV detection capacity by next generation sequencing (NGS) technologies, the

minimum length is now often considered to be as little as 50 base pairs (bp) [4–6].

With the advent of single-nucleotide polymorphic (SNP) genotyping microarrays and DNA

sequencing technologies, the startling impact of CNVs is becoming apparent. While the esti-

mated rate of large de novo CNVs arising per generation in humans is a modest 1–2% [7–9], the

larger size of these mutations results in a substantial contribution to evolutionary change. On

average, more than twice as many total nucleotides that differ between human and chimpanzee

genomes consist of CNV duplication compared to single base pair substitutions [10].

The departure from wild type ploidy state caused by CNVs can have significant phenotypic

consequences. For example, in humans, gain or loss of gene dosage contributes to the eti-

ology of complex traits such as neuropsychiatric disorders such as autism spectrum disorder

and schizophrenia [11–13]. Deletions involving the CHRNA7 gene have been shown to cause
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epilepsy [14]. Duplications involving the MECP2 gene in males are associated with develop-

mental delays and intellectual disability [15]. Other complex human traits and diseases with

CNV associations include Alzheimer disease, Parkinson’s disease, and HIV-1/AIDS suscepti-

bility [16–18].

Phenotypic impacts of changes to gene dosage caused by CNVs have been studied in other

organisms as well. For example, duplications have been detected in bacteria of dosage-sensitive

genes that confer antibiotic resistance [19]. Tandem triplication of AMTE1 genes in maize is

associated with aluminum resistance [20]. Increased copy numbers of the EPSPS gene in a

variety of weed species has been linked to glyphosate herbicide resistance [21].

CNV analysis has also been applied to a variety of agriculturally relevant animals. CNVs have

been studied in chickens in relation to body weight, egg laying, and muscle and body organ

growth [22]. In pigs, CNVs have been associated with changes to backfat and intramuscular

fatty acid composition and growth [23]. In cattle, CNVs contribute to phenotypes related to

meat tenderness and milk composition traits [24, 25].

1.2 Copy number variants can be inherited or arise de novo

The vast majority of an organism’s genetic information is inherited from its parents and is

considered constitutive. However, rarely, DNA sequences arise that cannot be traced back

through either the paternal or maternal lineage and are considered de novo and acquired. Pre-

zygotic de novo mutations are referred to as germline mutations that become incorporated into

the DNA of every cell of the body of the offspring. Post-zygotic de novo mutations are referred

to as somatic mutations that are only incorporated into the DNA of the daughter cells of the

affected progenitor cell.

The genome-wide rate of formation of CNVs that are larger than 500 bp in size per genome per

generation has been conservatively estimated to be 3 x 10−2 from human HapMap data [26].

The rate of very large (>100 Kb) CNV events has also been conservatively estimated at 1.2 x

10−2 CNVs per genome per generation [27]. The distribution of CNV events across genomes

is not random. Centromeric and telomeric regions harbour more and repeated CNV events and
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are considered hotspots while gene-rich and gene dosage-sensitive regions harbour fewer CNV

events and are considered cold spots [28, 29].

One substantial feature contributing to the formation of CNVs is the presence of multiple low

copy repeats (LCRs) in genomic regions spanning up to 10 Mb. LCRs are often pseudogenes,

nonfunctional superfluous duplications of genes, or repetitive DNA elements >1 Kb in size with

>95% sequence identity that have been found to be hotspots for duplications or deletions [30].

The presence of two or more LCRs near DNA damage events along a chromosome can promote

and mediate formation of CNVs via errors during DNA repair [31]. Recurrent CNVs, CNVs

found to arise independently within unrelated members of a population, are usually flanked

by LCRs [32]. Non-recurrent CNVs are not necessarily flanked by repetitive elements and

generally have unique breakpoints [33].

1.3 Heterozygosity may be an unknown mutagenic contrib-

utor to copy number variant formation

The differences in the DNA sequence between distinct individuals of a given species represent

the genetic diversity of that species. The extent of genetic diversity contributes to the ability of

a species to respond favourably to environmental changes. Decreased levels of genetic diversity

within a population have been associated with declines in population fitness and increased risk

of extinction [34, 35].

The vast majority of eukaryotes are diploid organisms, possessing genomes consisting of two

homologous sets of chromosomes. Heterozygosity is defined as the proportion of sites on a

chromosome at which the maternal and paternal DNA sequence differ and is a valuable param-

eter in estimating the genetic diversity of a population. On average, heterozygosity has been

found to be 35% lower in threatened taxa in comparison to nonthreatened taxa and indicates a

decreased reproductive fitness and elevated extinction risk in the wild [36].

Single-nucleotide polymorphic (SNP) loci are genomic sites that contain sequence differences

at a single base pair that appear in at least 1% of the population. SNP loci therefore have at
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least two possible nucleotides that may be found in an individual. The possible nucleotides for

a given SNP locus may be treated as alleles. Given that most SNP loci are biallelic, the alleles

are usually categorized as the major (A) allele or the minor (B) allele. The genotype of a bial-

lelic SNP locus is typically reported as homozygous AA, homozygous BB, or heterozygous

AB. SNPs are one of the largest contributors to genomic variability between individuals [37].

In mice, over 70 million SNPs have been identified [38]. SNP loci are relatively easy and

inexpensive to assay for allele composition, making them a convenient way of sampling het-

erozygosity in a genome.

Heterozygosity of certain loci can play an direct role in increasing organismal fitness. Het-

erozygote advantage refers to a scenario wherein a heterozygous genotype confers a fitness

advantage when compared to either of the alternate homozygous genotypes. For example,

in humans, individuals who are heterozygous for a mutation in the HBB gene for sickle cell

anemia do not manifest the disease phenotype but also possess resistance to malarial infec-

tion [39]. In this case, heterozygous individuals have a fitness advantage in comparison to

individuals who are homozygous for either the dominant allele or recessive, disease-causing

allele.

While heterozygosity may be a beneficial genetic feature in some contexts, recent evidence

suggests that elevated numbers of heterozygous loci may be mutagenic. A study by Yang et al.

(2015) demonstrated a significant increase of mutation rates in relation to increased heterozy-

gosity in Arabidopsis, a small flowering plant and widely used model organism [1]. By inter-

breeding purebred parental plants of differing ecotype, Col and Ler, they produced high het-

erozygosity F1 plants. The nucleotide diversity, a measure of the average number of nucleotide

difference per site between two DNA sequences, between Col and Ler is approximately 0.39%.

After selfing of both the low heterozygosity parentals (P0 → P1) and the high heterozygosity

F1 (F1 → F2) plants, parent-progeny groups were subjected to high read-depth next generation

sequencing (NGS). Single-nucleotide point mutations and small (<30 bp) insertion-deletion

(indel) mutations were detected (Fig 1.1). Single-nucleotide point mutations were 3.6-fold

higher in F2 plants relative to their P1 counterparts. Further, a 2.8-fold increase in the rate

of indels in intergenic regions was also found in the F2s compared to the P1s. Heterozygos-
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Figure 1.1: Engineered low and high heterozygosity Arabidopsis breeding schemes by
Yang et al. [1]. (A) Selfing of purebred Col Arabidopsis plants produced plants of similar
heterozygosity and a detected SNP point mutation rate of 0.88 per generation and an indel
mutation rate of 0.31 per generation. (B) Crossing purebred parental plants of differing
ecotypes, Col and Ler, produced plants of high heterozygosity. Selfing high heterozygosity F1
plants produced F2 plants with high heterozygosity and a detected SNP point mutation rate of
3.19 per generation and an indel mutation rate of 0.88 indel mutation per generation.
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ity was implicated as the culprit for mutagenesis after F2 plants were selfed for two more

generations, depleting genomic heterozygosity by approximately one-half for each generation.

Sequencing of F3 and F4 plants demonstrated a positive correlation between heterozygous loci

and single-nucleotide mutation rate. Mounting evidence supporting heterozygosity as an en-

dogenous mutagen was further strengthened as the median distance (167 bp) of 273 de novo

mutations to heterozygous sites in the F2 plants was significantly smaller than expected. Fur-

ther, significantly more de novo point mutations were found in heterozygous regions compared

to homozygous regions.

The finding of elevated mutagenesis in a high heterozygosity genome has since been corrobo-

rated in peaches [40]. Using a similar approach to the Arabidopsis study, Xie et al. generated a

low heterozygosity (0.27% nucleotide diversity) F1 peach tree from an intraspecific cross and

a high heterozygosity (1.24% nucleotide diversity) F1 peach tree from an interspecific cross.

Both F1 trees were selfed to generate F2s and the level of SNP point mutation and indel rates

were assessed by parent-progeny NGS. The high heterozygosity interspecific F2 group had a

1.8 fold increase in the relative SNP point mutation rate and a 1.7 fold increase in the indel

(<30 bp) mutation rate. Additionally, the average local heterozygosity for regions surrounding

de novo mutations was up to 1.5-fold higher than the average genomic heterozygosity in the

interspecific F2.

Both the Arabidopsis and peach studies revealed compelling evidence that heterozygosity is as-

sociated with an elevated number of point and indel mutations that occur nearby heterozygous

loci. This nearby spatial association between heterozygous loci and mutations can be termed

a proximal association, which will be used throughout this thesis. However, there are gaps in

knowledge yet to be addressed. Neither study addressed whether heterozygosity is associated

with larger structural mutations such as CNVs. As well, the pervasiveness of this phenomenon

in species outside of plants remains limited. Insight into the precise mechanism by which het-

erozygosity could contribute to mutagenesis is not fully understood. One potential hypothesis

for heterozygosity directly promoting and mediating mutagenesis is that an elevated level of

heterozygosity could cause chromosomal misalignment during meiotic recombination and lead

to improper DNA repair [41]. Alternatively, heterozygosity may co-localize with mutational
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events but not itself contribute to the development of new mutations.

1.4 Imperfect DNA repair contributes to mutagenesis result-

ing in copy number variants

There are a number of a mechanisms by which CNVs are known to arise. Two predominant

mechanisms of mutagenesis leading to CNV formation occur during repair of double strand

DNA breaks (DSBs), a highly cytotoxic DNA lesion [4]. The frequency of DSBs in human and

mouse fibroblasts has been estimated to be ten per day per cell, thus requiring cells constantly

to repair their DNA [42–44]. In response to DSBs, cells will attempt to repair the damage either

through non-homologous end joining (NHEJ) or homology-directed repair (HDR) pathways.

The NHEJ and HDR repair mechanisms differ in their capacity for accurate repair, efficiency,

and template requirements [45].

Errors associated with NHEJ and HDR mechanisms have been implicated as the two major

pathways by which large CNVs arise. One study found that of 227 CNVs larger than 7 kb

from eight human genomes, 39% likely arose due to improper NHEJ and 38% arose due to

improper HDR [46]. The remaining large CNVs are thought to have formed primarily due to

retrotransposition events and variable nucleotide tandem repeats.

The repair mechanism NHEJ is kinetically favourable and simply ligates detected DSBs back

together but does not depend on sequence homology to proceed (Fig 1.2) [47]. When a DSB oc-

curs, the DNA ends are bound by the Ku70/Ku80 heterodimer, which recruits DNA-dependent

protein kinases (DNA-PKcs) and, if necessary, nucleases (such as Artemis) or polymerases to

generate compatible ends [48]. Finally, ligation of the DSB is completed by a ligation complex

made up of DNA ligase IV, XRCC4 and XLF [49, 50]. The NHEJ mechanism is known to

be error-prone and often introduces short insertions and deletions (usually <10 bp) during the

strand resection or elongation phase [51]. While short indels are a common outcome of NHEJ,

larger duplications and deletions do occur.

HDR is a high fidelity repair mechanism that depends on sequence complementarity between
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Figure 1.2: DNA double-stranded breaks can be repaired through non-homologous end
joining or homology-directed repair.
Red DNA molecules represent broken strands to be repaired. Blue DNA molecules represent
homologous sequences used as a template for repair. Non-homologous end joining begins
with strand breakage recognition by KU70/KU80 heterodimers that recruit DNA dependant
protein kinases in addition to nucleases (such as ARTEMIS) or polymerases to generate
compatible ends. A ligation complex made up of XRCC4/XLF/LigIV repairs the
sugar-phosphate backbone. Homology-directed repair begins with strand resection by
endonucleases that leave 3’ overhangs that are coated by Rad51 proteins that catalyze the
recognition of sequence complementarity and strand invasion. The 3’ overhang is elongated
across the breakage site using the homologous DNA as a template before the D-loop is
resolved. The remaining strand gap is elongated before the sugar-phosphate backbone is
ligated and repair is complete.
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the DNA strand to be repaired and a template strand, typically derived from the undamaged

parental chromosome (Fig 1.2). During this repair process, the DSB lesion first undergoes

single stranded resection of the 5’ ends to generate 3’ single stranded DNA overhangs [52].

The 3’ overhangs are coated with recombinase proteins (such as Rad51) which promote strand

invasion of the damaged DNA to the template [53]. Importantly, strand invasion relies upon

sequence complementarity of the damaged strand to the template. Strand invasion results in

the formation of a displacement loop (D-loop) bubble, where the 3’ end of the damaged DNA

is now elongated until there is sufficient overlap between it and the other damaged DNA strand

[54]. The D-loop is then resolved, with the 3’ overhangs of the damaged strands annealing

and polymerase elongating the single stranded segments. Finally, ligase repairs the nicks in the

backbone and the lesion is repaired [55].

While HDR is typically a highly faithful method of DNA repair, it is not infallible. HDR can

suffer from non-allelic homologous recombination (NAHR), a mishap in repair wherein an in-

correct template with a near-identical sequence is used during strand invasion instead of the

proper template [30]. Large genomic rearrangements can arise from NAHR, including dupli-

cations, deletions, and inversions. Significantly, NAHR has been found to contribute directly

to CNV deletions responsible for autism spectrum disorder and Williams-Beuren syndrome

phenotypes [56].

The HDR mechanism is primarily active during the G2 and S phases, but NAHR can occur

outside of a mitotic setting [57]. In eukaryotes, homologous recombination (HR) occurs dur-

ing meiosis, playing a critical role in increasing genetic diversity by shuffling genetic material

during chromosomal crossover [58]. In similar fashion to HDR, the process of HR involves

strand invasion of highly homologous sequences and is susceptible to using an incorrect tem-

plate for repair [59]. The prevalence and impact of NAHR during mitosis and meiosis remains

unclear, although headway has been made in determining factors affecting NAHR rates such

as: distance, alignment length, sequence complementarity, and chromosomal position [60].

Still, interpretation of these factors alone still leaves the exact origins of many CNVs unknown

and heterozygosity has not been specifically investigated as a contributor. However, during

repair of a DSB, strand invasion depends upon complementarity of similar and not necessarily
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identical sites. It is reasonable to consider heterozygosity as a factor that may increase the rate

at which a non-allelic template is used for repair, increasing the likelihood of CNV formation

in regions of heterozygosity.

1.5 Interbreeding different classical inbred mice produces

a good model for investigating the contribution of het-

erozygosity to copy number variant formation in mam-

mals

The common house mouse, Mus musculus, has long been the staple mammalian model or-

ganism for genetic research due to phylogenetic relatedness and physiological similarities

to humans [61]. Additionally, the ease of laboratory breeding has permitted the curation of

many inbred strains over the last century. Classical inbred mouse strains are generated through

brother-sister mating each generation, causing heterozygosity levels to be reduced by one-half

with each generation. To be considered classically inbred, a mouse must be the product of at

least 20 consecutive generations of brother-sister mating [62]. At 20 generations, at least 98.6%

of the loci will be homozygous [63]. Some of the oldest inbred strains such as C57BL/6J (B6)

and DBA/2J (DBA) have been inbred for over a century and are homozygous at virtually all of

their loci.

Classical inbred mice serve as effective genetic control populations for a number of research

applications. As individuals within a strain are designed to be as close to isogenic (genetically

identical) as possible, experimental reproducibility is not confounded by genetic variation.

With the widespread use of inbred mice, a vast arsenal of molecular tools have been devel-

oped to manipulate their genome and, in parallel, high-throughput microarrays and NGS have

permitted the development of information-rich databases. For example, as of August 2020, 32

laboratory mouse strains have had their genomes sequenced. [38, 64–66].

Interbreeding of two different parental inbred mouse strains results in F1 hybrid mice that are

heterozygous at all loci at which their parents differ, but remain homozygous at all loci at which
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their parents are the same. F1 hybrids are useful in that their genomes contain a predictable

amount of nonrandomly distributed heterozygosity in all individuals that may be controlled

based on the selection of parental strains. Derived from low heterozygosity parents, F1 mice are

a good model for investigating the effect of increased heterozygosity on mutagenesis leading

to CNV formation in a reproducible genetic context.

Importantly, the cells undergoing gametogenesis that produce these F1 mice will have lower

heterozygosity in nature. In order to evaluate the effects of heterozygosity on mutagenesis in a

meiotic context, F1 mice will need to be brother-sister mated to produce F2 mice. If heterozy-

gosity is associated with CNV formation in a meiotic context, it can be expected that only

the F2 mice would demonstrate an elevated number of heterozygosity-linked de novo CNVs.

If, however, heterozygosity is associated with CNV formation in a mitotic context, it can be

expected that both F1 and F2 mice would demonstrate an elevated number of heterozygosity-

linked de novo CNVs.

1.6 Microarray technology is a high-throughput method for

sampling heterozygosity and de novo copy number vari-

ants in mice

SNP genotyping microarrays are a well-established, high-throughput technology used for de-

termining the genotype at hundreds of thousands of genomic loci at a time. These arrays have

been developed for a wide range of species, including humans, mice, cattle, chickens, and

many others [67–70]. In addition to providing genotypes of SNP loci, genotyping microarrays

permit the detection of large CNVs across the genome (Fig 1.3).

Manufacturing of SNP genotyping microarrays can involve spotting single stranded DNA

probes to a glass slide that are complementary to SNP loci to be interrogated [71]. Geno-

typing array calls are made by extracting and amplifying whole genomic DNA, followed by

fragmentation and fluorescent labelling. The labelled DNA is then hybridized to the array,

where fragments of high sequence homology bind the affixed probes. After washing away the
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unbound and imperfectly hybridized DNA, the microarray is scanned and a fluorescence in-

tensity image is captured [72]. The fluorescence intensity emitted by a specific probe spot is

proportional to the amount of DNA binding.

Separate probes interrogating the more common A allele and less common B allele. Relative

fluorescence can be interpreted by genotype clustering algorithms to indicate whether a SNP

locus is homozygous AA, homozygous BB, or heterozygous AB. Samples with fluorescence

intensities outside of the genotype call clusters are designated ’no calls’ and may indicate the

presence of a genotype not interrogated by the array, a CNV gain or loss, inefficient hybridiza-

tion of sample DNA to the probe, or insufficient algorithm training to make accurate genotyping

calls (Fig 1.4).

Development of high-density chipsets has permitted the detection of CNVs alongside SNP

genotyping [73]. With a greater number of probes being assayed, the resolution at which the

genome can be interrogated increases while the average inter-probe distance shrinks. CNVs

can be called when the fluorescence intensity for at least three consecutive probes deviate

from the expected diploid fluorescence intensity. In this way, copy number states of zero

(deletion of both alleles), one (deletion of one allele), or three or more (allele duplication) can

be distinguished (Fig 1.4). For example, 20 consecutive probes with a relative fluorescence one

half of the expected diploid intensity is indicative of a copy state one deletion.

1.7 Publicly available Mouse Diversity Genotyping Array data

are ideal for investigating copy number variant mutage-

nesis

The Mouse Diversity Genotyping Array (MDGA) is the most probe-dense SNP genotyping

array to date, targeting 624,124 SNP loci [68]. Each SNP locus is targeted by a total of eight

probes to ensure redundancy and improve calling accuracy. Two pairs of duplicate probes

target the A allele on the forward and reverse strands while the other two pairs of duplicate

probes target the B allele on the forward and reverse strands. The total fluorescence intensity
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Figure 1.3: Microarray experimental design methodology. DNA is first extracted and
purified from the sample of interest. Following PCR amplification, the DNA is fragmented
and fluorescently labelled. DNA is then denatured and washed across the microarray,
permitting hybridization to complementary single stranded probes spotted on the array.
Unbound DNA is washed away and a fluorescent image is captured. Relative fluorescence
intensity is used to ascertain single-nucleotide polymorphic loci genotypes and detect copy
number variants through the use of various software.
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Figure 1.4: SNP loci genotyping and CNV detection methodology. Using fluorescence intensity image (.CEL) files, SNP loci
genotyping and CNV detection can be conducted using Affymetrix Power Tools (APT) and PennCNV software, respectively. SNP loci
genotyping software evaluates the relative fluorescence of the A and B probes for each training sample at each locus and uses genotype
clustering algorithms to form call clusters AA, AB, and BB. Test samples are then called AA, AB, BB or no call depending on their
signal. CNV detection is performed using PennCNV software. Relative fluorescence of consecutive probe markers is assessed using a
Hidden Markov Model. CNV duplications and deletions are called by stretches of at least 3 probe markers deviating in their relative
fluorescence from the diploid state.
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values for all like probes targeting a locus are taken into account during genotyping to reduce

the number of false-positive calls.

The MDGA further targets 916,269 loci queried by invariant genomic probes (IGPs) [68]. IGPs

assay conserved regions of the genome, where sequence information is expected to be identical

amongst all individuals. IGPs are particularly useful for identifying putative CNVs because the

relative fluorescence of these probes is expected to remain the same for all diploid individuals

within the genus Mus. Therefore, fluorescence deviations in IGPs are more straightforwardly

and reliably interpreted by various CNV calling algorithms [74], although redundancy for these

probes is reduced in comparison to SNP loci because there are only two IGPs for each queried

locus. The MDGA has been further optimized for CNV analysis by filtering the SNP probeset

to reduce possible sources of noise and false positive calling. There are 493,290 well perform-

ing SNP probes on the MDGA [75–77].

One of the benefits of the MDGA is the abundance and diversity of publicly available sample

data. The Jackson Laboratory has made 1901 MDGA samples of varied genetic background

publicly available, ranging from classical inbred B6 mice all the way to cross-species applica-

tions to the tapir and rhinoceros [78]. A subset of 334 of classical inbred, wild-derived inbred,

and wild-caught mice has undergone thorough CNV characterization, identifying 9,634 puta-

tive CNVs affecting 6.87% of the mouse genome [75]. While the nature of CNV recurrence,

distribution and gene-overlap was rigorously profiled for these samples, the relationship be-

tween SNP heterozygosity and CNVs has yet to be analyzed and therefore remains unknown.

1.8 Chromosomal landscape of genetic variation can be vi-

sualized using rainfall and rainbow plots to gauge the

spatial relationship of genomic events

Rainfall plots are scatterplots used to visualize the distribution of genomic events [79]. First

used to detect somatic point mutation hotspots within cancer genomes [80], rainfall plots can

be adapted instead to visualize the distribution of SNP heterozygosity along a chromosome and
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anticipate regions susceptible to mutagenesis leading to CNV formation. The x-axis shows the

position of heterozygous SNP loci while the y-axis is the distance to the preceding heterozy-

gous SNP locus in base pairs (Fig 1.5). Rainfall plots are useful in visualizing the nature,

number, and distribution of heterozygous SNP loci clusters along a chromosome.

The spatial relationship between two genomic events, such as heterozygous SNP loci and

CNVs, can be visually assessed using rainbow plots [Luo, unpublished, in preparation]. Rain-

bow plots portray the density and distribution of heterozygous SNP loci with respect to their

proximity to CNV events along a chromosome (Fig 1.6). Rainbow plots are useful for discern-

ing the heterozygous landscape around each CNV along a chromosome. CNVs in heterozy-

gous SNP dense regions will show many more proximal heterozygous SNPs falling lower on

the graph than CNVs in heterozygous SNP deserts.

In combination, rainfall and rainbow plots are powerful visualization tools that can provide

compelling evidence for association between heterozygous SNP loci and CNVs. However, this

analysis is subjective and may lead to errors in interpretation. For example, A rainbow plot

could be misleading in showing a CNV appearing in close proximity to many heterozygous

SNPs while not accounting for a far greater number of homozygous SNP probes in the region.

It is necessary to have an objective, quantifiable measure by which to understand the spatial

association between heterozygous SNPs and CNVs.

1.9 Novel spatial statistical tools can be used effectively to

interrogate the relationship between heterozygosity and

copy number variants

Recently, novel statistical tools have been proposed for characterizing the spatial relationship

between heterozygous SNP loci and CNVs using microarray data [81, 82]. One such tool is a

nonparametric test for spatial independence between genomic events is called the J statistic, and

may be used to determine whether heterozygous SNP loci are nearby CNVs on an autosome.

Adapted from the J function, a ratio statistic used for profiling the distribution of geological
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Figure 1.5: Rainfall plots enable visualization of the distribution of heterozygous single-nucleotide polymorphic loci along a
chromosome. A) Black circles represent heterozygous SNP loci. The x-axis of a rainfall plot is the chromosomal position in base pairs.
The y-axis represents the distance between a heterozygous SNP locus and the previous heterozygous SNP locus plotted on a
logarithmic scale. B) Example chromosome 14 from a F1 mouse with approximately 29% SNP heterozygosity. Rainfall plots are useful
for visualizing regions of heterozygous SNP loci clustering along a chromosome. For example, several instances where the distance
between heterozygous SNP loci is less than 1000 bp are apparent.



18

102

2 4 6 8 10

Position along chromosome (bp x 107)

D
is

ta
nc

e 
be

tw
ee

n 
SN

P 
an

d 
ne

ar
es

t C
N

V 
(b

p)

107

106

105

104

103

Heterozygous SNPs

C
N
V

C
N
V

Centromere

102

106

105

104

103

107

2 124 6 8 10

B

101

108

1

Position along chromosome (bp x 107)

D
is

ta
nc

e 
be

tw
ee

n 
SN

P 
an

d 
ne

ar
es

t C
N

V 
(b

p)A

Figure 1.6: Rainbow plots enable visualization of the spatial relationship between heterozygous single-nucleotide polymorphic
loci and copy number variants on a chromosome. A) Black circles represent the position of heterozygous SNPs in base pairs while
red circles represent the position of a CNV in base pairs. The x-axis represents the position along the chromosome in base pairs. The
y-axis is the distance of a heterozygous SNP to its nearest CNV in base pairs, causing a ’rainbow’ shape to form. B) Example
chromosome 14 from a F1 mouse with approximately 29% SNP heterozygosity and two CNV events proximally associated with
heterozygous SNP loci.
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fault lines to ore [83], the J statistic accommodates the problem of intermittent probe sampling

across the genome by microarrays [84].

The J statistic evaluates the neighbourhood of queried SNP probes outside of CNV regions on

a chromosome and determines whether the distribution of heterozyous SNP loci is following a

random distribution. Using a Poisson Null process and Monte Carlo simulations, global confi-

dence bands are constructed to test the null hypothesis that heterozygous SNPs are randomly

distributed outside of CNV regions. The length of the chromosomal region interrogated sur-

rounding CNVs can be varied and is referred to as the ’r value distance’. More specifically, the

r value is the number of base pairs from start and end of a CNV to be evaluated by the J statis-

tic. If the observed J function extends outside the global confidence bands, the null hypothesis

is rejected.

If the observed J function remains within the global confidence bands, the heterozygous SNP

landscape is not significantly different from a random distribution (Fig 1.7). If the observed

J function crosses below the bottom global confidence band, heterozygous SNPs are signifi-

cantly proximal to (nearby) CNVs for the interrogated chromosome (Fig 1.8). If the observed

J function crosses above the top global confidence band, heterozygous SNPs are significantly

distal to (far away from) CNVs for the interrogated chromosome (Fig 1.9).

1.10 The Axiom MouseHD array is an untapped, cost-effective

candidate technology to survey the mouse genome

Although the MDGA remains the most probe dense, a newer, more cost efficient array has

recently been designed for mice. The Axiom MouseHD genotyping array is a custom-made

high-density array that costs approximately $75 per sample as opposed to the $600 per sample

of the MDGA. The Axiom array targets 616,136 SNP loci, 488,945 of which are also targeted

by the MDGA. The Axiom array and MDGA are comparable in the number of SNP loci tar-

geted, both with an approximate resolution of 1 SNP locus per 4.4 kb. However, the Axiom

array does not contain any IGPs and therefore does not interrogate conserved loci.
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Figure 1.7: Example of a J statistic result for heterozygous single-nucleotide
polymorphic loci and copy number variants that are not spatially associated to one
another on a chromosome. An example mouse chromosome with sampled SNP loci is
depicted above the plot. Black points represent heterozygous SNP loci while green points
represent homozygous SNP loci. CNVs are represented by red vertical bars. The r distance is
the length of the region surrounding CNVs evaluated by the J statistic extending outward from
the start and end of each CNV. The heterozygous and homozygous SNP loci are randomly
distributed in the evaluated sections of the chromosome. The x-axis of the J statistic plot is the
r value distance while the y-axis is the observed J function. The dotted blue lines are global
confidence bands constructed from the Poisson null process with a critical significance level
of α = 0.05. The solid black line represents the J function, a nonparametric measure of
association between the observed heterozygous SNP loci distribution and random
distributions generated through Monte Carlo simulations. When the J function remains within
the global confidence bands, the test statistic fails to reject the null hypothesis and no evidence
is found for a spatial association between heterozygous SNP loci and CNVs.
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Figure 1.8: Example of a J statistic result for heterozygous single-nucleotide
polymorphic loci and copy number variants that are proximally associated to one
another on a chromosome. An example mouse chromosome with sampled SNP loci is
depicted above the plot. Black points represent heterozygous SNP loci while green points
represent homozygous SNP loci. CNVs are represented by red vertical bars. The r distance is
the length of the region surrounding CNVs evaluated by the J statistic extending outward from
the start and end of each CNV. The heterozygous SNP loci are distributed more closely to
CNV events in the evaluated sections of the chromosome than homozygous SNP loci. The
x-axis of the J statistic plot is the r value distance while the y-axis is the observed J function.
The dotted blue lines are global confidence bands constructed from the Poisson null process
with a critical significance level of α = 0.05. The solid black line represents the J function, a
nonparametric measure of association between the observed heterozygous SNP loci
distribution and random distributions generated through Monte Carlo simulations. When the J
function crosses the bottom global confidence band, the test statistic rejects the null hypothesis
and indicates a proximal spatial association between heterozygous SNP loci and CNVs.
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Figure 1.9: Example of a J statistic result for heterozygous single-nucleotide
polymorphic loci and copy number variants that are distally associated to one another
on a chromosome. An example mouse chromosome with sampled SNP loci is depicted
above the plot. Black points represent heterozygous SNP loci while green points represent
homozygous SNP loci. CNVs are represented by red vertical bars. The r distance is the length
of the region surrounding CNVs evaluated by the J statistic extending outward from the start
and end of each CNV. The heterozygous SNP loci are distributed more closely to CNV events
in the evaluated sections of the chromosome than homozygous SNP loci. The x-axis of the J
statistic plot is the r value distance while the y-axis is the observed J function. The dotted blue
lines are global confidence bands constructed from the Poisson null process with a critical
significance level of α = 0.05. The solid black line represents the J function, a nonparametric
measure of association between the observed heterozygous SNP loci distribution and random
distributions generated through Monte Carlo simulations. When the J function crosses the top
global confidence band, the test statistic rejects the null hypothesis and indicates a distal
spatial association between heterozygous SNP loci and CNVs.
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The Axiom MouseHD array has been successfully used to identify quantitative trait loci impli-

cated in contributing to cardiac hypertrophy in Balb/Cj mice [85]. However, the Axiom Mouse

HD array has never been used to detect CNVs in mice and was not designed with CNV calling

in mind. Therefore, new, streamlined software packages such as Axiom Analysis Suite and

Axiom CNV Tool do not come with support for CNV calling for the Axiom MouseHD array.

Fortunately, PennCNV, a free software tool provided by Wang et al. for detecting CNVs, uses

a Hidden Markov Model (HMM) CNV calling algorithm that can be used for any high-density

SNP genotyping array [86].

The Axiom MouseHD array is a potentially useful and practical technology for studying the

relationship between heterozygous SNPs and de novo CNVs because its low cost permits an

increase sample size and therefore increased statistical power. Given the expected low rate

of de novo CNV mutagenesis, it is desirable to investigate the spatial landscape of as many

chromosomes as possible.

1.11 Central hypothesis

The startling findings of high heterozygosity locally affecting the rate of SNP and indel mu-

tations per generation in both Arabidopsis and peach plants provided a strong foundation for

extending investigation of this phenomenon to nonplant organisms. Mice are a staple mam-

malian model organism well-suited for replicating an experimental setup with high and low

heterozygosity to assess the relative level of mutation. Given the nature of mechanisms of

mutation resulting in CNVs, I hypothesized that clusters of SNP heterozygosity in mice would

promote and mediate the incidence of NAHR events following DSB repair, resulting in the for-

mation of new CNVs. I therefore predicted that clusters of SNP heterozygosity in mice would

co-localize with CNVs more frequently than expected at random and mice of higher heterozy-

gosity would harbour a greater number of CNV events. Further, if heterozygosity is mutagenic

during meiotic recombination, I expect de novo CNVs to arise in proximity to clusters of SNP

heterozygosity in the parental mice of the affected individual.
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1.12 Experimental aims

My first experimental aim was to determine the spatial relationship between heterozygous SNP

loci and CNVs from publicly available MDGA data. Careful scrutiny was given to classical in-

bred mice, wild-derived inbred mice, and classical inbred F1 hybrids, which had low, moderate,

and high SNP heterozygosities, respectively. These groups are of particular interest because

the classical inbred mice and their F1 hybrids had different levels and distributions of heterozy-

gous SNP loci, yet both arose from the same low heterozygosity gametogenesis environments.

In contrast, the wild-derived mice had moderate heterozygous SNP loci levels both pre- and

post-zygotically.

The first step in this aim was to download, filter and categorize the publicly available MDGA

data from the Jackson Laboratory. Genotyping and CNV detection were then performed, de-

termining the location and distribution of both heterozygous SNP loci and CNVs. Rainfall,

rainbow and J statistic plots were then produced for all autosomes. If mitotic mechanisms are

responsible for contributing to CNV mutagenesis, I expected to see an elevation in both CNV

frequency and proximity to heterozygous SNP loci in the F1 hybrids. If meiotic mechanisms

are responsible, I expected the wild-derived mice to demonstrate this pattern.

My second experimental aim was to generate a novel automated pipeline by which the spatial

relationship between any heterozygous SNP loci and CNVs may be investigated. This aim was

tackled in tandem with aim one. To address this aim, various R coding scripts were made to

automatically process raw exported data from Affymetrix genotyping software and PennCNV.

Using these scripts, the spatial relationship of heterozygous SNP loci and CNVs was deter-

mined for thousands of chromosomes at a time. Additionally, this automated pipeline may be

adapted to investigate the spatial relationship between other genomic features.

My final experimental aim was to uncover the spatial relationship between heterozygous SNP

loci and de novo CNVs in a meiotic context. To address this aim, a breeding experiment using

B6 and DBA classical inbred parental mice was conducted. Using publicly available data from

the MDGA, I determined the expected level of heterozygous SNP loci of B6 x DBA F1 hybrids

to be approximately 20% and distributed in clusters throughout the genome. These were ideal
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mice for testing whether heterozygosity affects de novo CNV mutagenesis in a mitotic setting

because this elevated heteterozygosity is post-zygotic.

The F1 mice were then brother-sister mated to produce F2 mice of unpredictable and discon-

tinuous heterozygous SNP loci distributions. The average level of heterozygous SNP loci of

these mice was approximately 10%, although inter-animal and inter-chromosomal variation

were expected and observed. These F2 mice arose from cells undergoing gametogenesis with

high heterozygosity and were an ideal vector to test whether heterozygosity affects de novo

CNV mutagenesis in mice.

For six three-generation mouse lines, the landscape of heterozygous SNP loci and CNVs for

the parentals, F1s, and F2s using the novel spatial statistical pipeline was elucidated. CNVs

that were not inherited in the F1s and F2s were identified. If heterozygous SNP loci affect

mutagenesis leading to de novo CNV formation in a meiotic setting, I expected to see de novo

CNVs located close to heterozygous SNP loci in the F2 cohort. More accurately, I expected

these de novo CNVs to be located close to the heterozygous SNP loci of the F1 cells undergoing

gametogenesis they arose in.
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Materials and methods

2.1 Genotyping and copy number variant calling for 800 pub-

licly available mouse diversity genotyping array samples

Of 1901 MDGA raw data (.CEL) files publicly available from the Jackson Laboratory [78],

800 were selected based on their known diversity in SNP heterozygosity due to a spectrum

of breeding strategies and genealogical histories. Samples were included if they were derived

from one of the following categories: Classical inbred (CI), recombinant inbred (RI), wild-

derived (WD), Caesarian derived-1 (CD1) outbred, Naval Medical Research Institute (NMRI)

outbred, or F1 hybrids. A comprehensive list of sample information including sex, strain and

category is provided in the supplementary online materials (Appendix B).

Genotyping was performed using the BRLMM-P algorithm implemented by Affymetrix Power

Tools (APT; Thermo Fisher Scientific) software [87] with default parameters. A call rate cut-

off of >97% was employed. Of the 800 samples genotyped, 66 samples had call rates below

97% and were discarded from further analysis. The total fluorescence intensity signals from

each SNP probeset were summarized as log R ratio (LRR) values. The fluorescence signal

ratio between the B and A allele probes at each SNP locus was represented by B allele fre-

quency (BAF) values. Both LRR and BAF values were calculated by generating a canonical

genotype clustering file using the PennAffy package [88]. An in-house population frequency

of the B allele reference file based on 351 representative mice [75] was used by PennCNV

software [86] to detect CNVs. The default Affymetrix affygw6.hmm file was used to supply

the hidden Markov model (HMM) to PennCNV. Autosomal CNVs were detected using default
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parameters.

Using suggested quality control parameters for Affymetrix arrays [89] and in accordance with

previously used MDGA CNV calling methodology [75], 22 samples with LRR standard devi-

ation values greater than 0.35 or BAF drift values greater than 0.01 were removed from further

analysis. In addition, 2 files were removed for not calling any CNVs, leaving a total of 710

quality control (QC) passing samples.

2.2 Profiling the density and distribution of heterozygous single-

nucleotide polymorphic loci and copy number variants

for 707 quality control passing mouse diversity genotyp-

ing array samples

Following APT genotyping and PennCNV calling, files were formatted with an in-house R

script for input into a novel spatial statistic pipeline [82, 84]. Briefly, this script sorted the

SNP and CNV call data for each sample and merged the data from these separate files such

that a singular comma-separated values (CSV) output file for each sample contained all geno-

type calls and detected CNVs, sorted by chromosome number and position. The spatial statistic

pipeline R script was developed in-house by Bin Luo, Steven Villani, and myself. This pipeline

automatically processed all properly formatted samples within a folder and, using the J statis-

tic, determined whether two genomic features are nonrandomly spatially associated with one

another.

Spatial associations between heterozygous SNP loci and CNVs were profiled for 13,490 au-

tosomes from the 710 quality control passing samples. Window size, also referred to as the

’r value’ for the range of the CNV neighbourhood, was set to 10,000,000 bp outside of CNV

events and 1,000 simulations were performed per autosome. Three samples were unable to

be processed by this script given that the CNVs were called by IGPs outside of the range by

which SNP loci are interrogated along a chromosome. These three samples were omitted from

further analysis. Four autosomes across two classically inbred samples were discarded from
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further analysis for having fewer than 10 heterozygous SNP calls, an arbitrarily selected low

heterozygosity cutoff to prevent erroneous J statistic false positives.

For the remaining 13,429 autosomes from 707 mouse samples, heterozygous inter-SNP locus

distances were visualized as rainfall plots. Rainbow and J statistic plots were generated for

5,799 autosomes that harboured at least one CNV (Appendix B).

2.3 Engineering discontinuous landscapes of single-nucleotide

polymorphic heterozygosity by breeding two genetically

distinct inbred mouse lines

Six mouse families of three generations were bred using C57BL/6J and DBA/2J parental strains

at the Jackson Laboratory. Three families were derived from a male C57BL/6J and female

DBA/2J cross while the other three were derived from a female C57BL/6J and male DBA/2J

cross (Fig 2.1). F1s were brother-sister mated to produce at least 2 male F2 mice for each of

the six lines. Parental and F1 mice were euthanized and frozen on dry ice following successful

breeding. F2 mice were euthanized and exsanguinated at four weeks of age. Blood, cerebrum,

cerebellum, lungs, heart, liver, testes, spleen, kidney, bladder, pancreas, tail clips, and ear clips

were extracted and frozen on dry ice. All tissues and carcasses were shipped from the Jackson

Laboratory on dry ice.

DNA was extracted from ear and tail clips for all parental and F1 mice and from liver, lung, pan-

creas and tail clips for all F2 mice using the Thermo Fisher Purelink™ Genomic Extraction Kit

(Thermo Fisher Scientific Inc, Waltham, MA). DNA integrity was verified using electrophore-

sis on a 1.0% agarose gel in Tris-borate-EDTA buffer. DNA concentration was measured using

the Thermo Fisher Nanodrop™ 2000 (Thermo Fisher Scientific Inc, Waltham, MA) and the

DNA diluted to 50 ng/uL. The Centre for Applied Genomics (TCAG) received 10 uL of sam-

ple DNA in a 96 well plate for Axiom MouseHD microarray (Thermo Fisher Scientific Inc,

Waltham, MA) analysis.

SNP genotyping was performed according to the standard protocol outlined in the Axiom 2.0
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Figure 2.1: Mouse breeding and sample identification schematic for engineering
single-nucleotide polymorphic heterozygosity in six mouse families. Classical inbred
parental mouse strains C57BL/6J (B6) and DBA/2J (DBA) were bred to produce isogenic F1
hybrid mice with approximately 20% SNP loci heterozygosity. Brother-sister inbreeding of
F1 hybrids generated F2 mice of variable SNP loci heterozygosity. Two F2 male mice were
selected for tissue harvesting. All other mice, including additional F2 offspring were shipped
from the Jackson Laboratory as whole carcasses. Blue coloured mice are male and pink
coloured mice are female. Families 1-3 began with a male B6 mouse bred with a female DBA
mouse whereas families 4-6 began with a female B6 mouse bred with a male DBA mouse.
Numbers indicate unique mouse identifiers.
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Assay Manual User Guide (Thermo Fisher Scientific Inc; Life Technologies, Carlsbad, CA).

Briefly, 200 ng of genomic DNA was denatured and then amplified. Amplified DNA was frag-

mented, precipitated and then centrifuged. The pellets were dried and resuspended in buffer

and added to a hybridization master mix prior to hybridization to the Axiom MouseHD mi-

croarray plate in the GeneTitan Multi-Channel Instrument for 23.5 h. Finally, the array plate

was stained, washed, and scanned in the GeneTitan Multi-Channel Instrument (Thermo Fisher

Scientific Inc, Waltham, MA).

2.4 Predicting heterozygous single-nucleotide polymorphism

landscapes of DBA/2J x C57BL/6J F1 hybrid mice

DBA/2J and C57BL/6J inbred mice are two of the most commonly used classical inbred mouse

strains and are frequently used to produce F1 hybrids. Using genotyping calls for 11 C57BL/6J

and 4 DBA/2J MDGA files from the publicly available data, predictive heterozygous SNP rain-

fall plot landscapes for hypothetical F1 hybrids were generated for all 19 autosomes (Appendix

A).

Predicted heterozygous SNP loci rainfall plots were produced using a conservative approach to

determine the expected minimal heterozygosity of all F1 hybrids. SNP genotypes at 473,547

autosomal loci interrogated by the MDGA were investigated for consistent homozygous calls

(AA or BB) for all 11 C57BL/6J mice and repeated separately for all 4 DBA/2J mice. At

84,799 loci (or approximately 17.9% of the total loci), the C57BL/6J mice and DBA/2J were

homozygous for opposite alleles. Rare mutations notwithstanding, all F1 hybrids of these

inbred mice are expected to be heterozygous at all of these loci. All 19 predicted heterozygous

SNP loci rainfall plots were visually compared to rainfall plots produced by a C57BL/6J x

DBA/2J F1 hybrid (18.8% SNP heterozygosity).
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2.5 Genotyping and copy number variant calling of 96 Ax-

iom MouseHD array samples

A sample set of 88 Axiom MouseHD array .CEL files was downloaded to be used as a training

set for the BRLMM-P and PennCNV calling algorithms (Appendix B). All 88 mice are F2

mice derived from C57BL/6J x Balb/CJ F1 backcrosses [85]. These 88 mice will henceforth

be referred to as the training set.

SNP genotyping at 616,136 loci from the 96 Axiom MouseHD array fluorescence intensity

files (.CEL) was performed using the BRLMM-P algorithm implemented by Axiom Analysis

Suite software (Thermo Fisher Scientific Inc; Affymetrix Inc, Santa Clara, CA) using the best

practices workflow and including the training set. LRR and BAF values were calculated us-

ing the Axiom CNV Summary Tools software and each file was converted and exported into

PennCNV format.

A population frequency of the B allele (PFB) file was generated using the training set as previ-

ously described [75]. The default Affymetrix affygw6.hmm files was used to supply the Hidden

Markov Model to PennCNV. Autosomal CNVs were detected using default parameters.

Using suggested quality control parameters for Affymetrix arrays, all 96 files were retained for

downstream analysis for having LRR standard deviation values lower than 0.35 and BAF drift

values lower than 0.01. A total of 4,444 autosomal CNVs were detected across 96 samples. To

reduce false positive calling and in line with previous work [75], CNVs were excluded from

further analysis if they had a probe density less than 1/7000 bp. Further, state 0 (full deletion)

CNVs were stringently excluded if they were called with 15 or fewer probes. After filtering,

3,479 CNVs remained for downstream analysis.
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2.6 Profiling the density and distribution of heterozygous single-

nucleotide polymorphic loci and copy number variants

for 96 quality control passing mouse family samples

The SNP call file and filtered PennCNV output file generated by Axiom Analysis Suite soft-

ware were processed by the in-house R script for input into the spatial statistic pipeline. Spatial

association between heterozygous SNP loci and CNVs was profiled for 1,824 autosomes from

the 96 QC passing Axiom samples. Window size (r value) was set to 10,000,000 bp outside

of CNV events and 1,000 simulations were performed per autosome. Heterozygous SNP loci

distances were visualized as rainfall plots. Rainbow and J statistic plots were generated for

1,338 autosomes that harboured at least one CNV (Appendix B).

2.7 Determination of recurrent copy number variants within

mouse families using HD-CNV software

Recurrent CNVs within each of the six mouse families were identified using HD-CNV soft-

ware. Consistent with previous methodology [75], a recurrent CNV was called if there was

40% reciprocal overlap with at least one other CNV detected within the mouse family. Gephi

software [90] graph files produced for each chromosome were formatted using the Fruchterman-

Reingold layout and images were scaled to represent total number of CNV calls per chromo-

some. A CNV was considered a singleton if it shared less than 40% reciprocal overlap with all

other CNVs within the family.

2.8 Identifying inherited and de novo copy number variants

in F1 and F2 mice

Inherited and de novo CNVs were identified in the F1 and F2 mice. A CNV was considered

the same across samples if it shared a 40% reciprocal overlap. For a CNV to be classified as
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inherited in the F1 mice, it had to be called in both the tail and ear sample for the same mouse,

as well as in at least one of the four parental tissues. To be considered de novo, the CNV had

to be called in both the tail and ear sample for the same mouse, but not found in any of the four

parental tissues.

For the F2 mice, a CNV was classified as inherited if it was called in at least two of the four

sampled F2 tissues (tail, lung, liver, pancreas) and was also called in at least one of the four

parental tissues or the four F1 tissues. A CNV was considered de novo if it was called in at

least two of the four sampled F2 tissues and was not found in any parental or F1 tissue.

Presumptive de novo CNVs were stringently filtered to have been called by at least 15 SNP

probes. All de novo CNV BAF and log2 ratios were manually inspected using Axiom CNV

Viewer software and 3 CNVs were found to be adjacent and improperly called as separate

CNVs. These CNVs were merged and included in downstream analysis.

2.9 Spatial analysis of heterozygous single-nucleotide poly-

morphic loci and de novo copy number variants in F1

and F2 mice

De novo CNVs were extracted from the PennCNV output files and reformatted for the spatial

analysis pipeline. The spatial relationship between heterozygous SNPs and de novo CNVs

were profiled using rainfall, rainbow and J statistic plots. All other CNVs were omitted from

this analysis.

With a meiotic mechanism of CNV mutagenesis in mind, an additional round of spatial analysis

was conducted between F2 de novo CNVs and the heterozygous SNP landscapes of each of the

F1 parents they were birthed from. Rainfall, rainbow, and J statistic plots were generated for

chromosome harbouring an F2 de novo CNV for both maternal and paternal heterozygous SNP

landscapes.
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Results

3.1 Single-nucleotide polymorphic heterozygosity is not cor-

related with an elevated number of copy number vari-

ants per autosome for 707 mouse diversity genotyping

array samples

Evaluation of genomic SNP heterozygosity across all autosomes for six distinct cohorts of mice

(classical inbred, recombinant inbred, wild-derived inbred, NMRI outbred, CD-1 outbred and

F1 hybrids) confirmed a wide SNP heterozygosity range from 0.09% to 45.75% (Table 3.1).

On average, classical inbred mice had low SNP heterozygosity (0.31%), wild-derived mice had

moderate SNP heterozygosity (3.96%), and F1 hybrids had high SNP heterozygosity (36.69%).

A total of 11,270 CNVs were detected by PennCNV from 707 publicly available MDGA sam-

ples. Autosomal SNP heterozygosity levels were similar to genomic SNP heterozygosity. Clas-

sical inbred, wild-derived, and F1 mice had 0.31%, 3.72%, and 37.47% average autosomal

SNP heterozygosity, respectively (Table 3.2). The average number of CNVs per autosome was

higher for the wild-derived mice (3.13 per autosome) than the classical inbred and F1 mice

(1.22 and 1.15 per autosome, respectively).

There was no correlation observed between autosomal SNP heterozygosity and number of

CNVs for classical inbred (r = -0.04, p-value > 0.001), recombinant inbred (r = 0.01, p-value

> 0.001), wild-derived (r = 0.00, p-value > 0.001), CD-1 outbred (r = 0.07, p-value > 0.001), or

F1 (r = 0.08, p-value > 0.001) mice (Fig. 3.1). A very weak correlation was observed between



35

Table 3.1 Determined whole genome SNP heterozygosity values for 707 publicly available Mouse
Diversity Genotyping Array samples

Mouse cohort Number of samples

Genomic SNP Heterozygosity (%)

Average1 Minimum Maximum

Classical Inbred 126 0.31 0.09 1.51

Recombinant Inbred 108 0.40 0.12 3.96

Wild-Derived 40 3.72 0.51 15.52

NMRI Outbred 279 6.30 5.23 7.34

CD-1 Outbred 99 10.68 10.03 11.51

F1 55 36.69 17.99 45.75

1 Ordered by genome average SNP heterozygosity
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Table 3.2 Determined autosomal SNP heterozygosity and CNVs detected for 707 Mouse Diversity Genotyping Array samples

Mouse cohort
Number of

autosomes

Average number of

CNVs per autosome

Autosomal SNP Heterozygosity (%)

Average1 Minimum Maximum

Classical 2394 1.22 0.26 0.03 4.76

Recombinant Inbred 2052 0.66 0.37 0.05 11.20

Wild Derived 760 3.13 3.55 0.14 22.54

NMRI 5301 0.33 6.49 0.40 16.71

CD1 1881 0.88 11.04 2.66 19.51

F1 1045 1.15 37.47 9.59 50.23

1 Ordered by autosomal average SNP heterozygosity
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Figure 3.1: SNP heterozygosity is not correlated with a higher autosomal CNV burden in 707 MDGA samples. The x-axis
represents the SNP heterozygosity (%) while the y-axis represents the number of CNVs detected per autosome. All 19 autosomes from
each individual are plotted. Marginal boxplots indicate the distribution of data for each mouse cohort ordered from lowest to highest
average SNP heterozygosity.
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autosomal SNP heterozygosity and number of CNVs for NMRI outbred (r = 0.18, p-value <

0.001) mice.

There was no correlation observed between autosomal SNP heterozygosity and number of

CNVs for classical inbred (r = -0.04, p-value > 0.001), recombinant inbred (r = 0.01, p-value

> 0.001), wild-derived (r = 0.00, p-value > 0.001), CD-1 outbred (r = 0.07, p-value > 0.001), or

F1 (r = 0.08, p-value > 0.001) mice (Fig. 3.1). A very weak correlation was observed between

autosomal SNP heterozygosity and number of CNVs for NMRI outbred (r = 0.18, p-value <

0.001) mice.

3.2 Heterozygous single-nucleotide polymorphisms and copy

number variants are frequently nonrandom in their spa-

tial association for 707 MDGA samples

Of the 13,433 autosomes assayed, 7,630 did not harbour any CNV events, 4 had fewer than 10

heterozygous SNPs, and 5,799 had at least one detected CNV event. The observed J statistic

shows a significant (α < 0.05) spatial association between heterozygous SNPs and CNVs for

60.9% of autosomes assayed. Of the spatial associations between heterozygous SNPs and

CNVs, 1,393 were proximal, 1,198 were distal, and 942 were both proximal and distal. No

spatial association between heterozygous SNPs and CNVs were found for the remaining 2,266

autosomes harbouring at least one CNV.

3.3 Heterozygous single-nucleotide polymorphic loci and copy

number variants are more frequently proximal than dis-

tal to one another in most assayed MDGA mouse genomes

Classical inbred, recombinant inbred, wild-derived and CD-1 mice had a higher proportion

of autosomes with proximally associated heterozygous SNPs and CNVs than autosomes with

distal associations (Fig. 3.2). In contrast, NMRI and F1 mice had fewer autosomes with
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proximally associated heterozygous SNPs and CNVs than autosomes with distal associations.

While autosomes in the classical inbred group showed no spatial association between heterozy-

gous SNPs and CNVs, 17.3% were found to be proximal compared to only 0.5% distal. A

similar, although less pronounced, trend was observed in the wild-derived cohort, with 49.9%

of autosomes having no association between heterozygous SNPs and CNVs, 27.1% were prox-

imal and 19.4% were distal. The opposite is observed with the high heterozygosity F1 mice.

These mice had only 25.9% of autosomes with no association between heterozygous SNPs and

CNVs, 25.3% with proximal associations, and 39.5% distal associations.

All but one of the 2,377 autosomes assayed from the CD-1 and NMRI outbred cohorts had a

significant spatial association between heterozygous SNPs and CNVs. CD-1 and NRMI out-

bred mice also had a high proportion (33.2% and 38.3% of autosomes, respectively) of both

proximal and distal associations being found at the same time between heterozygous SNPs and

CNVs. Recombinant inbred mice had a similar heterozygous SNP and CNV profile to that of

the classical inbred mice, with autosomes primarily characterized as having no spatial asso-

ciations between these two events (84.3% of autosomes) and a moderate number of proximal

associations (11.5% of autosomes).
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Figure 3.2: Heterozygous SNP loci and CNVs are frequently spatially associated with
one another on autosomes from 707 MDGA samples. Circle plots are ordered left to right
in two rows from lowest to highest SNP heterozygosity mouse cohort with average autosomal
SNP heterozygosity displayed in the center. As per the legend, bar colour represents the type
of spatial association between heterozygous SNP loci and CNVs called by the J statistic
analytical pipeline (α = 0.05, J statistic, Monte Carlo simulations = 1000) while bar size
represents the percentage of autosomes assayed with at least one CNV. Differences in the
relative abundance of proximal associations between cohorts is of particular interest to
evaluate the effect of clustered SNP heterozygosity on CNV formation
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3.4 Verification of expected single-nucleotide heterozygosity

for 96 Axiom MouseHD array samples

The average call rate of the 96 Axiom MouseHD array three-generation mouse line samples

was 99.71%, with all samples passing the recommended 98.5% default SNP call rate QC

measure. The sex of all 96 samples was also correctly determined by the Axiom Analysis

Suite genotyping algorithm. The average assayed genomic SNP heterozygosity across the 24

parental samples was 0.61%, with a minimum of 0.25% and a maximum of 1.26% (Table 3.3).

Comparing the empirically determined homozygous genotypes called by all six DBA/2J tail

samples (average SNP heterozygosity of 0.51%) to all six C57BL/6J tail samples (average SNP

heterozygosity of 0.68%), there are 110,580 autosomal loci of 567,856 total assayed autosomal

loci were expected to generate heterozygous calls in all F1 hybrids. The expected heterozygous

SNP loci in all F1 individuals thus equated to a minimum of 19.47%. The average assayed ge-

nomic SNP heterozygosity across the 24 F1 samples was 20.47%, with a minimum of 20.32%

and a maximum of 21.57% (Table 3.4). The average assayed genomic SNP heterozygosity

across the 48 F2 samples was 10.09%, with a minimum of 6.87% and a maximum of 12.75%.
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Table 3.3 Determined whole genome SNP heterozygosity values for 96 Axiom MouseHD samples
from six three-generation mouse lines

Mouse cohort1 Number of samples
Genomic SNP Heterozygosity (%)

Average Minimum Maximum

Parental 24 0.61 0.25 1.26

F1 24 20.47 20.32 21.57

F2 48 10.10 6.87 12.75

1 Ordered by generation
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Table 3.4 Determined autosomal SNP heterozygosity and CNVs detected for 96 Axiom MouseHD array samples from six
three-generation mouse lines

Mouse cohort1 Number of
autosomes

Average number of
CNVs per autosome

Autosomal SNP Heterozygosity (%)

Average Minimum Maximum

Parental 456 3.05 0.60 0.12 1.45

F1 456 0.84 20.47 13.31 25.63

F2 912 1.87 10.09 0.21 25.26

1 Ordered by generation
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3.5 Single-nucleotide heterozygosity is not correlated with

an elevated number of copy number variants per auto-

some from three-generation mouse lines

A total of 3,479 filtered CNVs were detected across 707 Axiom array samples (Fig. 3.3). Av-

erage autosomal SNP heterozygosity levels were similar to genomic SNP heterozygosity for

parentals, F1s and F2s, with 0.60%, 20.32%, and 10.19%, respectively. The average number

of CNVs per autosome for parentals, F1s and F2s was 3.05, 0.84, and 1.87, respectively. No

correlation was observed between autosomal SNP heterozygosity and number of CNVs for

parental mice (r = 0.07, p > 0.001) or F1 mice (r = 0.01, p > 0.001). A weak negative cor-

relation was observed for F2 mice (r = -0.27, p < 0.001). There was no significant difference

between the parental, F1, and F2 cohorts for total number of CNVs per autosome.

3.6 Heterozygous single-nucleotide polymorphisms and copy

number variants are frequently spatially associated with

one another in three-generation mouse lines

Of the 1,824 autosomes assayed from the three-generation mouse lines, 1,338 experienced at

least one CNV event. The observed J statistic revealed a significant (α <0.05) spatial associ-

ation between heterozygous SNPs and CNVs for 76.53% of autosomes assayed. In total, 359

autosomes had proximal associations, 516 had distal associations, 149 had both proximal and

distal associations, and 314 had no association.
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Figure 3.3: SNP heterozygosity is not correlated with a higher autosomal CNV burden in three-generation mouse lines The
x-axis represents the SNP heterozygosity (%) while the y-axis represents the number of CNVs detected per autosome. All 19
autosomes from each individual are plotted. Marginal boxplots indicate the distribution of data for parental, F1, and F2 mice.
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3.7 Heterozygous single-nucleotide polymorphisms and copy

number variants are more frequently distal to one an-

other in F1 and F2 mice from the three-generation mouse

lines

The parental mice from the three-generation lines demonstrated a similar spatial relationship

distribution to the classical inbred mice from the MDGA dataset, with 60.6% of autosomes

having no association between heterozygous SNPs and total CNVs, 37.9% proximal associa-

tions, and only 1.5% distal associations (Fig. 3.4).

All autosomes from the F1 samples from the three-generation lines showed a significant spatial

association between heterozygous SNPs and total CNVs, with 30.4% proximal associations,

41.5% distal associations, and 28.1% both proximal and distal associations. The difference

between proximal and distal associations is greater in the F2 samples from the three-generation

lines, with 18.9% proximal associations, 59.5% distal associations, 11.5% both proximal and

distal associations, and 10.1% no associations.

3.8 Detection of inherited copy number variants in F1 mice

from three-generation mouse lines is prone to false-negatives

The CNV landscape of 96 three-generation mouse line samples shows that CNV calling using

the Axiom MouseHD array is capable of detecting inherited CNVs (Fig. 3.5). For example, a

total of 36 recurrent CNVs were detected in both tissues of a parent, both tissues of a F1, and at

least two tissues of a F2 from the same line across all six lines (Table 3.5). The average length

of the robustly called inherited CNVs was 275,567 bp and approximately 81% of them were

state 1 deletions. The remaining inherited CNVs detected were of ’mixed’ state, indicating that

different CNV states were called throughout the line. The average number of markers used to

call the robustly called inherited CNVs across all lines was 76.7 while the minimum number of

markers was 24. Three illustrative examples of robustly called inherited CNVs are highlighted
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Figure 3.4: Heterozygous SNP loci and CNVs are frequently spatially associated with
one another on autosomes from 96 three-generation mouse line samples. Circle plots are
ordered by cohort generation with average autosomal SNP heterozygosity displayed in the
center. As per the legend, bar colour represents the type of spatial association between
heterozygous SNP loci and CNVs called by the J statistic analytical pipeline (α = 0.05, J
statistic, Monte Carlo simulations = 1000) while bar size represents the percentage of
autosomes assayed with at least one CNV.
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Figure 3.5: Genomic landscape of detected CNVs in 96 Axiom MouseHD array samples from six three-generation mouse lines
The x-axis represents the position along each autosome in Megabase pairs (1,000,000 bp) and autosome number is denoted at the top.
Mouse sample ID nomenclature is individual mouse number within a line (1-6), strain type (B6 or DBA for parentals), cohort (P, F1 or
F2), tissue type (Ear, tail, liver, lung, or pancreas), and sex (M or F) and is denoted on the left y-axis. Line number is denoted on the
right y-axis. As per the legend, dark blue points are full loss (CN state 0) deletions, green points are partial loss (CN state 1) deletions,
and teal points are duplications (CN state 3+).
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Table 3.5 Instances of detected inherited recurrent CNVs found in three-generation mouse lines

Line
Total Number

of CNVs

Number of Markers Average CNV

Length (bp)

CN State

Average Minimum 0 1 3 Mixed

1 7 68 24 246 295 0 6 0 1

2 5 63 24 211 044 0 4 0 1

3 3 67 24 230 804 0 2 0 1

4 4 79 24 287 178 0 3 0 1

5 8 87 24 352 258 0 6 0 2

6 9 84 24 275 770 0 8 0 1
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Figure 3.6: Three landscape examples of inherited CNVs in three-generation mouse lines. Examples from three different mouse
lines shown in Fig 3.5 exemplifying instances of a robustly called inherited CNV detected in all three generations. The bottom x-axis
represents autosomal position in Mb. The top x-axis denotes autosome number. Mouse sample ID nomenclature is individual mouse
number within a line (1-6), strain type (B6 or DBA for parentals), cohort (P, F1 or F2), tissue type (Ear, tail, liver, lung, or pancreas),
and sex (M or F) and is denoted on the left y-axis. The right y-axis denotes the mouse line. Red boxes surround inherited CNVs,
considered as such if called in both tissues from at least one parent, both tissues from at least one F1, and at least two out four tissues
from at least one F2.
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in Fig. 3.6.

CNV landscape profiling also shows possible false negatives in CNV detection for the F1

cohort. For example, there are a total of 130 CNVs detected that are recurrent in at least two

tissues of a parent and at least two tissues of a F2 mouse but not detected in any F1 mouse

tissue (Table 3.6). The average length of these potential false negatives in the F1 cohort was

245,906 bp and approximately 83.1% were state 1 deletions, 3.1% were state 0 deletions, 1.5%

were state 3 duplications, and 12.3% were of mixed state. The average number of markers

used to call these potential false negative CNVs across all lines was 74.5, while the minimum

number of markers was 10. Three illustrative examples of potential false negatives in CNV

detection for F1 mice are highlighted in (Fig. 3.7).

3.9 HD-CNV analysis detects similar numbers of recurrent

CNVs between mice from six three-generation lines

Singleton and recurrent CNVs for each autosome of each mouse line from the three-generation

mouse lines are shown in Fig. 3.8. A CNV was considered recurrent if detected in at least two

samples from within any given mouse line. From a total of 3479 detected CNVs, 685 identified

recurrent CNVs were found across the six three-generation mouse lines (Table 3.7). A similar

number of recurrent CNVs were found for each mouse line, with a minimum of 101 and a

maximum of 127 across all lines.

3.10 De novo copy number variants are detected in all six

three-generation mouse lines

Putative de novo CNVs in the F1 mice are those CNVs found in both tissues of an individual

F1 mouse and not in any tissue from either parental (Table 3.8). There were a total of 13 de

novo CNVs in the F1 mouse cohort across all six three-generation mouse lines. The average

length of F1 de novo CNVs was 268,924 and called by at least 18 probe markers.
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Table 3.6 Recurrent CNVs detected in parental and F2 mice but not found in F1 mice within a line indicate possible
false-negative CNV calling in the F1 cohort

Line
Number of

Total CNVs

Number of Markers Average CNV

Length (bp)

CN State

Average Minimum 0 1 3 Mixed

1 34 90 19 295 830 0 31 0 3

2 17 61 11 201 062 1 13 1 2

3 10 91 35 317 072 0 7 1 2

4 22 54 17 167 358 3 16 0 3

5 18 62 14 197 869 0 16 0 2

6 15 89 10 322 451 0 12 0 3
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Figure 3.7: CNV landscape examples of potential false negatives in the F1 cohort of three-generation mouse lines. Examples
from three different mouse lines shown in Fig 3.5 exemplifying instances of detected CNVs in parental and F2 mice, but conspicuously
missing from both F1 mice. The bottom x-axis represents autosomal position in Mb. The top x-axis denotes autosome number. The left
y-axis represents the sample, named for individual number in the mouse line, mouse type, tissue type, sex. The right y-axis denotes the
mouse line. Red boxes surround possible false negative F1 CNV groups, considered as such if called in both tissues from at least one
parent, neither tissue from either F1, and at least two out four tissues from at least one F2.
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Table 3.7 Total and recurrent CNVs detected by HD-CNV analysis for 96 samples from six three-generation mouse lines

Line
Total CNVs Recurrent CNVs

Amount
Average

Length (bp)

Average Number

of Markers
Amount

Average

Length (bp)

Average Number

of Markers

1 643 148 095 45 122 210 745 63

2 483 142 781 41 109 214 380 58

3 532 152 241 44 101 208 964 62

4 538 134 647 42 103 191 179 59

5 613 132 996 40 123 200 816 60

6 670 145 720 43 127 226 668 67
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Figure 3.8: Gephi-based visualization of HD-CNV output for all 19 mouse autosomes for six three-generation mouse lines shows
singleton and recurrent CNVs within lines. Each node (circle) represents a CNV and edges (lines) indicate CNVs that overlap
reciprocally by at least 40%. Colour represents the number of CNVs involved in a merge region, with warmer (red) colours
representing more CNVs in a merged region compared to cool colours indicating fewer CNVs in a merged region. CNVs were only
merged for samples within lines and not between lines. The autosomes are ordered by number vertically left to right and the six lines
are ordered horizontally top to bottom.
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Putative de novo CNVs in the F2 mice are those CNVs found in at least two tissues from an

individual F2 mouse and not in any tissue from the parental or F1 mice in its line (Table 3.9).

There were a total of 43 de novo CNVs in the F2 mouse cohort across all six three-generation

mouse lines. The average length of de novo F2 CNVs was 230,145 called by at least 16 probe

markers.

3.11 F2 de novo copy number variants are proximally asso-

ciated with F1 heterozygous single-nucleotide polymor-

phic loci

Of the 13 autosomes harbouring a de novo CNV in F1 mice, there were 7 proximal, 3 distal,

and 3 both proximal and distal spatial associations between heterozygous SNP loci and each

de novo CNV (α = <0.05, J statistic). All 13 autosomes had nonrandom spatial associations

between heterozygous SNP loci and de novo CNVs (Fig. 3.9).

In the F2 mice, 43 de novo CNVs were found occurring across 36 different autosomes. Each de

novo CNV was assessed individually and there were 7 proximal, 32 distal, and 1 both proximal

and distal spatial associations between heterozygous SNP loci and de novo CNVs (α = <0.05,

J statistic). As well, there were three instances of no association between heterozygous SNP

loci and de novo CNVs in the F2 mice (Fig. 3.9).

Mapping the F2 de novo CNVs to the landscapes of their F1 parents yielded primarily prox-

imal associations between F1 heterozygous SNP loci and F2 de novo CNVs. In the maternal

heterozygous SNP landscape, the J statistic showed 33 proximal, 4 distal, and 6 both proximal

and distal associations between heterozygous SNP loci and de novo CNVs. In the paternal

heterozygous SNP landscape, the J statistic showed 32 proximal, 4 distal, and 7 both proximal

and distal associations. All but one de novo CNV showed the same spatial association in either

maternal or paternal F1 mouse heterozygosity landscapes (Fig. 3.9).

As an example, there was a de novo CNV on autosome four in the 9889 F2 mouse from line

one starting at 118,364,287 bp and ending at 118,559,529 bp. Showing analysis for all mice



57

Table 3.8 De novo CNVs detected in 12 F1 mice from six three-generation mouse lines.

Line
Number of

de novo CNVs

Average Number

of Markers

Minimum Number

of Markers

Average

Length (bp)

1 0 0 0 0

2 3 48 31 178 501

3 2 42 19 193155

4 0 0 0 0

5 6 32 18 140 707

6 2 31 20 162 083
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Table 3.9 De novo CNVs detected in 12 F2 mice from six three-generation mouse lines.

Line
Number of

de novo CNVs

Average Number

of Markers

Minimum Number

of Markers

Average

Length (bp)

1 13 55 22 297 131

2 11 57 17 259 934

3 3 34 28 249 236

4 4 44 32 145 774

5 9 49 16 154 995

6 3 41 32 149 504
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Figure 3.9: The majority of de novo CNVs on autosomes from the F2s of the three-generation mouse lines are proximally
associated with F1 heterozyogous SNP loci As per the legend, bar colour represents the type of J statistical spatial association
between heterozygous SNP loci and de novo CNVs (α = 0.05, J statistic, Monte Carlo simulations = 1000) while bar size represents the
percentage of autosomes assayed with at least one de novo CNV. F2* circle plots show the the J statistical spatial association between
maternal or paternal heterozygous loci and F2 de novo CNVs. SNP heterozygosity of the assayed landscape is shown in the middle of
the circle plots.
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in line one, Rainfall plots for autosome four in all six mice show the spatial distribution of

heterozygous SNP loci (Fig 3.10). Rainbow plots for autosome four in all six mice in line one

show the distribution and proximity of total CNVs to heterozygous loci (3.11). The J statistic

shows the spatial association between heterozygous SNP loci and total CNVs for all six mice

in line one (3.12). Finally, Figure 3.14 shows the de novo CNV mapped to the heterozygous

SNP landscape of the maternal 2309 F1 mouse with a proximal J statistic plot. Figure 3.13

shows the de novo CNV mapped to the heterozygous SNP landscape of the paternal 2314 F1

mouse with a proximal J statistic plot.
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Figure 3.10: Rainfall plots for the first three-generation mouse line show the density and
distribution of heterozygous SNP loci on autosome four. Rainfall plots correspond
positionally to the individual mice from line one in the schematic on the right. The x-axis of
each rainfall plot denotes autosomal position (bp). The y-axis of each rainfall plot shows the
distance to the preceding heterozygous SNP locus (bp). The rainfall plots portray the
landscape of interspacing between heterozygous SNP loci along autosome four for parental
mice, F1 mice, and F2 mice.
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Figure 3.11: Rainbow plots for a three-generation mouse line show the distribution of
CNVs and their proximity to heterozygous SNP loci on autosome four. Rainbow plots
correspond positionally to the individual mice from line one in the schematic on the right.
Black points represent heterozygous SNP loci and red points represent CNVs. The x-axis of
each Rainbow plot denotes autosomal position (bp). The y-axis of each rainbow plot shows
the distance of heterozygous SNP loci to their nearest CNV. Rainbow plots portray the
landscape of heterozygous SNP loci in relation to CNVs along autosome four for parental
mice, F1 mice, and F2 mice.
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Figure 3.12: J statistic plots for a three-generation mouse line show the spatial
relationship between heterozygous SNP loci and CNVs on autosome four. J statistic plots
correspond positionally to the individual mice from line one in the schematic on the right. The
blue lines represent global confidence bands (α <0.05, J statistic). The black line represents
the observed J statistic generated by 1000 Monte Carlo simulations. The x-axis for each J
statistic plot denotes the distance from CNV start and end positions in bp (r value). The y-axis
for each J statistic plot shows the J function.
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Figure 3.13: Rainfall, rainbow, and J statistic plots of a de novo CNV on autosome four
in a F2 mouse from a three-generation mouse line matched against a paternal F1
heterozygous SNP loci landscape. The x-axis of the rainfall plot denotes autosomal position
(bp) and the y-axis shows the distance to the preceding heterozygous SNP locus (bp). The
rainfall plot shows the heterozygous SNP landscape of 2309 maternal F1 mouse. The x-axis
of the rainbow plot denotes autosomal position (bp) and the y-axis shows the distance of
heterozygous SNP loci to their nearest CNV, with points corresponding to heterozygous SNP
loci from the 2314 paternal F1 mouse and red points corresponding to the de novo CNV from
the 9889 F2 mouse. The J statistic shows the spatial relationship between the 2309 maternal
F1 heterozygous SNP loci and the 9889 F2 mouse de novo CNV. The blue lines represent
global confidence bands (α <0.05, J statistic). The black line represents the observed J
statistic generated by 1000 Monte Carlo simulations.
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Line 1 Chromosome 4 De Novo CNV in mouse 9889:
Matched against maternal heterozygosity landscape
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Figure 3.14: Rainfall, rainbow, and J statistic plots of a de novo CNV on autosome four
in a F2 mouse from a three-generation mouse line matched against a maternal F1
heterozygous SNP loci landscape. The x-axis of the rainfall plot denotes autosomal position
(bp) and the y-axis shows the distance to the preceding heterozygous SNP locus (bp). The
rainfall plot shows the heterozygous SNP landscape of 2314 paternal F1 mouse. The x-axis of
the rainbow plot denotes autosomal position (bp) and the y-axis shows the distance of
heterozygous SNP loci to their nearest CNV, with points corresponding to heterozygous SNP
loci from the 2314 paternal F1 mouse and red points corresponding to the de novo CNV from
the 9889 F2 mouse. The J statistic shows the spatial relationship between the 2314 paternal
F1 heterozygous SNP loci and the 9889 F2 mouse de novo CNV. The blue lines represent
global confidence bands (α <0.05, J statistic). The black line represents the observed J
statistic generated by 1000 Monte Carlo simulations.
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Discussion

The recent discoveries of localized heterozygosity affecting the number of mutations within the

genome of Arabidopsis [1] and peach plants [40] shed light on an inconspicuous endogenous

factor potentially contributing to the development of genetic disease and the process of evolu-

tion in unanticipated ways. Arabidopsis and peach plant progeny derived from self-fertilization

of high genomic heterozygosity F1 plants both exhibit 1.8- to 3.6-fold elevated point and in-

del mutations relative to progeny derived from self-fertilization of low heterozygosity parental

plants [1, 40]. In Arabidopsis, the total number of point and indel mutations is associated wtih

lower levels of genomic heterozygosity, as determined in the F3 and F4 selfed plants that ex-

hibit a reduction in heterozygosity by one half for each generation. These mutations are found

to be closer to regions of heterozygosity than would be expected based on random occurrence

across the genome. These observations suggest that mutagenesis is enhanced by heterozygosity

at least during gametogenesis and meiosis. However, these findings did not evaluate whether

heterozygosity affects mutagenesis leading to the formation of larger genomic changes such

as CNVs. Also, the universality of the phenomenon to mitosis and other cell types was not

assessed. No evidence was provided for the existence of this phenomenon beyond plants. The

nature of heterozygosity associated with de novo mutagenesis was not investigated. Properties

of heterozygosity such as spatial distribution including clustering, density in clusters, number

of clusters, cluster sizes and chromosomal distribution of clusters were not examined. Further,

no attempt was made in either study to propose a possible mechanism by which heterozygosity

could be mutagenic.

The breeding studies used in the plant models to track de novo mutagenesis with different

levels and spatial distributions of heterozygosity exist for mice and in fact provide a greater
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spectrum of known diverse landscapes of heterozygosity. More attributes of the chromoso-

mal landscapes of heterozygosity can be examined in a context of meiosis to gain insight into

mutational mechanisms regarding mutagenesis. If heterozygosity participates in the formation

of de novo CNVs, genomes are predicted to have a greater number of CNVs and CNVs that

are located in or near regions of heterozygosity. Similarly, comparisons of mice with breed-

ing schemes yielding high and low levels of post-zygotic heterozygosity, but near-identical

pre-zygotic heterozygosity, permit testing of a mitosis-linked mechanism of mutagenesis in

offspring. If replication is prone to heterozygosity-induced formation of de novo CNVs, the

mice with higher heterozygosity are hypothesized to have a greater number of CNVs and CNVs

that are located in or near regions of heterozygosity.

This study sought to determine whether heterozygosity is associated with the formation of

de novo CNVs in mice. The first experimental aim was to test whether there is an increased

number of CNVs in relation to higher genomic heterozygosity during gametogenesis in mice.

This was accomplished by evaluating number of CNVs in classical inbred mice, F1 mice, and

wild-derived mice that are of low, high, and moderate heterozygosity, respectively, using a large

dataset of publicly available MDGA data. The classical inbred and F1 mice both arise from

low heterozygosity gametogenesis and showed no difference in their total number of CNVs,

suggesting that heterozygosity does not affect de novo CNV formation post-zygotically. The

wild-derived mice had significantly more CNVs, consistent with a meiosis-linked mechanism

of mutagenesis, implicating heterozygosity.

Knowledge of the total number of CNVs per mouse is insufficient to demonstrate convincingly

a correlation between heterozygosity and de novo CNVs. Therefore, the second aim of this

study was to create an analysis pipeline by which two genomic features can be spatially co-

profiled on thousands of autosomes. This was accomplished by applying a novel in-house R

script to over 15,000 mouse autosomes. Spatial analysis of heterozygous SNP loci and total

CNVs in classical inbred, wild-derived, and F1 mice showed no substantial elevation in the

number of proximal associations between heterozygous SNP loci and CNVs in the F1 mice,

but a greater proportion of proximal associations between heterozygous SNP loci and CNVs

for the wild-derived mice, bolstering the evidence that heterozygosity is associated with CNV
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formation during meiosis but not mitosis.

Direct comparisons of the heterozygosity of the mice in this breeding study with the heterozy-

gosity found in the plant studies is challenging. With the missing inter-probe information for

the mouse array, it is hard to provide an estimate of genomic heterozygosity adjusted for com-

parison with next-generation sequencing data. Comparison of whole genome sequencing data

to quantitatively assess nucleotide diversity between B6 and DBA mice and subsequent com-

parisons with the plant models would be needed for direct comparisons at the same and highest

resolution. These comparisons are possible but not yet done.

My final aim was to conduct a breeding experiment mimicking that of the Arabidopsis and

peach studies. Low heterozygosity parental mice, high heterozygosity F1 mice, and moderate

heterozygosity F2 mice were produced. If heterozygosity influences the number of de novo

CNVs formed during gametogenesis in mice, it is expected that the F2 mice would have an

elevated number of de novo CNVs that arise in or near regions of heterozygosity. Genotyping

of these mice using the Axiom MouseHD array, no significant difference in total number of

CNVs was found between the parental mice, the F1 mice, or the F2 mice, however, the number

of CNVs in the F1 mice may have been underestimated due a limited, genetically homoge-

nous training set for the PennCNV calling algorithm. The F2 mice were found to have 43 de

novo CNVs in comparison to only 13 in F1 mice, while de novo CNVs could not be detected

in parental mice. While This finding is consistent with a meiosis-linked hypothesis of muta-

genesis, the difference in de novo CNVs may be in part due to false-negative CNV detection

primarily in the F1 cohort. The spatial relationships of heterozygous SNP loci to CNVs were

more often in the F1 and F2 cohorts, providing evidence against a mitosis-linked mechanism

of mutagenesis. The spatial relationships of gametogenic heterozygous SNP loci in the F1

mice compared to de novo CNVs in the F2 mice provide strong evidence that heterozygosity is

indeed affecting CNV formation during meiosis in mice.
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4.1 Total number of copy number variants in classical in-

bred mice and F1 mice suggests that heterozygosity does

not elevate mutagenesis during mitosis

Classical inbred mice, F1 mice and wild-derived mice have low, high, and moderate, levels of

genomic SNP heterozygosity, respectively (Fig. 4.1). Consistent with the logical outcome of

inbreeding for more than twenty generations and previous findings, MDGA assayed classical

inbred mice had <1% SNP heterozygosity [91]. Wild-derived mice have a SNP heterozygosity

range of 1 – 16%, a moderate increase with respect to classical inbred mice that is reflective

of a breeding scheme with fewer inbred generations. F1 mice are specifically bred with the

purpose of increasing genetic heterogeneity between two different inbred mouse strains and the

observed range of SNP heterozygosity of 18 – 46% is consistent with this intended elevation of

genetic heterogeneity. Importantly, the cells undergoing gametogenesis that give rise to these

F1 mice are derived from classical inbred mice and are therefore minimally heterozygous.

Across these three mouse cohorts, there was no match to expectations associated with genomic

heterozygosity levels and total number of CNVs per mouse, indicating that genomic heterozy-

gosity alone is not a predictor of elevated CNV formation. Notably, no significant difference

in the total number of CNVs per autosome for the classical inbred mice (1.22 per autosome)

compared to the F1 mice (1.15 per autosome) suggests that heterozygosity does not substan-

tially contribute to CNV formation post-zygotically in these mice. If heterozygosity were a

mitosis-linked mutagen, it would be expected that the high heterozygosity F1 mice from a low

heterozygosity gametogenesis environment would harbour a greater number of total CNVs

than the classical inbred mice.

Further evidence against heterozygosity acting as a mitotis-linked mutagen is provided by the

intra-cohort analysis of autosomal SNP heterozygosity and number of total CNVs per auto-

some. These data show no positive correlation between autosomal SNP heterozygosity and

number of total CNVs per autosome, indicating there is no noticeable increase in somatic de

novo CNVs.
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Figure 4.1: Relative single nucleotide polymorphic heterozygosity during gametogenesis and post-zygotically of classical inbred
mice, F1 mice, and wild-derived mice. MDGA assayed SNP heterozygosity values are shown and characterized as low (blue boxes),
moderate (orange boxes) and high (red box). During gametogenesis of classical inbred mice, F1 mice, and wild-derived mice,
heterozygosity is low, low, and moderate, respectively. Post-zygotically, classical inbred mice, F1 mice, and wild-derived mice,
heterozygosity is low, high, and moderate, respectively.
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4.2 Total copy number variant spatial proximity to single

nucleotide polymorphic heterozygosity in wild-derived

mice is consistent with a meiosis-linked mechanism of

mutagenesis

The hypothesis of heterozygosity contributing to CNV formation as a meoisis-linked mutagen

in mice is supported by the relationship between total CNVs and heterozygous SNP loci in

wild-derived mice. SNP heterozygosity during gametogenesis of cells that ultimately give rise

to wild-derived mice is 1 – 16% compared to classical inbred mice and the assayed F1 mice

that are typically <1%. Wild-derived mice had a more CNVs per autosome on average (3.13)

than the classical inbred mice (1.22) and the F1 mice (1.15). Further, the heterozygous SNP

loci on autosomes of wild-derived mice were more frequently close by CNVs than far away.

The spatial relationship between heterozygous SNP loci and CNVs in classical inbred mice is

further evidence supporting a meiosis-linked hypothesis. Although the majority of autosomes

with CNV events in these mice exhibited no relationship between heterozygous SNP loci and

CNVs, of those that were spatially associated, 17.3% were proximal while only 0.5% were

distal. These data suggest that, at least in some instances, de novo CNVs are associated with

nearby heterozygosity in these mice.

The spatial relationship between heterozygous SNP loci and CNVs in F1 mice is not incon-

sistent with a meiosis-linked hypothesis. While initially counter-intuitive, it is not surprising

that the majority of autosomes harbouring CNVs in F1 mice exhibited nonrandom spatial as-

sociations between heterozygous SNP loci and CNVs. This is because heterozygous SNP loci

in these mice are discontinuously spaced in clusters, reflective of different homozygous allele

haplogroups in the parental inbred strains. Since the vast majority of CNVs will be inherited

rather than generated de novo and these clusters of heterozygous SNP loci were homozygous

for many previous generations, it is unlikely that these heterozygous SNP loci represent a ge-

nomic context by which most CNVs found in these mice arose. CNVs that exist in a cluster of

heterozygous SNP loci are more likely to be characterized as proximal by the J statistic while
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CNVs that exist in a heterozygous SNP loci desert are more likely to be characterized as dis-

tal by the J statistic. CNVs that have been inherited for many generations may arbitrarily fall

within a heterozygous SNP loci cluster or desert, therefore inflating significant results for an

association.

Greater precision and information are achieved by examining those CNVs that arose de novo

in an individual with empirical knowledge of chromosomal heterozygosity during gametoge-

nesis. However, the publicly available MDGA data do not contain information with regard to

the parentage of F1 mice and therefore precludes unambiguous assigning of de novo versus in-

herited status of the CNVs. This problem was remedied by conducting a breeding experiment

with six three-generation mouse families wherein discovery of de novo CNVs was possible

using the Axiom MouseHD array.

4.3 The Axiom MouseHD array accurately characterizes het-

erozygous single nucleotide polymorphic loci in six three-

generation mouse lines

The Axiom MouseHD array is a recently developed, custom-made high-density microarray

that, to my knowledge, has only been used in the methodology of one peer-reviewed paper [85].

Therefore, it was critical to evaluate carefully the genotyping calls made using this array to

ensure accurate observations regarding heterozygous SNP loci and CNVs were obtained. The

first step to ensure high quality genotyping data was to ensure high call rates of all samples.

Call rate QC metrics of at least 97% have been obtained successfully for a number of other

custom-made, high-density Axiom arrays, including the Axiom Apple 480K SNP array [92],

the Axiom CicerSNP Array for chickpeas [93], the 600K Affymetrix Axiom HD Chicken Array

[70], and many others. In this study, all 96 samples from the six three-generation mouse lines

passed the 98.5% call rate QC threshold recommended by Axiom Analysis Suite software,

indicating that the probes on the array are working as expected.

A further convincing indication of successful genotype calling was obtained by comparing
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the predicted average SNP heterozygosity of the classical inbred parental mice (<1%), the F1

mice (approximately 20%), and the F2 mice (approximately 10%) to the relative average SNP

heterozygosity of the parental mice (0.61%), the F1 mice (20.47%) and the F2 mice (10.09%).

The DBA/2J and C57BL/6J inbred mice were expected to, and did have, <1% heterozygous

SNP loci, in accordance with heterozygous SNP loci values for classical inbred mice called

on the MDGA [91]. Importantly, predictions of the minimum number of heterozygous SNP

loci in the F1 mice based on the homozygous genotypes of the parental mice were also correct.

The F1 mice had little deviation in the range of number of heterozygous SNP loci between

each mouse. Finally, as expected, the observed average number of heterozygous SNP loci

in the F2 mice was approximately half that of the F1 mice and with greater inter-animal and

inter-chromosomal variation than the F1 mice.

4.4 Total copy number variant occurrences and their spatial

proximity to heterozygous single nucleotide polymorphic

loci is not consistent with heterozygosity acting as a so-

matic mutagen

At genomic and chromosomal levels in the six three-generation mouse lines, the total number

of CNVs per mouse was not indicative of a direct link between heterozygosity and de novo

CNV mutation. There was no significant difference in the average number of CNVs per au-

tosome between the low heterozygosity parental mice, the high heterozygosity F1 mice, and

the moderate heterozygosity F2 mice. As well, similar to the previous finding in the publicly

available classical inbred, wild-derived, and F1 mouse samples, the intra-cohort autosomal

heterozygous SNP loci in each cohort from the six three-generation mouse families do not cor-

relate with an elevation in CNV occurrences. This is once again consistent with the idea that

heterozygosity of an autosome is not a predictor of the number of CNVs it will harbour. These

findings provide further evidence that heterozygosity does not play a role in CNV formation

post-zygotically.
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Of note, the finding that there is no significant difference in the number of CNVs per autosome

between the F1 mice and the F2 mice suggests that even if heterozygosity is a meiosis-linked

mutagen, it is not introducing a large enough number of de novo CNVs for a significant increase

to be detected between these mice. However, it is important to account for well-known methods

of CNV formation such as NHEJ and retrotransposition that are unlikely to be affected by

heterozygosity. Further, CNVs arise rarely in the germline of typical laboratory mice. A rough,

conservative estimate of 0.6 per mouse per generation has been proposed [94]. Considering

the average number of total CNVs on mouse autosomes has been found to be approximately

28.84 per individual [75], the expected modest increase in de novo CNVs per generation makes

identifying factors affecting the rate of CNV formation challenging.

The spatial association between heterozygous SNP loci and CNVs on autosomes in the parental,

F1, and F2 cohorts is not consistent with heterozygosity affecting CNV formation post-zygotically.

If heterozygosity did affect CNV formation post-zygotically, it might be expected that the high

heterozygosity F1 mice would show the most proximal associations whereas the low heterozy-

gosity parentals would show the least. This was not observed. For the parental mice, the

F1 mice, and the F2 mice, there were 37.9%, 30.4%, and 18.9% of autosomes demonstrating

proximal associations between heterozygous SNP loci and CNVs, respectively. Importantly,

these results are not inconsistent with the hypothesis that heterozygosity is a meiosis-linked

mutagen. To uncover the role that heterozygosity plays in CNV formation, it is necessary to

investigate features of de novo CNVs in the F2 cohort in greater detail.

4.5 The Axiom array can be adapted to successfully identify

copy number variants

Although the Axiom MouseHD array was not designed with CNV calling in mind, the high

probe density allows well established CNV detection software such as PennCNV to be used

effectively. This is the first time that the Axiom MouseHD array has been used for CNV

calling, but other Axiom array platforms have been successfully adapted for CNV detection

with similar methodology [95, 96].
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Strong evidence validating successful CNV detection by the Axiom MouseHD array was pro-

vided by finding 36 robustly called inherited CNVs across six three-generation mouse lines.

These CNVs were independently called in at least six different tissues and serve as an effective

internal check that the Axiom Array can indeed make reliable CNV calls across samples with

differing genotypes.

One drawback to using the Axiom MouseHD array is the small pool of samples that have been

genotyped using the array. Only one previous study has made available CEL files that were

genotyped using the Axiom array [85]. Ideally, a training set for genotyping and CNV detec-

tion would consist of several hundred samples that are genetically similar to the test set [89].

However, the training set used for this study comprised only 88 samples that were all back-

crossed F2 mice of C57BL/6J and BALB/cJ genetic background. This homogenous training

set reduces the capacity for PennCNV to make high quality CNV calls reliably, particularly in

the F1 mice that are much more heterozygous than those in the training set. This is illustrated

by the finding that 130 CNVs were detected in both a parental mouse and an F2 mouse from

the same line, but were conspicuously missing from either F1 mouse. The likelihood that a

CNV exists in a parental mouse, is not inherited by either F1 mouse, and arises de novo in

the F2 progeny is exceptionally low. It is likely that the majority of missing F1 CNV calls

are representative examples of false-negatives that are a product of a training set that could be

larger and more heterozygously diverse.

4.6 The Axiom MouseHD array is a reasonable alternative

to the Mouse Diversity Genotyping Array for mouse geno-

typing and CNV detection

The Axiom MouseHD array is a practical addition to the toolkit of technologies for assaying

genetic variation in the mouse genome. It is inexpensive and, as demonstrated by accurate

calling of heterozygous SNP loci in the F1 mice, capable of high fidelity SNP genotyping.

While the MDGA is an established technology that has been shown capable of accurately

detecting CNVs in mice with a range of genetic backgrounds [75], the Axiom MouseHD array
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had never been used for CNV detection prior to this study. As shown by the detection of 36

inherited CNVs called in three generations of mouse lineages, the Axiom array is capable of

CNV detection. It is possible as a future next step to determine if the CNVs discovered in

this thesis have been reported previously toward validation and assessment of the confidence

of the biological existence of the CNV calls. However, CNV detection capacity of the Axiom

array is limited in comparison to the MDGA. Without IGPs, the Axiom array relies only on

SNP probes and therefore a higher inter-probe distance, meaning that smaller CNVs may not

be detected.

Another severe drawback to the Axiom array is the lack of previous samples run using this

technology. Without access to a large and diverse set of Axiom array CEL files, insufficient

training of CNV calling algorithms reduces accuracy in calling, particularly for test samples

that are too distant from the training set samples in terms of genetic diversity. This is best

illustrated by the high apparent rate of false-negatives in the F1 cohort from this study.

Regardless of its shortcomings, the Axiom array provides high quality SNP genotyping of

mice and serviceable CNV detection that will improve as more CEL files become available to

improve the training set. Combined with it’s low cost, the Axiom array is an indispensable

addition to the mouse molecular toolkit.

4.7 De novo CNVs proximal to the heterozygous SNP land-

scape of F1 mice support the hypothesis that heterozy-

gosity is a meiosis-linked mutagen

The relationship between heterozygous SNP loci and de novo CNVs in the F2 mice is further

evidence against heterozygosity acting as a mitosis-linked mutagen. Of the 43 de novo CNVs

found in this cohort, only 7 were proximally associated with heterozygous SNP loci whereas

32 were distally associated with heterozygous SNP loci. The landscape of heterozygosity in

the F2 presents an interesting discontinuous pattern of regions of high heterozygosity bordered

by deserts of heterozygosity. This alternating pattern in levels of heterozygosity creates a bias



77

for detection of non-random (i.e., associations) between de novo CNVs and heterozygosity.

There is a tendency in this landscape for de novo CNVs to be either located within or nearby

to clusters of heterozygous SNP loci or located in deserts and far away from clusters of het-

erozygous SNP loci. The spacing of clusters and deserts causes ’no association’ calls by the J

statistic to be underrepresented. Given that de novo CNVs were not often found to be proximal

more frequently than distal to heterozygous SNP loci, an exclusively meiotic context for the

phenomenon of heterozygosity-induced mutation is implicated.

Mapping those same 43 de novo CNVs to the landscape of heterozygous SNP loci in the F1

mice yielded a dramatically different pattern of spatial association. Altogether, 33 proximal

associations and only four distal associations were found. This is consistent with the hypoth-

esis that heterozygosity is a meiosis-linked intrinsic mutagen. It appears that de novo CNVs

detected in the F2 mice tend to arise more often within or close to regions of heterozygous SNP

loci during gametogenesis.

Although previous studies linking heterozygosity to elevated levels of mutation did not investi-

gate large structural changes such as CNVs, parallels may still be drawn between their findings

and those of this study. For instance, Yang et al. found that de novo point mutations in Ara-

bidopsis were more likely to occur in a region of higher heterozygosity [1]. They also found

a positive correlation between number and location of mutation and crossover events, suggest-

ing that meiotic recombination is mutagenic. They speculated that the underlying mechanism

of this phenomenon may be linked to poor pairing of homologous chromosomes during DSB

repair. This is notable because it has recently been shown that there is a total of approximately

300 induced DSBs per meiosis in mice, of which most are repaired by HDR [97]. Failure

of homology search could increase due to heterozygosity-induced mismatching between the

strand to be repaired and template. If repair proceeds using the incorrect template, large CNVs

could arise. The results by Yang et al. are consistent with the hypothesis that heterozygosity is

a meiosis-linked mutagen.
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4.8 Proposed mechanism of heterozygosity affecting meiosis-

linked mutagenesis leading to copy number variant for-

mation

The finding that de novo CNVs arise in proximity to clusters of heterozygous SNP loci during

gametogenesis suggests that heterozygosity affects mutagenesis leading to CNV formation in

mice. These results are consistent with a speculative mechanism of NAHR by which heterozy-

gosity could be upregulating the rate of CNV mutagenesis during meiotic recombination (Fig

4.2).

During meiosis, 200 to 400 programmed DSBs are generated in mouse gametocytes, medi-

ated by an initiator of meiotic double stranded breaks (SPO11) [98, 99]. These programmed

DSBs are repaired almost entirely by HDR mechanisms; NHEJ is suppressed during meio-

sis [100, 101]. Repair of the DSBs begins with 5’ end resection, followed by homology search

of the 3’ ssDNA ends. In most organisms, including mice, the homologous chromosome is

primarily used as the template for repair as opposed to the sister chromatid [102,103]. Homol-

ogous chromosomes are aligned during programmed DSB induction, facilitating preferential

repair using the corresponding allele [104]. Once a template of sufficiently high sequence

complementarity is found, a D-loop is formed and repair can proceed with either a crossover

or a noncrossover event [105]. Noncrossover events result in simple gene conversion, the

nonreciprocal exchange of a few hundred nucleotides from the template strand to the dam-

aged strand [106]. Crossover events result in the reciprocal exchange of large portions of

homologous chromosomes and are critical to the shuffling of genetic information in sexually

reproducing organisms. Although noncrossover events are estimated to occur more frequently

than crossover events by ten-fold in mice, there are still 1-2 crossovers estimated to occur per

chromosome [107].

Importantly, NAHR has been shown to occur during the repair of SPO11-mediated DSBs [59].

After strand resection and during homology search by the ssDNA for its allelic template on the

homologous chromosome, encountering a nearby non-homologous region of high sequence
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Figure 4.2: Proposed mechanism of heterozygosity-induced NAHR leading to CNV formation during meiotic recombination.
Three pathways of repair of SPO11-induced DSBs are shown. For all pathways, 5’ ends of strands are resected to expose 3’ overhangs
that may perform strand invasion of the homologous chromosome to form a D-loop. Noncrossover: Following elongation of 3’ end,
the D-loop is resolved and the remaining 3’ end elongates using the newly synthesized complementary strand. Ligation seals the nicks.
Crossover: Elongation of both 3’ ends occurs simultaneously, using opposing strands of the homologue as a template. Crossover
events result in the exchange of chromosomal material between homologues. Ligation seals the nicks. Heterozygosity-induced NAHR
CNV: Green and purple rectangles represent LCRs. Strand invasion targeting the paralogous LCR may be upregulated by heterozygous
mismatches between the homologous allele. Elongation and resolution follows that of a normal crossover event, resulting in a CNV
duplication on the repaired chromosome.



80

complementarity can ultimately result in duplications or deletions to the damaged chromo-

some. In mice, an abundance of LCRs and other sequence repeats promote NAHR during

meiotic recombination. Heterozygosity of homologous chromosomes may accidentally pro-

mote the likelihood of NAHR. Sequence divergence between alleles can dramatically reduce

recombination rates. For example, as little as two nucleotide mismatches of sequence between

the damaged strand and the template can reduce the rate of recombination in mouse cells by up

to 20-fold [108]. If another high sequence identity template exists nearby, large scale duplica-

tions or deletions may occur. If DSBs are introduced into regions with LCRs close by, delays

in homology search caused by heterozygosity may increase the rate at which erroneous strand

invasion of repeat sequences occurs. The spatial association between heterozygous SNP loci in

F1 mice and de novo CNVs in F2 mice is consistent with such a mechanism of NAHR muta-

genesis leading to the formation of CNVs in mice during meiosis, although definitive evidence

for the specifics of such a mechanism are lacking and are an ideal next step for future studies.

4.9 Study limitations

Whereas the MDGA and Axiom array are high-density genotyping arrays, they do not provide

information concerning inter-probe heterozygosity. Therefore, this study is limited to sam-

pling only a fraction of the heterozygosity present within the mouse genome. Additionally,

high-density genotyping arrays suffer from sensitivity limitations in that they are more likely

to detect CNVs that are in the majority of cells in a tissue sample. Therefore, post-zygotic de

novo CNVs that do not occur early in development or in rapidly dividing persistent cell subpop-

ulations may not be detected by this technology. These problems of resolution and sensitivity

could be remedied by performing whole-genome sequencing with high read depth, although

the cost of such an endeavor might be prohibitively expensive for non-human organisms with

large genomes such as the mouse.

The use of publicly available MDGA data is also a limitation. While strain-specific CNVs

could be validated using another mouse of the same strain, the tissue used to generate the

available CEL files is not available for independent confirmation and therefore mouse-specific

CNVs cannot be validated. As well, without parent-progeny information, it is impossible to
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distinguish between inherited and de novo CNVs from the publicly available data. Further,

grouping strains of similar breeding schemes does not necessarily account for fixed genetic

differences between strains. To account for these fixed genetic differences, increasing sample

size and separating analysis by strain would be ideal to ensure reproducibility.

Detection of CNVs using microarrays is prone to false positive and negatives. The choice of

CNV-calling algorithm can result in significant differences in CNV detection, with one study

showing less than 50% concordance in CNV calls between two algorithms [109]. The den-

sity of the array also affects false negative rates, owing at least in part to smaller CNVs not

being called due to large inter-probe distances. A recent study showed a 15-fold increase in

the number of CNVs detected by a high-density 700k bovine array in comparison to a medium

density 50k bovine array [110]. Another limitation of this study was the inability of PennCNV

to make reliable CNV calls for the sex chromosomes. In particular, the CNVs detected in sam-

ples processed by the Axiom array were far below QC cutoffs on the sex chromosomes, thus

requiring this study to focus only on autosomes. Unfortunately, this means that sex differences

in gametogenesis could not be investigated. If several hundred more Axiom array CEL files

become available that are of similar genetic background to the test set, it is anticipated that

CNV calling reliability will improve for both autosomes and sex chromosomes.

Finally, CNVs detected in this study, in particular putative de novo CNVs, have not yet been

validated by another method such as ddPCR or high read depth whole genome sequencing.

While CNV filtering steps such as requiring a high marker count per CNV call were used, the

false positive rate for the Axiom array remains unknown. This could mean that some erroneous

CNV calls in the six three-generation mouse lines have been reported.

4.10 Study contributions and future directions

The preeminent finding of this study is that the majority of de novo CNVs found in F2 mice

from six three-generation mouse families are proximally associated with heterozygous SNP

loci in F1 mice, providing strong evidence that heterozygosity is indeed playing a role in the

formation of these CNVs during meiosis. This is significant because it is the first study to
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show a link between heterozygosity and CNV formation in any organism. It is also the first

study to investigate the link between heterozygosity and elevated numbers of nearby muta-

tions in mammals. Additionally, this study contributes new evidence supporting a meiosis-

linked mechanism of mutagenesis by heterozygosity as well as evidence that does not support

a mitosis-linked mechanism. These findings are consistent with those of studies into Ara-

bidopsis and peaches [1,40]. A proposed mechanism of NAHR exacerbated by strand invasion

inhibition by heterozygosity is consistent with the findings of this study.

This study contains a number of novel accomplishments using high-density genotyping arrays.

For example, advances in computing power allowed 707 MDGA samples to be genotyped to-

gether, increasing genotyping accuracy, up from the previous largest group of 351 by Locke et

al. [75]. This study also verified the utility of the Axiom MouseHD array for SNP genotyping

and CNV detection. Another accomplishment is the development and application of the auto-

mated analytical pipeline for assessing the spatial relationship between two genomic features.

Doing so for a total of 15,247 autosomes, this study provides a rich database of genotype and

CNV information for a wide variety of mice that may be used in future studies. For example,

more in-depth analysis of CNV length, location, and spatial relation to other genomic features

such as recombination hotspots, genic regions, and repeat regions may shed more light on the

necessary environment by which heterozygosity acts as a mutagen. Finally, the breeding ex-

periment yielded a number of tissue samples uniquely valuable for the eventual tracking of de

novo and inherited genetic variation in the context of specific tissues and cell types. Future

researchers can increase the resolution and sensitivity of the experimental design to validate

and extend the findings of this study. Specifically, confirmation of putative de novo CNVs

could then be followed by sequence analysis of breakpoints to determine whether CNVs did

indeed arise by NAHR. As well, future in-depth analysis of sex chromosomes from the six

three-generation mouse lines could investigate the role of oogenesis versus spermatogenesis

and decipher whether there is a variable role in male or female gametogenesis on the rate at

which heterozygosity affects mutagenesis leading to CNV formation.
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Conclusion

Evidence of elevated mutagenesis leading to the formation of CNVs near heterozygous SNP

loci was found in moderately heterozygous wild-derived mice, but not high heterozygosity

F1 mice, indicating that the difference in heterozygosity must exist pre-zygotically during ga-

metogenesis for a mutagenic effect to be observed. Evidence supporting a heterozygosity-

associated, pre-zygotic mechanism of mutagenesis was provided by the observed proximity of

de novo CNVs in the F2 mice to the heterozygous SNP loci in the genomic landscape of their

F1 parents. It may be concluded that heterozygosity affects the local number of de novo CNVs

formed in mice pre-zygotically. These findings are consistent with an hypothesized mechanism

by which heterozygosity could act as a direct mutagen by reducing the capacity for successful

allelic strand invasion to repair SPO11-induced DSBs generated during meiotic recombination,

promoting NAHR with LCRs or other repetitive sequences adjacent to DSBs that result in large

duplications or deletions of genetic material. In the future, whole genome sequencing with high

read depth of the six three-generation mouse lines could be used to validate de novo CNVs,

characterize the genomic features surrounding their breakpoints and assess whether repetitive

elements such as LCRs are indeed required to promote mutageneis. As well, future studies may

seek to determine with more precision the underlying likelihood of heterozygosity inducing ge-

nomic instability, what other genetic factors are required for CNV formation to occur, and if

this phenomenon is pervasive beyond plants and mice. Heterozygosity is an endogenous muta-

gen or mutagen-associated genetic factor that should be considered for understanding the risk

of genetic disease development and a fuller appreciation of the genetic diversity contributing

to the process of evolution.
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Figure A.1: DNA degradation evaluated by agarose gel electrophoresis for extracted
genomic DNA from six three-generation mouse lines, gel 1 Hind III DNA ladder is in
columns 1, 12, 13, and 14 where columns 1-12 are the top row and 13-24 are the bottom row.
Columns 2-11 and 14-23 contain genomic DNA and are labeled according to sample identifier
from six three-generation mouse lines. Gel is 0.8% agarose, run at 100V for 75 minutes in
TBE 0.5X buffer and stained with SYBR Safe DNA gel stain.
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Figure A.2: DNA degradation evaluated by agarose gel electrophoresis for extracted
genomic DNA from six three-generation mouse lines, gel 2 Hind III DNA ladder is in
columns 1 and 13, where columns 1-12 are the top row and 13-24 are the bottom row.
Columns 2-12 and 14-24 contain genomic DNA and are labeled according to sample identifier
from six three-generation mouse lines. Gel is 0.8% agarose, run at 130V for 50 minutes in
TBE 0.5X buffer and stained with SYBR Safe DNA gel stain.
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Figure A.3: DNA degradation evaluated by agarose gel electrophoresis for extracted
genomic DNA from six three-generation mouse lines, gel 3 Hind III DNA ladder is in
columns 1 and 13, where columns 1-12 are the top row and 13-24 are the bottom row.
Columns 2-12 and 14-24 contain genomic DNA and are labeled according to sample identifier
from six three-generation mouse lines. Gel is 0.8% agarose, run at 130V for 55 minutes in
TBE 0.5X buffer and stained with SYBR Safe DNA gel stain.
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Figure A.4: DNA degradation evaluated by agarose gel electrophoresis for extracted
genomic DNA from six three-generation mouse lines, gel 4 Hind III DNA ladder is in
column 1 and Quick-Load Purple 1 Kb Plus ladder is in column 13, where columns 1-12 are
the top row and 13-24 are the bottom row. Columns 2-12 and 14-24 contain genomic DNA
and are labeled according to sample identifier from six three-generation mouse lines. Gel is
0.8% agarose, run at 140V for 50 minutes in TBE 0.5X buffer and stained with SYBR Safe
DNA gel stain.
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Figure A.5: DNA degradation evaluated by agarose gel electrophoresis for extracted
genomic DNA from six three-generation mouse lines, gel 5 Quick-Load Purple 1 Kb Plus
ladder is in columns 1 and 13, where columns 1-12 are the top row and 13-24 are the bottom
row. Columns 2-12 and 14-24 contain genomic DNA and are labeled according to sample
identifier from six three-generation mouse lines. Gel is 0.8% agarose, run at 122V for 60
minutes in TBE 0.5X buffer and stained with SYBR Safe DNA gel stain.
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Appendix B

Online supplementary material

This is a clickable hyperlink to my online supplementary material in OneDrive

https://uwoca-my.sharepoint.com/:f:/g/personal/nboehle_uwo_ca/EuwPTwbcziBOt4EYgb_gEHoBHmovLg78rg7YbycXjF_nSQ?e=b5h0bL
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