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Abstract

Over the last fifteen years, rapid advances in genotyping and DNA sequencing
technologies have revolutionised genetic and biomedical research. In this thesis, we
present some applications of these technologies in studying rare disease, population
genetics and meiotic recombination. We begin by reviewing previous research in these
areas in Chapter 1. Then in Chapter 2, we present some case studies of Mendelian
neurological disorders that were carried out as part of a large clinical whole-genome
sequencing project, WGS500. These led to the discovery of several new genes for a
type of severe early-onset epilepsy called Ohtahara Syndrome, and of a particularly
interesting mutation that tentatively suggests a role for a glutamate receptor gene,
GRIAS, in circadian rhythm control. In Chapter 3, we examine some general lessons
learnt from the WGS500 project, including the utility of sequencing family members
to reduce the number of candidate pathogenic variants, and the perils of focusing on
candidate genes. Chapter 4 describes a population sequencing project on the platy-
pus, in which we sequenced 58 samples from across the whole species range. Our
results provide insights into the population structure and history of this fascinating
mammal, and also into the ongoing evolution of its remarkable chain of ten sex chro-
mosomes. Finally, in Chapter 5, we describe a study of the effect of maternal age
on meiotic recombination, the largest of its kind to date. Our results from multiple
cohorts suggest a small but significant positive effect of maternal age on the number
of crossovers, but with substantial heterogeneity between cohorts that is likely due
to sampling noise, though confounders may also play a role. These studies illustrate
the power of genomic approaches for investigating fundamental biological processes

at the population, individual and cellular levels.
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Chapter 1

Introduction

1.1 The genomics revolution

Over the last fifteen years, rapid advances in genotyping and DNA sequencing tech-
nologies have revolutionised genetics and medicine. Single nucleotide polymorphism
(SNP) genotyping was initially conducted one variant at a time, and cost ~$1 per
SNP. The invention of multiplex SNP genotyping using DNA microarrays (Wang
et al., 1998) was followed by a huge increase in throughput: capacity per array in-
creased from hundreds of SNPs to hundreds of thousands by 2005, and then to a
million SNPs by 2007 (Altshuler et al., 2008). Improvements in DNA sequencing
have been even more staggering (Figure 1.1), driven by the transition from Sanger-
based (dideoxy chain termination) sequencing to “next-generation” technologies in
2008. Whereas the original human genome project cost $3 billion and took eleven
years from its launch in 1990 to the publication of the initial paper (Lander et al.,
2001), it is now standard practice to sequence a human genome in a day for about
$1500 (Wetterstrand, 2015).

Initially, multiplex SNP genotyping was primarily used for linkage analysis (Mid-
dleton et al., 2004; Sawcer et al., 2004), where it facilitated the process of gene dis-
covery for rare diseases by providing much denser marker sets than microsatellite
panels. Since 2005, SNP chips have been widely used in genome-wide association
studies (GWAS) of complex traits (reviewed in Visscher et al., 2012)!. Meanwhile,
since 2008, the reduced cost of DNA sequencing has led to a massive acceleration

of Mendelian disease gene discovery (Section 1.2). In Chapter 2 of this thesis, we

'The GWAS revolution is not described in this chapter since it it not directly relevant to this
thesis.
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Figure 1.1: DNA sequencing costs from September 2001 to April 2015.
These plots are based on data from the National Human Genome Research Institute
(Wetterstrand, 2015). The black line represents the cost per megabase (Mb) of se-
quence (lefthand Y-axis), and the pink line shows the cost for a whole human genome
(righthand Y-axis). The data from 2001 till October 2007 represent the costs of
“first-generation” technologies (Sanger-based chemistries and capillary-based instru-
ments), assuming that 6X coverage with average read length 500-600bp was required
for re-sequencing a human genome of size 3Gb. From January 2008 onwards, they
represent the costs of “next-generation” sequencing platforms, assuming 30X cover-
age of Illumina or SOLiD sequencing (average read length 75-150bp) or 10X coverage
with 454 sequencing (average read length 300-400bp). The costs include reagents, li-
brary preparation, sequencing instruments (spread over three years), and informatics
related to sequence production. Note that the current costs according to Wettersrand
are rather than higher than those quoted by sequencing centres, which are closer to
$1500 on the Illumina X10.



describe some examples of this, conducted as part of WGS500, a large clinical whole-
genome sequencing (WGS) study in Oxford. In Chapter 3, we examine some more
general lessons learned in WGS500 about the merits of different study designs and

analysis strategies.

In addition to these applications in the study of human disease, whole-genome
SNP genotyping and sequencing have also been applied in population genetics, for
example, to infer the population structure and demographic history of humans and
other organisms. A review of this is given in Section 1.3, and in Chapter 4, we
describe a WGS study of the platypus. Finally, these genomic approaches have fa-
cilitated research into the fundamental molecular process of meiotic recombination.
We introduce this in Section 1.4, and in Chapter 5, we describe a study of patterns

of recombination in human pedigrees.

1.2 Finding genes for rare disease

The first successful attempts to find genes causing Mendelian disorders required ex-
tensive prior knowledge of the disease biology, for example, the role of blood type
antigens in peptic ulceration (Aird et al., 1954), and of the haemoglobin /8 protein in
sickle-cell anaemia (Ingram, 1956). Botstein et al. (1980) proposed that restriction
fragment length polymorphisms (RFLPs), discovered simultaneously by Lawn et al.
(1978) and Kan and Dozy (1978), could be used to construct a linkage map for testing
the co-segregation of genetic markers with a disease within families. The first disease
gene mapped was the one for Huntington’s disease (HD), identified by Gusella et al.
(1983). They found an RFLP marker linked to the disorder in two large families
and mapped this to chromosome 4 using human-mouse somatic cell hybrids. It was
another ten years before the causal mutation in this gene was actually identified as
an unstable triplet repeat (MacDonald et al., 1993).

Linkage followed by positional cloning was the standard method for finding Mendelian
disease genes in the 1980s, 1990s and early 2000s (reviewed by Duncan et al., 2014).
The first step was to genotype markers (initially RFLPs, later microsatellites, then
SNPs) in family members to identify a region that showed statistically significant link-

age with the disease, indicating that it was close to the disease-causing gene. Then,



since there was no human genome sequence available, partially overlapping DNA frag-
ments were isolated from genomic libraries to progress along the chromosome towards
the gene (chromosome walking), which was eventually sequenced in cases and in con-
trols to identify the causal mutation(s) (Puliti et al., 2007). Some early successes
were chronic granulomatous disease (Royer-Pokora et al., 1986), Duchenne muscular
dystrophy (Monaco et al., 1986) and retinoblastoma (Lee et al., 1987). These dis-
coveries were facilitated by the presence of deletions of part of the gene. In contrast,
the cystic fibrosis (CF) gene was the first to be discovered by positional cloning with-
out the availability of such structural variants. The CF locus was mapped to 7q31
by three groups simultaneously (Beaudet et al., 1986; Knowlton et al., 1985; White
et al., 1985), and Riordan et al. (1989) then isolated the gene from cDNA libraries

and identified the first disease-causing mutation.

The earliest human genetic map, which was based on ~400 RFLP markers (Donis-
Keller et al., 1987), facilitated the identification of 42 Mendelian disease genes by
1995 (see review by Collins (1995)). Linkage studies using this map usually resulted
in regions 10-20cM (10-20Mb) long, which often contained hundreds of genes. In
the 1990s, RFLPs began to be replaced by microsatellites, discovered by two groups
simultaneously in 1989 (Litt and Luty, 1989; Weber and May, 1989). These mark-
ers had many more alleles and were hence more informative for linkage (Weissenbach,
1993). By 2001, at least one disease-related mutation had been recorded in 1100 genes
in OMIM (Online Mendelian Inheritance in Man) (Peltonen and McKusick, 2001).
The publication of the human genome sequence (Lander et al., 2001) subsequently
greatly accelerated the gene discovery process by alleviating the need for painstaking
chromosome walking. High density multiplex SNP genotyping began to be widely
employed for linkage studies of both rare and common disease (Craig and Stephan,
2005), since it had a higher and more evenly distributed information content than
the panels of ~400 microsatellites typically used previously (Evans and Cardon, 2004;
Schaid et al., 2004).

Another microarray technology developed in the late 1990s was comparative genome
hybridisation (arrayCGH) (Pinkel et al., 1998), which is used to detect large copy
number variants (CNVs). Multiple structural variants linked to Mendelian disease
had already been detected using traditional cytogenetics, and under linkage peaks us-
ing fluorescence in situ hybridization (FISH), pulsed-field gel electrophoresis (PFGE),

or quantitative Southern analysis (reviewed in Hurles et al., 2008; Stankiewicz and



Lupski, 2010). Examples include duplications of PMP22 in Charcot-Marie-Tooth
syndrome type 1A (Lupski et al., 1991) and deletions of ELN in Williams-Beuren
syndrome (Ewart et al., 1993). ArrayCGH allows more rapid detection of structural
variants in large cohorts of patients. High-throughput screening in clinical genet-
ics laboratories led to the discovery of several new syndromes (“genomic disorders”)
caused by particular recurrent rearrangements, such as the deletion of 16p11.2 in
autism (Marshall et al., 2008; Kumar et al., 2008; Weiss et al., 2008), and reciprocal
deletions and duplications of 1q21.1, which cause microcephaly or macrocephaly and
developmental and behavioural abnormalities (Brunetti-Pierri et al., 2008). These re-

arrangements are often caused by nonallelic homologous recombination during meiosis
(Turner et al., 2008).

Despite the many discoveries made through positional cloning and arrayCGH, by
2010, only 43% (2893 out of of 6641) of all known or suspected Mendelian disorders
had been attributed to mutations in a specific gene (Kaiser, 2010). The traditional
linkage approach was not tractable for disorders in which only a few small affected
families were available, or which were due to de movo mutations or had reduced re-
productive fitness, lower penetrance, or locus heterogeneity. Thanks to the develop-
ment of high-throughput sequencing technologies and targeted exon capture methods,
whole-exome sequencing (WES), and, to an extent, WGS, greatly accelerated the pace
of gene discovery from 2009 onwards. The mean number of new genes discovered per
year increased from ~166 between 2005 and 2009, to ~236 between 2010 and 2014
(Chong et al., 2015).

The first use of WES was to sequence the exomes of eight HapMap individuals
and four unrelated patients with the dominant disorder Freeman-Sheldon syndrome
(FSS) (Ng et al., 2009). The study demonstrated that MYHS3, the gene known to
cause F'SS, could be easily identified, as it was the only gene containing a coding mu-
tation in all patients that was absent from dbSNP (Sherry et al., 2001) and the eight
HapMap exomes. The following year, the same authors reported the first discovery of
new Mendelian disease gene using WES. They identified DHODH as the gene causing
Miller syndrome by sequencing the exomes of four affected individuals in three fami-
lies (Ng et al., 2010a). Since then, hundreds of studies have applied WES or, in some
cases, WGS, to various Mendelian disorders, shedding light on their pathogenesis and
also revealing more about the normal function of many genes (reviewed in Ng et al.,
2010b; Bamshad et al., 2011; Ku et al., 2012; Biesecker and Green, 2014; Chong et al.,



2015).

These technologies have been particularly useful for studying disorders caused by
de novo mutations (reviewed by Veltman and Brunner, 2012; Ronemus et al., 2014),
such as Schinzel-Giedion syndrome (Hoischen et al., 2010b) and Baraitser-Winter
sydrome (Riviere et al., 2012), which did not recur in families and thus would have
been intractable to linkage. A few studies have also reported mosaic disease-causing
mutations that occurred postzygotically but early in development, for example in
brain malformation syndromes (Pagnamenta et al., 2012b; Riviere et al., 2012; Ja-
muar et al., 2014), overgrowth syndromes (Lindhurst et al., 2011, 2012) and skin
disorders (Couto et al., 2015; Levinsohn et al., 2015). These examples show the ef-
ficacy of next-generation sequencing for detecting mutations present at a low level
or only in a single tissue, with the proportion of reads carrying the alternate allele
typically ranging from 10% to 20% (Yang et al., 2014).

Several groups have managed to identify disease-causing mutations by sequenc-
ing only a single proband from a consanguineous family, combined with homozygosity
mapping using SNP chips. For example, Bilgtivar et al. (2010) identified mutations in
WDRG62 as the cause of various cerebral cortical malformations by sequencing one of
two affected individuals from a small Turkish family. They subsequently found other
WDR62 mutations in unrelated patients with a similar phenotype. Cabral et al.
(2012) found a putatively pathogenic mutation in CHSTS8 in a consanguineous fam-
ily with peeling skin syndrome, and then provided further evidence for its causality
through experiments in keratinocytes. In a large study of 136 consanguineous fami-
lies with autosomal-recessive intellectual disability (ID), Najmabadi et al. (2011) per-
formed targeted capture of exons within homozygous linkage intervals. They identified
likely causal mutations in known ID genes in 26 families, and putatively pathogenic
mutations in 50 new genes in 52 families. Only two of the new genes had mutations
in more than one family, and Najmabadi et al. regarded the rest as tentative, given

the absence of supporting functional data.

Other large studies of disorders with high locus heterogeneity have been similarly
cautious. Three papers published in parallel in 2012 conducted WES on several hun-
dred trios in which the child had sporadic autism (O’Roak et al., 2012b; Sanders et al.,
2012; Neale et al., 2012). They each reported only a handful of genes with recurrent

de novo mutations that they thought were likely to be causal (or at least contribute to



the phenotype), but they demonstrated an enrichment for de novo mutations in can-
didate autism genes, genes in particular pathways, and genes expressed in the brain.
In a similar study, Gilissen et al. (2014) sequenced the whole genomes of 50 trios in
which the child had intellectual disability (ID). They found significant enrichment for
de novo coding SNVs and CNVs in genes previously linked to ID-related disorders,
compared to healthy controls from published studies. They reached conclusive diag-
noses for twenty patients who had de novo mutations affecting known or candidate

ID genes.

For Mendelian diseases, the rate of diagnosis based on phenotypic features and
conventional testing is only ~50% (Shashi et al., 2013). A particularly fruitful appli-
cation of WES/WGS has been for improving diagnosis (reviewed in Ku et al., 2012;
Boycott et al., 2013). In an attempt to evaluate this, Need et al. (2012) sequenced
twelve patients with undiagnosed and suspected genetic conditions, and were able to
make a likely genetic diagnosis in six. Three of these findings revealed that the pa-
tients actually showed an atypical presentation of a particular syndrome known to be
caused by mutations in that gene (T'CF} - Pitt-Hopkins syndrome; SMAD/ - Myhre
syndrome; EFTUD2 - mandibulofacial dysostosis). Another broadened the set of
phenotypes already associated with that gene (SCN2A - seizure disorders, sometimes
accompanied by severe intellectual disability). WES had been particularly useful in
this respect, since previously, clinical geneticists ascertained patients based on simi-
larity of presentation, which tended to bias away from discovering pleiotropic effects
of genes (Beaulieu et al., 2014; Chong et al., 2015).

Conversely, WES also greatly helped in disorders that can be caused by muta-
tions in any one of many genes, which are laborious to screen clinically with standard
Sanger sequencing (Ku et al., 2012). For examples, more than 80 genes are known
to cause Charcot-Marie Tooth (CMT) disease (Timmerman et al., 2014), and 70% of
patients in CMT type 2, the less severe form, still have no known genetic cause. The
traditional molecular diagnostic strategy was a one-by-one approach. In contrast,
WES and WGS have been used to rapidly identify causal mutations in known genes,
GJB1 (Montenegro et al., 2011) and SH3TC2 (Lupski et al., 2010). To increase the
number of patients that can be screened given limited resources, targeted gene panels
have been developed for several diseases, such as congenital disorders of glycosylation

(Jones et al., 2011), primary ciliary dyskinesia (Berg et al., 2011), epilepsy (Carvill



et al., 2013; Della Mina et al., 2015) and autism (O’Roak et al., 2012a).

A small number of discoveries from WES/WGS studies have led to better treat-
ments (reviewed in Boycott et al., 2013). In some cases, the genetic findings prompted
the use of an existing pharmacological therapy, resulting in clinical improvements
(Bainbridge et al., 2011; St. Hilaire et al., 2011; Bosch et al., 2012; Rilstone et al.,
2013; Venkateswaran et al., 2014). Another oft-quoted example is that of Worthey
et al. (2011), who sequenced the exome of an infant with a Crohn’s disease-like illness,
and found a novel, hemizygous missense mutation in the X/AP (X-linked inhibitor
of apoptosis) gene, which plays a role in the NOD signalling pathway, involved in
inflammatory bowel disease. Following this discovery, the child received an allogeneic
haematopoietic progenitor cell transplant, the recommended treatment for XIAP de-

ficiency, and this led to remission of his gastrointestinal disease.

The standard approach for finding causal mutations in these studies has been
to filter for coding variants (nonsynonymous, nonsense, frameshifting, or splice site-
altering) that are rare or absent in healthy normal people, then restrict to those
that fit the right mode of inheritance, using family data when available. Early on,
variants were often ranked by conservation scores and by the severity of their pre-
dicted effect on protein structure (Ng et al., 2010b) using methods such as PolyPhen
(Adzhubei et al., 2010) and MutationTaster (Schwarz et al., 2014). However, these
have become less popular due to their conflicting results (Li et al., 2010; Thusberg
et al., 2011), lack of discriminative power (Dong et al., 2015), and because we can
now exclude more variants on the basis of their frequency in public databases. Ini-
tially, dbSNP (Sherry et al., 2001) and the 1000 Genomes pilot data (1000 Genomes
Project Consortium et al., 2010) were used to check the frequency of variants. The
number of publicly available healthy controls greatly increased in subsequent phases
of 1000 Genomes, and thanks to the release of data from the National Heart, Lung,
and Blood Institute (NHLBI) Exome Sequencing Project (ESP)? (Tennessen et al.,
2012; Fu et al., 2013), and, recently, the Exome Aggregation Consortium (ExAC;
http://exac.broadinstitute.org/). After bioinformatic filtering to find candidates, re-
searchers have typically either sought genetic validation by identifying other patients

2The NHLBI ESP was intended to study complex heart, lung and blood disorders in European and
African Americans, and contains a mixture of controls, individuals with the extremes of some traits
(lipids and blood pressure), and patients with specific diseases (early onset myocardial infarction
and early onset stroke). It is generally regarded as a reasonable control set for severe Mendelian
disease unrelated to these phenotypes.



with plausibly causal mutations in the same gene who showed a similar phenotype, or
by functionally testing candidates in cell lines or model organisms. Several databases
have been established for sharing phenotypic and genotypic data, such as the Leiden
Open Variation Database (Fokkema et al., 2011), DECIPHER (Swaminathan et al.,
2012), GeneMatcher (Sobreira et al., 2015) and PhenomeCentral (Buske et al., 2015).
These have facilitated candidate identification (e.g. Utami et al., 2014) and the val-
idation process by connecting researchers who have patients with similar features or
with mutations in the same gene (e.g. Barge-Schaapveld et al., 2011; Thevenon et al.,
2013; Au et al., 2015).

In 2011 and 2012, several large WES studies were launched to evaluate the clin-
ical and diagnostic utility of this technology in a variety of rare diseases. These
include the Baylor College of Medicine WES study (Yang et al., 2014), the FORGE
(Finding of Rare Disease Genes) Canada consortium (Beaulieu et al., 2014), and the
Deciphering Developmental Disorders (DDD) study (Wright et al., 2015; Deciphering
Developmental Disorders Study, 2015). The Baylor study sequenced 2,000 patients,
and reached a molecular diagnosis in 504 (25.2%)3. Strikingly, 30% of these mutations
were in disease genes reported since 2011, emphasising both the pace of new discov-
eries and the importance of consulting recent literature. The FORGE Consortium
investigated 264 disorders (783 samples), and identified disease-causing variants in
146 (55%) of these, including 67 novel genes of which 41 have been either genetically
or functionally validated. They found that the most effective strategies were either
to sequence multiple unrelated individuals with the same very rare but highly recog-
nisable clinical condition, and look for pathogenic variants in a common gene (30/32
disorders solved), or, for consanguineous families with mapping data, to sequence one
or two affected individuals and focus on mapped regions (42/60 disorders solved).
The DDD study conducted WES on 1,133 trios in which the child (and in ~15% of
trios, one or both parents) had an undiagnosed developmental disorder. Focusing
on known developmental disorder genes, Wright et al. (2015) reported a diagnostic
rate of 27%, which increased to 31% when 12 novel genes were included (Deciphering
Developmental Disorders Study, 2015). These novel genes were identified through
a combination of high-throughput gene knock-down experiments in zebrafish, and
statistical tests that used estimates of gene-specific mutation rates (Samocha et al.,

2014) to construct the null distribution for the expected number of de novo variants

3 A molecular diagnosis was deemed to be made if a pathogenic or likely pathogenic variant was
detected in a known gene for a Mendelian disease that overlapped the phenotype of the patient.



in each gene.

In 2010, researchers in Oxford launched the WGS500 project in collaboration
with Illumina. Conducted in parallel with the large WES studies described above,
this project aimed to to sequence the genomes of 500 people with a variety of clinical
phenotypes, including Mendelian syndromes, immunological disorders and cancers.
It was decided to sequence whole genomes rather than just exomes for a number of
reasons. Firstly, there are problems associated with the target capture technology
used in WES (Asan et al., 2011): it produces poor coverage of some splice sites and
exons, often those with high GC content (common at the start of genes) (Hoischen
et al., 2010a; Manase et al., 2014), and in some cases, only the main transcript of a
gene is targeted so some exons are missing entirely. Secondly, WGS is better for the
detection of structural variants, particularly those not associated with gain or loss,
such as inversions or translocations. Lastly, it was anticipated that some of the cases,
particularly in the more complex immunological disorders, would be due at least in
part to noncoding mutations, which are obviously inaccessible to WES. The WGS500
project included 94 independent cases or families in 31 case studies of Mendelian
disorders, several of which are presented in Chapter 2 of this thesis. It also provided
an opportunity to evaluate the efficacy of different analysis strategies, as described in
Chapter 3.

There is a lack of consensus in the field about the difference between a “variant”
and a “mutation”, and the correct use of these terms to describe a change in DNA
that causes or contributes to a disease. In this thesis, for a de novo variant, we
shall use “mutation” when it is thought likely to contribute to a patient’s disease,
and “variant” when there is no specific implication of involvement in a disease. For
inherited homozygous variants, in some cases, we still refer to likely pathogenic ones
as “variants”. Sometimes, we will begin by talking about a particular “variant” and
then, having presented evidence for its pathogenicity, we will call it a “mutation”. If a
mutation is described as “causal”’, we mean to imply that we think there is reasonable
evidence that it is responsible for a patient’s disease. By “pathogenic”, we imply that

the mutation is either fully or partially responsible for the disease.
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1.3 Population genetics

Genomic methods have also had a significant impact in the study of the structure
and history of populations. Until the early 2000s, population genetic inference was
mainly based on the distribution of markers such as HLA types or blood groups
(Cavalli-Sforza and Bodmer, 1999), matrilineal mitochondrial DNA (mtDNA) or the
patrilineal Y chromosome (reviewed in Castro et al., 1998; Stumpf and Goldstein,
2001). For example, mitochondrial RFLPs were used to infer an African root in the
human mtDNA tree (Cann et al., 1987) and to study genetic structure in different
Drosophila species (Hale and Singh, 1987; Afonso et al., 1990). Many groups per-
formed genealogical inference using microsatellites or a few hundred SNPs in the non-
recombining part of the human Y chromosome (NRY) (e.g. Underhill et al., 2000; de
Knijff, 2000), and these data were used to confirm the African origin of anatomically
modern humans (Seielstad et al., 1999). The advantages of data from mtDNA and
the Y chromosome were that the absence of recombination allowed reconstruction of a
gene tree?, that the small effective population size (N, ) allowed better discrimination
between populations than did autosomal DNA | and that it was low cost and could
thus be collected from a large number of individuals (Veeramah and Hammer, 2014).
However, the fact that these sequences represent a single genealogy means that they
provide limited information about the underlying population history, and because ge-
nealogies are stochastic given a particular demographic model, a genealogy built from
a single locus may not reflect the historical relationships between populations under
study (Novembre and Ramachandran, 2011). Indeed, in a recent paper analysing
940 samples from the Human Genome Diversity Panel (HGDP), Emery et al. (2015)
demonstrated that mtDNA-haplogroup membership was insufficient information even
to assign individuals to continental groups. Thus, approaches which considered mul-
tiple autosomal loci have become more widely used to infer demographic parameters

and population structure (Rosenberg and Nordborg, 2002).

One of the most popular methods to examine population structure was developed
by Pritchard et al. (2000). This method, STRUCTURE, is a model-based clustering
algorithm that identifies a specified number of subgroups (clusters) with distinct al-
lele frequencies, and assigns individuals to those clusters. In the admixture version
of the model, individuals can have membership in multiple clusters, with admixture

proportions summing to 1. Rosenberg et al. (2002) applied this method to infer

4A phylogenetic tree showing the evolutionary relationships between DNA sequences.
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population structure in over 1000 individuals from 52 human populations, using 377
autosomal microsatellites. They showed that these clusters generally corresponded
to major geographic regions, but that some individuals had partial membership in
multiple clusters, reflecting either admixture or continuous gradations in allele fre-
quencies across regions. Since then, STRUCTURE and extensions to it (Falush et al.,
2003a; Alexander et al., 2009; Hubisz et al., 2009) have been used in thousands of
studies of multiple different species, ranging from chickens (Rosenberg et al., 2001)
to Helicobacter pylori (Falush et al., 2003b) and sunflowers (Harter et al., 2004).

The development of affordable SNP arrays was catalysed by the International
HapMap Project, which aimed to discover SNPs and describe patterns of linkage
disequilibrium (LD) in different human populations in order to choose tag SNPs for
association studies (International HapMap Consortium, 2005). Genome-wide SNP
analyses began to be widely used for investigating genetic diversity, adaptation and
population structure (reviewed in Pool et al., 2010; Novembre and Ramachandran,
2011; Crisci et al., 2012). In a landmark paper, Novembre et al. (2008) proposed
an alternative to inference with the admixture model of STRUCTURE, demonstrat-
ing that Principal Component Analysis (PCA) could be used to describe continuous
forms of population structure more flexibly. They showed that a plot of the first two
principal components (PCs) based on ~500,000 SNPs in ~3,200 European individu-
als from the Population Reference Samples (POPRES) bore a striking resemblance
to the map of Europe. Novembre and Stephens (2008) argued that PCs correlated
with geography cannot necessarily be interpreted as migrations, as originally argued
by Cavalli-Sforza (1994), who had applied PCA to protein polymorphisms, but rather
may simply reflect isolation-by-distance (i.e. there is only gene exchange among neigh-
bouring populations) (see News and Views by Reich et al., 2008). They also pointed
out the dependence of PCA results on the sample sizes and distribution of sampling
locations. Despite these drawbacks, PCA became widely used to provide a multi-
dimensional summary of population genetic data, and particularly to account for
population structure in GWAS (Tian et al., 2008).

Several haplotype-based methods have also been developed to infer population
structure and perform demographic inference. These are often based on the model of
Li and Stephens (2003), in which each individual’s phased haplotypes are modelled
as a mosaic of chunks “copied” from donor individuals, separated by recombination

events (now referred to as “chromosome painting”). Price et al. (2009) used this in
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their method, HAPMIX, which infers local ancestry along chromosomes using un-
phased data from an admixed individual and phased haplotypes from one or two
reference populations. Lawson et al. (2012) built a coancestry matrix summarising
the chromosome painting, and developed a method to partition the dataset into clus-
ters and assign individuals to these. This method was used by Leslie et al. (2015)
to infer detailed population structure in the British Isles, and to explore patterns of
shared ancestry between the different British groups and populations from continen-

tal Europe, which revealed signals of historical migrations.

Inferring historical demography from genomic data is of considerable interest,
both for its own sake, and in order to construct a realistic null model that can be
used to reveal outlier loci that may be targets of selection®. Many methods exist for
doing demographic inference (for a recent review, see Gattepaille et al., 2013). One
class of methods is based on the site frequency spectrum (SFS). An example is dadi
(Gutenkunst et al., 2009), which uses a diffusion approach to approximate the joint
multi-population SFS; and then infers parameters of the demographic model (which
may include expansions, contractions, migrations and admixture) using a maximum
composite likelihood. A drawback of SFS-based methods is that their application to
SNP chip data is rendered difficult by the ascertainment bias inherent in how the SNPs
were chosen for the arrays, which is difficult to correct for (Veeramah and Hammer,
2014). There is an alternative set of methods based on LD and haplotypic summary
statistics. For example, Atzmon et al. (2010) exploited the relationship between the
frequency and length of identical-by-descent (IBD) tracts to provide evidence for a
bottleneck in Ashkenazi Jews twenty-three generations ago that was followed by a
large expansion. McEvoy et al. (2011) analysed patterns of LD at different genetic

distances to infer changes in human effective population size over time.

Sequence data avoid the problems of ascertainment bias associated with SNP
chips, and several methods exist for using them to infer demographic parameters.
These include nonparametric “skyline plot” methods that estimate historical effec-
tive population size (NN, ) trajectories by reconstructing the underlying genealogy from
nonrecombining loci, such as mtDNA (reviewed in Ho and Shapiro, 2011). These

methods are too computationally intensive when the number of loci grows, and so

5Many studies have used genomic data to search for signatures of various types of natural selection
(e.g. reviewed in Scheinfeldt and Tishkoff, 2013). These are not used in this thesis and therefore
not described in this chapter.
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new approaches were needed in the next-generation sequencing era. A landmark pa-
per by Li and Durbin (2011) demonstrated that it was possible to estimate historical
N, using a single diploid genome sequence. Their method, the Pairwise Sequentially
Markovian Coalescent (PSMC), examines how the local density of heterozygous sites
changes along the genome, reflecting segments of constant time to most recent com-
mon ancestor (Tpsrca) between the two chromosomes separated by historical recom-
bination events. Knowing the coalescence rate in a particular epoch allows estimation
of N, at that time. This method has been extensively used to study population size
changes in different human groups and in other species, but, as is often emphasised
(Veeramah et al., 2013), care should be taken when interpreting the results, since N,
estimates can be affected by other demographic processes other than true growth or
shrinkage, such as admixture. Additionally, false positive or false negative variant
calls in the sequence data can lead to misestimation of the times, since they alter the
effective mutation rate. Also, PSMC is not informative about the very recent or very
ancient past, since there are insufficient coalescences between two sequences in those
epochs. Several other new methods have been developed that extend this approach
to multiple individuals in order to look at more recent time points (Sheehan et al.,

2013; Schiffels and Durbin, 2014).

The reduced cost of high-throughput sequencing has facilitated many studies into
the genetic diversity and population structure of humans and other organisms. The
1000 Genomes Project (1000 Genomes Project Consortium et al., 2010, 2012) and
the NHLBI ESP (Fu et al., 2013) described the distribution of variants of different
functional classes and frequencies across various human populations. In one of the
earliest studies to use Illumina short-read sequencing on non-humans, Xia et al. (2009)
conducted low-coverage sequencing of 40 domesticated and wild silkworm genomes,
and used the patterns of genetic diversity to infer the size of the bottleneck that
occurred during domestication, and to identify genomic regions that may have been
under selection. Ai et al. (2015) undertook a similar project in pigs, and identified
highly differentiated loci that they hypothesised may have played a role in regional
adaptations to different latitudes. Some of these loci showed evidence of having been
introgressed from an extinct pig species. There have also been several population
sequencing studies in primates. Auton et al. (2012) studied patterns of fine-scale
recombination in chimpanzees, and Leffler et al. (2013) used the same WGS data
to identify signatures of long-term balancing selection. Prado-Martinez et al. (2013)

sequenced the genomes of 79 individuals from six great ape species, demonstrated
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genetically distinct populations within each species, and noted how fluctuating pop-
ulation size over time had affected genetic diversity. Xue et al. (2015) extended this
work in gorillas, and discovered high homozygosity and an increased load of deleteri-

ous variation in mountain gorillas, resulting from prolonged population decline.

In Chapter 4 of this thesis, we describe our work on population sequencing of the
platypus, a member of the monotremes, a group of egg-laying mammals. This is the

first study to investigate genetic diversity in this species using whole-genome data.

1.4 Meiotic recombination

Finally, genomic approaches have allowed investigation of the process of meiotic re-
combination, both at a molecular and population scale. Recombination, the exchange
of DNA between homologous chromosomes during meiosis, is important for several
key reasons. Firstly, it produces different combinations of alleles at different loci,
creating more diversity in the population for positive selection to act upon. It also
increases the ability of selection to eliminate deleterious mutations (Muller, 1964; Hill
and Robertson, 1966) and incorporate beneficial ones (Fisher, 1930; Muller, 1932). ©
The other role of recombination, to ensure the correct segregation of chromosomes
into the gametes (Smith and Nicolas, 1998), is most relevant to the work described
in Chapter 5.

The early recombination maps in humans were based on pedigrees. Polymorphic
markers were genotyped in families and recombination events were inferred based on
the patterns of allele transmission to offspring. The first of these maps was made
from ~400 RFLPs genotyped in twenty-one three-generation families. Donis-Keller
et al. (1987) combined mathematical linkage analysis with the physical localisation
of clones to arrange these markers into 23 linkage groups, corresponding to the 23
human chromosomes. This RFLP map was superseded in 1996 by a 5,264-marker mi-
crosatellite map (Dib et al., 1996). The Marshfield map (Broman et al., 1998), based

on >8000 microsatellites and 188 meioses, became the gold standard until Kong et al.

5Much has been written about the importance of recombination for adaptation, and its effect on
genetic diversity and base composition (see Felsenstein, 1974; Otto and Lenormand, 2002; Keightley
and Otto, 2006; Spencer et al., 2006; Coop and Przeworski, 2007; Sella et al., 2009; McGaugh et al.,
2012; Gossmann et al., 2014), but since this is not directly relevant to the work in this thesis, it will
not be reviewed here.
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(2002) published a much higher-resolution map constructed from 5,136 microsatel-
lites and 1,257 meiotic events in the deCODE dataset. The most recent deCODE
map, based on genome-wide SNP data from 15,257 meioses (Kong et al., 2010), has
a resolution of ~10kb, 300 times better than the 2002 map.

Methods based on LD are an alternative to pedigree approaches, and allow estima-
tion of historical recombination rates on a scale of kilobases from population genetic
SNP data. One such approach, LDHat (McVean et al., 2002, 2004), relies on the
composite likelihood method of Hudson (2001) to allow different recombination rates
between each pair of SNPs, and then estimates a variable recombination rate using
a Markov Chain Monte Carlo scheme. This was first applied to the whole human
genome by Myers et al. (2005), and subsequently to the HapMap data (International
HapMap Consortium, 2005). Most recently, it has been used to investigate recom-
bination in chimpanzees (Auton et al., 2012), other primates (Stevison et al., 2015)
and dogs (Auton et al., 2013).

Both pedigree- and LD-based methods have revealed much about the recombina-
tion process. Whereas pedigree studies are useful for characterising variation among
individuals and for comparing patterns between males and females, LD-based meth-
ods estimate rates that are averaged across both sexes and reflect historical recombi-
nation events, and are typically finer-scale than estimates from families (Auton and
McVean, 2012). We will review some of the key findings of both methods here.

In mammals, the genetic map length tends to be proportional to the number of
chromosome arms (Pardo-Manuel de Villena and Sapienza, 2001), although a more
recent study in humans (Fledel-Alon et al., 2009) suggested that only one crossover
per chromosome rather than per arm is needed to ensure proper segregation, and that
additional crossovers occur in proportion to the chromosome length. Crossovers do
not occur independently along chromosomes, but are rather subject to interference,
such that a crossover at one location discourages others from occurring nearby in the

same meiosis (Broman and Weber, 2000).

The early pedigree-based linkage maps showed that human recombination rates
vary by an order of magnitude over megabase scales along chromosomes, and are
higher nearer the telomeres than the centromere (Kong et al., 2002). They are also

highly variable on finer scales. Sperm-typing experiments, in which individual or
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pooled sperm are analysed using a PCR-based method, found that most crossovers
are concentrated in short segments of 1-2kb known as “hotspots” (Arnheim et al.,
2003; Jeffreys et al., 2001). Studies based on LD patterns found that there is an his-
torical hotspot about every 50kb in humans, and 90% of crossovers occur in 10-20%
of the sequence (Myers et al., 2005). These hotspots were found to be determined, at
least in humans and mice, by a zinc-finger protein, PRDM9, which binds to particu-
lar motifs in the DNA and trimethylates histone H3K4, promoting double-stranded
break formation in those regions (Baudat et al., 2010; Myers et al., 2010; Parvanov
et al., 2010). It is now thought that all, or almost all, autosomal recombination in

humans occurs in hotspots (Simon Myers, personal communication).

There is extensive variation in recombination patterns between sexes and indi-
viduals, and between gametes from the same individual (Broman et al., 1998; Kong
et al., 2002; Coop and Przeworski, 2007; Kong et al., 2010). These differences were
revealed in pedigree studies and through experiments in human oocytes and sperm, in
which antibodies were used to visualise crossover-associated proteins such as MLH1
(e.g. Tease and Hulten, 2004; Lenzi et al., 2005). It should be noted, however, that
many of the gametes observed in MLH1 analyses may not lead to viable offspring.

Pedigree studies give a more accurate sense of variability in live births.

The genetic map is 1.6 times longer in human females than in males (Broman
et al., 1998; Kong et al., 2002; Cheung et al., 2007), with average crossover counts
typically estimated at about 39-42 per meiosis in females and 25-27 in males, de-
pending on the resolution of markers used. The number of crossovers is also more
variable in females than males (26-58 per meiosis versus 18-35) (Fledel-Alon et al.,
2011; Hussin et al., 2011), and has a higher heritability (0.25 in females versus 0.14
in males) (Fledel-Alon et al., 2011). Variation in several genes, including PRDM9
(Hinch et al., 2011) and RNF212 (Kong et al., 2008; Fledel-Alon et al., 2011), has
been associated with mean recombination rate. In the largest study to date, Kong
et al. (2014) reported thirteen variants associated with recombination rate, of which

ten showed an effect only in one sex.

Another factor that has been reported to affect female but not male recombination
rates is age (Kong et al., 2004; Coop et al., 2008; Hussin et al., 2011; Bleazard et al.,
2013). It has been proposed that this may be related to the increase in aneuploidy
rates in the offspring of older mothers (Henderson and Edwards, 1968). However, the
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evidence about the direction and magnitude of the maternal age effect on the number
of crossovers is conflicting. We revisit this controversial question in Chapter 5 of this

thesis.
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Chapter 2

Case studies from the WGS500
project

2.1 Introduction

This chapter and the next describe work conducted as part of WGS500, a large project
that began in Oxford in 2010 with the aim of sequencing the genomes of 500 peo-
ple with different diseases in order to evaluate the clinical utility of whole-genome
sequencing (WGS). Here, we focus on case studies of some Mendelian neurological
disorders, and in the next chapter we describe an evaluation of different strategies for

pinpointing the mutations causing putatively monogenic Mendelian diseases.

Clinical geneticists in Oxford recruited nine families of which one or more mem-
bers had a severe, early-onset neurological disease (Table 2.1). Patients 1-6 had no
affected relatives, suggesting a de novo mutation or recessive inheritance pattern.
The remaining families had more than one affected child, so a recessive mutation
was suspected. The whole genomes of the healthy parents and affected children from
Families 1-8 and of a single affected individual from Family 9 were sequenced to at
least 25X coverage. Each family was screened for candidate de novo, simple recessive,
compound heterozygous and X-linked variants as appropriate. Since previous appli-
cations of whole-exome sequencing (WES) and WGS for finding disease genes were
reviewed in Chapter 1, in this chapter we will simply introduce and report results

from each case study in turn.
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2.2 Methods

2.2.1 Case recruitment

The families were recruited to participate in WGS500 through the Oxford Clinical
Genetics department. A summary of the main clinical features is given in Table 2.1,
along with a list of the genetic tests the patients had undergone before entering this

study (all of which were negative).

2.2.2 Sequencing and variant calling pipeline

These methods are described in detail in the WGS500 paper (Taylor et al., 2015) and
thus are described only briefly here. WGS was conducted on the Illumina HiSeq plat-
form to a coverage of at least 25X. The reads were mapped to the human reference
genome (build 37d5) with Stampy (Lunter and Goodson, 2011) and single nucleotide
variants (SNVs) and small indels were called with Platypus (Rimmer et al., 2014).
Variants were annotated relative to RefSeq transcripts using ANNOVAR (Wang et al.,
2010) and relative to Ensembl transcripts using an in-house tool called VariantAnno,

similar to the Ensembl Variant Effect Predictor, written by Peter Humburg.

Several methods were used to search for copy number variants (CNVs). These
included a) generating count profiles in 10kb bins along the genome and correcting
for noise due to biases in sequence composition, b) OncoSNP-SEQ (Yau, 2013) and
c) ExomeDepth (Plagnol et al., 2012). These methods are described in more detail in
Taylor et al. (2015). In addition to these, GenomeSTRIiP (Handsaker et al., 2011) was
used to search for intermediate-sized deletions (50-50,000bp) that would have been
missed by arrayCGH and Platypus. We filtered the calls based on their frequency
in other WGS500 samples, using the same criteria as for the SNV /small indel calls,
described in the next section. We considered the closest gene to each deletion as
the affected gene, and, for the compound recessive model, treated large deletions and
SNVs/small indels together.

2.2.3 Variant filtering strategies

To identify de novo mutations in the trios, we first screened for variants that were

called as homozygous reference in the parents but heterozygous in the child. We then
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filtered these based on the genotype log likelihood ratio (GLLR)!, requiring this to
be below -5 in all three individuals. To remove those likely to be due to technical
artifacts or incorrect calling of parental genotypes, we removed variants that had been
seen before in unrelated individuals in WGS500, the 1000 Genomes Project (1000G)
or the NHLBI Exome Sequencing Project (ESP). The GLLR threshold of -5 was cho-
sen because, although it was quite lenient and gave far too many putative de novos
genome-wide even after the application of the latter filters (range 138-1388, average
546 across the six EOE trios), there was a manageable number of de novo coding
candidates to examine (1-5 per trio), and a more stringent threshold of -10 seemed
to be too strict for some trios (since the possible GLLs depend on coverage levels),

giving 5-200 putative de novos genome-wide.

We then prioritised variants that were predicted to alter the protein sequence
(nonsynonymous SNVs, stop loss or gain variants, indels, or splice site mutations),
particularly those that were highly conserved across the 46 vertebrate species in the
UCSC conservation track. The value of these different filters is discussed in Chapter
3 and in the WGS500 paper (Taylor et al., 2015).

For the quartets, we considered the possibility that both affected children had
inherited the same de novo mutation from one parent. This could happen if the mu-
tation were mosaic in the parent’s germline (Campbell et al., 2014). To check for this,
we searched for variants that were heterozygous in both offspring but homozygous
reference in both parents, with the genotype log likelihood ratio less than -5 in all
individuals. In all cases, when we examined these candidate de novo variants in the
Integrated Genomics Viewer (Robinson et al., 2011), none of them looked real; all
showed at least one read carrying the variant in a parent, or showed evidence of being

an artefact in a difficult region e.g. with short tandem repeats.

We considered a simple recessive or compound heterozygous model in all families,
and an X-linked model where appropriate, again focusing on protein-altering muta-
tions at conserved positions. For the compound heterozygous model, we required two
such variants in the same gene, one inherited from each heterozygous parent. Since
the diseases under study are extremely rare (frequency < 1/100,000), we excluded

variants with a frequency greater than 0.005 in 1000G or ESP, or for which there

'The GLLR is the difference between the log likelihoods for the most likely and the second most
likely genotypes.
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were any homozygotes or hemizygotes or more than five heterozygotes amongst the
other WGS500 samples (n = 294 at the time of analysis). We refer to variants not
previously seen in dbSNP, 1000G, ESP or WGS500 as “novel”.

For families 7 and 9, we also considered noncoding variants, in the absence of any
good coding candidates. We applied the frequency filters specified above and anno-
tated rare variants using the Ensembl Variant Effect Predictor. To narrow the search,
we then focused on variants that were annotated as being in regulatory regions, which
were identified by the Ensembl curators using information about various chromatin
marks and transcription factor binding sites, and that were within conserved blocks
of DNA identified using phastCons (Siepel et al., 2005).

2.2.4 Linkage analysis

In Family 9, the female proband (LDS_10) was sequenced with WGS, and her unaf-
fected mother (LDS_30) and three affected relatives (LDS_27, LDS_28 and LDS_29)
were genotyped on Illumina chips (Figure 2.8). Since the parents of both pairs of
affected siblings were first cousins, we first considered the simple recessive model,
focusing on regions that were identical-by-descent for both alleles (IBD2) in all the
affecteds, and homozygous. However, a compound recessive model would also fit
the pedigree, and so we also considered regions that were IBD2 and heterozygous
respectively. To identify these regions in the genotyped individuals, we selected SNV
markers for linkage with linkdatagen (Bahlo and Bromhead, 2009) and then ran MER-
LIN (Abecasis et al., 2002) using the Kong and Cox exponential model (Kong and
Cox, 1997), specifying a recessive model. We then identified regions that were also
IBD2 in the sequenced individual. Candidate variants were genotyped in the other

unaffected siblings by Sanger sequencing to check segregation.

2.2.5 Variant validation and functional follow-up

All laboratory work, including validation of putatively causal variants by Sanger
sequencing, was completed by others, as credited in the Acknowledgements at the
end of this chapter. The methods are not covered here, but those relating to the

functional work on the epilepsy trios are described in Martin et al. (2014).
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2.3 Results

2.3.1 Early-onset epilepsy

This section is largely taken from Martin et al. (2014).

2.3.1.1 Introduction

Severe early-onset epilepsy (EOE) encompasses a broad spectrum of phenotypes which
are highly heterogeneous at the clinical and molecular levels (Nordli, 2012). Whilst
some causative genes have been identified for many of these sub-phenotypes, the lim-
itations of current technologies mean that genetic testing is largely confined to the
genes associated with the specific presenting phenotype. However, it is increasingly
being recognised that a given gene can cause multiple phenotypes (Nordli, 2012),
and that more comprehensive genetic testing may improve molecular diagnostic yield
(Kodera et al., 2013). This is useful clinically not only because it can help make or
confirm a diagnosis, but also because it may allow counseling on recurrence risk and

prenatal testing.

In its most severe form, EOE involves frequent seizures beginning in the first three
months of life, with abundant epileptic activity that contributes to significant cogni-
tive and motor delay (Nordli, 2012; Berg et al., 2010). It is frequently associated with
gross structural brain abnormalities and occasionally with metabolic disorders, which
are often genetic in origin (Ohtahara and Yamatogi, 2003). Ohtahara Syndrome (OS)
is a severe form of EOE characterised by a distinctive electroencephalogram (EEG)
pattern known as burst-suppression, which consists of periodic high voltage bursts of
slow waves mixed with spikes, followed by marked attenuation (Pavone et al., 2012).
The frequency of OS is about 1 in 100,000 live births (Hino-Fukuyo et al., 2009).
Children with OS typically have multiple seizure types including tonic spasms and
focal seizures, which are often refractory to anti-epileptic drugs (Tavyev Asher and
Scaglia, 2012). Affected children may progress onto other epilepsy syndromes such as
West Syndrome (Nordli, 2012), or they may die in infancy.

Several genes have been implicated in severe EOE. The first reported for OS was
the X-linked ARX gene, which encodes a developmental transcription factor (Kato
et al., 2007). De novo mutations in STXBP1 (Saitsu et al., 2008; Deprez et al.,
2010), encoding a protein involved in synaptic vesicle release, in CDKL5 (Melani

et al., 2011), encoding a serine/threonine kinase, and in ion channel genes KCNQ2
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(Saitsu et al., 2012), SCN2A (Nakamura et al., 2013; Touma et al., 2013) and SCNSA
(Veeramah et al., 2013) have also been implicated, as have recessive mutations in the
glutamate transporter SLC25A422 (Molinari et al., 2005). However, many OS patients
test negative for mutations in these genes, indicating that other genes have yet to be
identified. Multiple additional genes have been associated with the broader range
of early-onset epilepsies, including genes encoding cytoskeletal components (SPTAN1
(Saitsu et al., 2010)) and proteins involved in signaling (PLCB1 (Kurian et al., 2010)),
DNA repair (PNKP (Shen et al., 2010)), and neurotransmitter synthesis (PNPO
(Mills et al., 2005)). However, clinical testing is limited by the availability and costs
of conventional single-gene tests, and thus tends to be restricted to genes that have
been associated with the specific type of epilepsy. There is therefore scope to apply

a more comprehensive approach to diagnosis using whole-genome methods.

WGS500 included six trios and one quartet in which the children had severe EOE
and the parents were healthy. The patients were selected because traditional clinical
molecular genetic approaches had failed to uncover the causal mutation. Four of the
trio children had been diagnosed with OS, and the other two had severe non-syndromic
early-onset epilepsy (NSEOE). The two daughters in the quartet had mental retar-
dation and severe NSEOE.

2.3.1.2 Patients 1 and 3: KCNQ2 and SCN2A

Two of the four OS cases had de nmovo nonsynonymous mutations in genes encod-
ing ion channel subunits that had previously been implicated in EOE: KCNQ@2 and
SCN2A. Mutations in KCNQ2 and SCN2A were originally reported to cause benign
neonatal seizures (Heron et al., 2002; Berkovic et al., 1994), but more recently they
have been found in children with more severe epilepsy (Weckhuysen et al., 2012;
Ogiwara et al., 2009). The KCN@Q2 mutation, NM_004518:¢.C827T:p.T2761, falls in
the highly conserved fifth transmembrane segment of the channel that forms part
of the pore. It is just two amino acids away from the T274M mutation reported in
another EOE patient with a burst-suppression EEG (Weckhuysen et al., 2012), and
other mutations in this pore region are known to cause benign neonatal epilepsy and
infantile seizures (Singh et al., 1998, 2003; Zhou et al., 2006). The SCN2A muta-
tion, NM_001040143:¢.A5558G:p.H1853R, is in the cytosolic C-terminal region of the

protein, after the final transmembrane domain. Different de novo mutations in the
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cytosolic domains have previously been reported in patients with intractable epilep-
sies (Shi et al., 2011), including a girl who had symptoms that were “similar but
distinct from Ohtahara syndrome” (Ogiwara et al., 2009). These previous reports
provide strong evidence that these de novo mutations are responsible for OS in these

children.

2.3.1.3 Patient 2: KCNT1

Patient 2 had very severe early-onset epilepsy, an EEG consistent with OS, and pro-
found developmental delay. His father’s maternal aunt, grandmother and nephew had
had childhood idiopathic epilepsy, but it was unknown whether this was related to
the proband’s condition. Patient 2 did not have any compelling de novo mutations.
However, low chromosomal heterozygosity and detection of multiple Mendelian errors
(Figure 2.1) suggested that he had paternal isodisomy for chromosome 9. A SNP ar-
ray subsequently confirmed that he was completely homozygous on this chromosome

but had normal copy number.

This finding prompted two new alternative hypotheses: that the patient’s symp-
toms were due to aberrant expression of an imprinted gene on chromosome 9, or that
there was a recessive pathogenic mutation on this chromosome that had become ho-
mozygous as a result of the isodisomy. There was no evidence in the literature for
imprinted genes on this chromosome that had plausible links to epilepsy. We there-

fore scanned the patient’s chromosome 9 for rare homozygous variants that might

Figure 2.1 (following page): Discovery of paternal isodisomy for chromosome
9 in Patient 2. a) Initially, Mendelian errors were noted on this chromosome.
This example illustrates the KCNTI mutation: the mother is homozygous reference,
the father heterozygous and the child homozygous for the mutant allele. Grey bars
represent individual sequencing reads from the sample indicated on the left, and
coloured letters divergences from the reference sequence. Only a subset of reads
are shown, sorted to aid visualisation. The grey pile-up along the top indicates the
sequence coverage. b) WGS data revealed complete homozygosity across chromsomes
9. The plots show the average proportion of variants that are homozygous in 500kb
windows across chromosomes. There is an apparent drop in homozygosity around
the centromere, owing to the sequence being inaccessible to short read alignment.
¢) The isodisomy was confirmed using a CytoSNP12 array, which showed that the
whole chromosome was homozygous (top plot: B allele frequency), despite normal
copy number (bottom plot: LogR ratio).
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be pathogenic. The only plausible candidate was a novel nonsynonymous variant in
KCNT1 at 9q34.3 that disrupted a highly conserved alanine residue in the intracel-
lular C-terminal domain, NM_020822:c.G2896A:p.A966T.

KCNT1 encodes the Na+-activated K+ channel known as Slack, which is very
widely expressed throughout the brain (Bhattacharjee et al., 2002). While our project
was under way, two papers were published reporting that dominant mutations in
KCNT1 cause autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) (Heron
et al., 2012) and malignant migrating partial seizures of infancy (MMPSI) (Barcia
et al., 2012; McTague et al., 2013). Interestingly, one of the MMPSI patients with
a KCNT1 mutation was described as having a subtle burst-suppression EEG (Mc-
Tague et al., 2013). Distinct from this patient, however, our Patient 2 did not have

migrating seizures, and had a clear burst-suppression EEG pattern.

The A966 residue in KCNT1 is completely conserved across all vertebrates for
which genome sequences are available. It seemed very likely that this mutation was
causal in Patient 2 but, in order to investigate its functional consequences, we en-
listed collaborators, the Kaczmarek group, to conduct electrophysiological experi-
ments. They created a mutant construct with the rat version of KCNT1, encoding
the Slack protein with the mutation at position 945, equivalent to position 966 in
the human protein. They expressed this A945T construct and the wild-type (WT)
version in Xenopus laevis oocytes, and measured channel activity by performing two-
electrode voltage clamping experiments. These experiments showed that activity of
the A945T mutant channel was increased significantly by a factor of 13 relative to the
WT at +60 mV (Figure 2.2A,B). The amounts and integrity of the WT and A945T
cRNA used in these experiments appeared similar, just 8% higher in the mutant than
the WT (Figure 2.2C). However, the A945T mutant channel was consistently more
active than the WT channel at each of the positive membrane potentials tested (Fig-

ure 2.2D).

This mutation had a much more profound effect than the two previously charac-
terised MMPSI-causing mutations, R409Q and A913T (Barcia et al., 2012). Whereas
channel activity was increased by a factor of 3 at +60 mV in the two MMPSI mutant
channels, the corresponding increase was 13-fold for the A945T mutation. This sug-
gests that the patterns of neuronal firing that produce the distinctive EEG patterns

characteristic of these different disorders can vary as a function of KCNT1 channel
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activity, and can furthermore influence the nature, severity and onset of the seizures.
Since we published our case (Martin et al., 2014), there have been other reports of
de novo KCNT1 mutations in patients several kinds of epilepsy (Ohba et al., 2015;
Moller et al., 2015). One mutation reported by Mgller et al. (2015) was incompletely
penetrant, which may explain why the father of our Patient 2, who was heterozygous

for the mutation, had no epileptic phenotype.

2.3.1.4 Patient 4: PIGQ

Patient 4, who was of West African origin, had severe EOE with a burst-suppression
EEG, consistent with OS, as well as hypotonia. Since the first three OS patients anal-
ysed had presumably pathogenic mutations in sodium and potassium channel genes,

it seemed likely that Patient 4 would have a similar mutation.

We first considered two compound heterozygous, nonsynonymous SNVs identified
in SCN4A. One (D952N) was novel and the other (M1808I) had a frequency 0.002
in 1000 Genomes. The channel encoded by SCN/A, Navl.4, is primarily known as a
skeletal muscle channel, and mutations in it have been shown to cause various muscle
diseases (Raja Rayan and Hanna, 2010). SCN4A is expressed in the brain (Allen
Brain Atlas), so it seemed plausible that these compound heterozygous mutations
could be responsible for the seizures in this patient, as well as his severe hypotonia.
However, the patient’s unaffected sibling was subsequently found to be a compound

heterozygote for the same SCN/A variants, so they were deemed benign.

The second candidate mutation considered in Patient 4 was a de novo nonsynony-
mous mutation at a highly conserved position in C50RF/2. Compound heterozygous
mutations in this gene were recently reported to cause Joubert Syndrome (JS) (Srour
et al., 2012), a recessive disorder characterized by a distinct mid-hindbrain malfor-
mation, hypotonia, ocular-motor apraxia and hyperpnea?. JS patients occasionally
suffer from seizures (Bachmann-Gagescu et al., 2012), but since Patient 4 did not have
the diagnostic “molar tooth sign” on the MRI, characteristic of JS, or any breathing
abnormalities, and we could not find a second mutation in C5ORF42 that would
suggest recessive inheritance, we concluded that this was not a case of misdiagnosis

and that the mutation was not the cause of OS in this patient.

2Hyperpnea refers to increased depth of breathing due to metabolic demands.
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Figure 2.2: Electrophysiological and channel expression analysis of KCNT1
mutation found in Patient 2. This figure was made by Grace Kim from the
Kaczmarek group, who conducted the experiments. The WT or A945T mutant Slack
channel was expressed in Xenopus laevis oocytes, and two-electrode voltage clamping
(TEVC) performed. (A) A representative trace of current activity recorded from an
oocyte expressing WT or A945T is shown on top, with the voltage-clamping protocol
displayed underneath. (B) Averaged quantitation of the peak current is compared
at +60mV (p < 0.001, n=>5, Student’s t-test; representative of three independent
experiments). (C) The quality of RNA injected into Xenopus oocytes was checked on
a 1% formaldehyde agarose gel. (D) Current-voltage relations for the WT or A945T
channels. Channel activity as measured at peak current amplitude and normalized
to the value at +60 mV is plotted against voltage (**p < 0.01, ***p < 0.001, n = 5,
2-way ANOVA, Sidak’s multiple comparisons test).
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Although the patient was reported to be non-consanguineous, we noticed sev-
eral extended homozygous regions in his genome. Within a 2Mb homozygous region
on chrl6, he had a novel homozygous single nucleotide variant that was predicted
to disrupt the highly conserved splice acceptor site of exon 3 of the PIG() gene:
NM_004204:exon3:¢.690-2A>G (Figure 2.3). Both parents were heterozygous and two
unaffected siblings were either heterozygous or homozygous for the reference allele.
PIGQ, formerly called GPI1, encodes a subunit of an N-acetylglucosaminyltransferase
that catalyzes the first step in the biosynthesis of glycosylphosphatidyl inositol (GPI),
a glycolipid that is attached to the C-terminus of some proteins (Watanabe et al.,
1998). The PIGQ protein stabilizes the enzyme complex (Hong et al., 1999). A
nonsense mutation in the X-linked PIGA gene, which encodes another subunit of
this enzyme, was recently reported to cause a lethal disorder characterized by multi-
ple congenital abnormalities, structural brain malformations, joint contractures and
neonatal seizures with a burst-suppression EEG (Johnston et al., 2012). Recessive
mutations in other GPI synthesis genes cause clinically heterogeneous syndromes, all
of which involve seizures (Maydan et al., 2011; Almeida et al., 2006; Krawitz et al.,
2010; Thompson et al., 2012). Thus, this PIG() mutation seemed a very plausible

candidate for causing OS in Patient 4.

The patient died before this mutation was discovered so it was not possible to
obtain samples to test the effect of this homozygous mutation on PIGQ activity.
However, analysis of the RNA extracted from his parents’ blood revealed two PIGQ
transcripts, one consistent with the reference annotation and another with a deletion
of exon 3, as expected given that they were heterozygous for the variant at the splice
acceptor site for this exon (Figure 2.4). Since exon 3 falls immediately before the
catalytic domain of PIGQ, the mutation seemed likely to abrogate the function of
the enzyme and lead to a reduction in GPI synthesis, as was seen for the nonsense
mutation in PIGA (Johnston et al., 2012). The parents were tested for abnormalities
in serum alkaline phosphatase levels and in expression of CD59 on red blood cells,
which are typical signs of impaired GPI synthesis (Johnston et al., 2012; Maydan
et al., 2011; Krawitz et al., 2010, 2012), but none were found. This is not entirely
surprising since heterozygous carriers of other PIG gene mutations had normal CD59
levels (Almeida et al., 2006).

The skipping of exon 3 causes an in-frame deletion of 44 amino acids. Collabora-

tors tested whether this abnormality affected PIGQ function in vitro, by transfecting
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human PIGQ ¢DNA either with or without exon 3 into PIGQ-deficient cell lines.
They demonstrated that that the PIG(Q protein lacking the 44 amino acids had some
functional activity but was unstable, and so GPI synthesis was impaired (for more
details, see Martin et al. (2014)). A recent report of a second patient with a ho-
mozygous PIG() mutation who had intractable seizures, developmental delay, and
optic atrophy (Alazami et al., 2015) makes it seem highly likely that this mutation is
pathogenic in Patient 4.

Further work is needed to determine how impaired GPI synthesis leads to epilepsy,
since over 150 proteins have been reported to have GPI anchors (Fujita and Kinoshita,
2012). Several of these play important roles in neural development and function
(McKean and Niswander, 2012; Labasque and Faivre-Sarrailh, 2010; Borrie et al.,

2012) and would presumably be a good targets for further studies in model organisms.

2.3.1.5 Patient 5: CSNK1G1

Patient 5 had severe epilepsy, microcephaly and developmental delay. The most
likely causal variant was a de movo nonsynonymous variant at a highly conserved
site in CSNK1G1 (NM_022048: ¢.C688T:p.R230W). This gene encodes casein kinase
1 (CK1), gamma 1, a serine/threonine kinase expressed in many tissues including
brain. CKI1 regulates the phosphorylation of NMDA receptors and is thus impor-
tant for synaptic transmission (Chergui et al., 2005). It also plays a key role in Wnt
signalling (Davidson et al., 2005), which is crucial for multiple embryonic processes
including neuronal differentiation (Hirabayashi et al., 2004) and craniofacial develop-
ment (Fossat et al., 2012). There is also evidence that CSNK1G2 is associated with
febrile seizures (Yinan et al., 2004). Thus, this variant in CSNK1G1 is a good can-
didate for causing the severe early-onset epilepsy in Patient 5 but genetic validation
studies did not find any additional patients (see below) and further work would be

needed to definitively establish it as causal.

2.3.1.6 Patient 6: CBL

Patient 6 had severe tonic epilepsy, microcephaly, and developmental delay. He was
found to have two de novo mutations in the CBL gene that were 93bp from each
other®. Of the two mutations, one was synonymous (NM_005188:c.C1320T:p.G440G)

3A single Illumina read suggested these were in cis and this was subsequently confirmed using
allele-specific PCR and Sanger sequencing (data not shown).
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and the other predicted to affect splicing (NM_005188:exon9:c.1228-1G>A).

The CBL gene encodes a ubiquitously expressed adaptor molecule and ubiquitin
ligase that regulates the Ras/MAPK pathway (Swaminathan and Tsygankov, 2006).
The gene is primarily recognized as a tumor suppressor (Kales et al., 2010), but
germline mutations in it and other genes involved in the Ras/MAPK pathway can
also cause various developmental disorders collectively known as the neuro-cardio-
facial-cutaneous (NCFC) syndromes or RAS-opathies (Denayer and Legius, 2007).
Splicing assays conducted by collaborators showed that the splice site mutation did
indeed lead to skipping of exon 9 (Martin et al., 2014), which encodes the C-terminal
part of the RING finger domain that is responsible for Cbl’s ubiquitin ligase activity.
Heterozygous missense mutations in the RING domain of CBL have been reported
to cause facial, cutaneous and cardiac abnormalities, hypotonia and developmental
delay (Martinelli et al., 2010), as well as microcephaly and a predisposition to juvenile
myelomonocytic leukemia (JMML) (Perez et al., 2010; Niemeyer et al., 2010). Curi-
ously, Niemeyer et al. (2010) reported two JMML patients with an almost identical
splice site mutation to that in Patient 6. One patient had developmental delay and
reduced growth but neither was reported to have epilepsy. Niemayer et al. found
that their mutation (1228-2A>G) gave rise to some transcripts with premature stop
codons, as well as the transcript with the in-frame deletion of exon 9 that was ob-
served in Patient 6 (Aexon 9). The retention of the LZ dimerization domain in the
Aexon 9, but not the 1228-2A>G mutant with the premature stop codon, may ac-
count for the different consequences, since one would anticipate that Aexon 9 Cbl
would retain its adaptor function in multiple cellular signalling pathways, even if its

ubiquitin ligase activity were ablated.

Although mutations in CBL have not previously been reported to cause epilepsy,
mutations in KRAS and BRAF, in the same pathway, have been reported in two boys
with refractory epilepsy and cardio-facial-cutaneous syndrome (CFC) (Adachi et al.,
2012). Following the finding of the CBL mutation, Patient 6 was reviewed by several
clinical geneticists, who noted hypopigmented skin lesions and a history of congenital
heart disease. However, they did not think that this patient fitted phenotypically
into NCFC syndromes. Nonetheless, since CBL mutations are notorious for their
variable phenotypes and incomplete penetrance, even in the case of the recurrent
Y371H mutation (Perez et al., 2010), this mutation still seems a good candidate in
Patient 6. We did not find any other likely pathogenic C'BL mutations in the larger
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panel of epilepsy patients (see below), so it may be that a) CBL mutations only rarely
manifest themselves primarily as epilepsy, b) this mutation is not causal, or c) there

are additional modifier variants in this patient.

2.3.1.7 Mutation screening in other epileptic encephalopathy cases

To try to confirm causality of the KCNT1, PIG(Q), CBL and CSNK1G1 mutations, we
asked collaborators to screen these genes in other cohorts. The first cohort comprised
about 500 epileptic encephalopathy* cases from Australia, which were screened using
a targeted resequencing approach (Carvill et al., 2013). It included four cases of OS,
five of early myoclonic encephalopathy (EME; a syndrome which shares features with
OS (Djukic et al., 2006)), and thirty-eight of early-onset epileptic encephalopathy
(defined as onset within the first 3 months of life). The second cohort comprised
thirteen other cases of OS and EME from a UK cohort, which were Sanger sequenced.
There were no coding variants that would fit a recessive model in KCNT1 and PIGQ),
or a de novo model in CBL and CSNK1G1, as was observed in the WGS500 patients.
This likely reflects the genetic heterogeneity in severe EOE, and is not surprising

given the relatively small number of patients screened who had similar phenotypes to
those described here (total 16 OS, 6 EME).

2.3.1.8 Family 7: uncertain cause

The two daughters in Family 7 had severe mental retardation and epileptic en-
cephalopathy. The parents were initially reported to be normal, and thus the simple
and compound heterozygous models were considered most plausible. We also looked
for shared de novo mutations. There were no coding variants that fitted these models
using the filters described in Section 2.2.3, nor any large CNVs. We thus considered
rare noncoding variants that fitted the inheritance model. There were no shared rare
homozygous noncoding variants, but there was one gene of potential interest, IGF'11,
that had compound heterozygous mutations in regions annotated as regulatory by
Ensembl. This gene encodes insulin-like growth factor-1 receptor, and coding mu-
tations in it have been reported to cause severe growth defects and microcephaly
(Walenkamp et al., 2006; Raile et al., 2006). IGF1R is one of the receptors that is
ubiquitinated by Cbl (Sehat et al., 2008), encoded by the gene mutated in Patient
6. Conceivably, these compound heterozygous variants could each lead to misregula-

tion of IGF1R expression, leading to microcephaly and disrupting brain development

4Epileptic encephalopathy manifests as intractable seizures that lead to progressive cognitive and
neuropsychological decline.
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(Joseph D’Ercole and Ye, 2008) in these girls. However, the fact that the children
with IGFIR coding mutations did not have epilepsy, and that our patients are not

abnormally small, argues against this hypothesis.

Further discussion with the clinical geneticist revealed that that the patients’
mother had mild learning disability (LD), suggesting that she may, in fact, have a
less severe form of their disease. Analysis of the data under a dominant model uncov-
ered a rare nonsynonymous variant in KCN@1. Mutations in this potassium channel
gene are known to cause long QT syndrome (LQTS) (Bokil et al., 2010) and this
same mutation has previously been seen in a LQTS patient (Choi et al., 2004). The
clinician requested an electrocardiogram of the mother following this finding. Some
LQTS mutations in KCNQ1 can reportedly cause seizures (Goldman et al., 2009),
but the fact that such severe learning disability is not commonly observed in patients
with these mutations suggests that this one is probably not the cause of these girls’

condition.

Assuming the mother does indeed have a milder form of the phenotype, one might
imagine a two-hit model in which the girls both inherited a heterozygous dominant
mutation from their mother and a modifying mutation from their father in a different
gene. There were no rare heterozygous variants in ion channel genes that would fit
this model, but there could be such variants in other genes. However, if this pos-
sibility were considered, the search space would be enormous and the likelihood of
pinpointing the causal mutations very low. Another possible explanation is that the
causal mutation is an intermediate-sized duplication, inversion or translocation, since
our sensitivity to detect such variants in the WGS500 pipeline was probably quite
low. The uncertainty about the mother’s phenotype in this family renders the anal-

ysis particularly challenging.

2.3.2 Putatively novel syndromes

One of the most successful uses of WGS and WES has been to help diagnose patients
whose condition does not appear to match any known syndromes (Need et al., 2012;
Ku et al., 2012). In some cases this has led to the realisation that the patient in
fact has a clinically recognised syndrome presenting in an unusual way (e.g. Schrader

et al., 2011). In others, a new disease gene has been discovered (e.g. Worthey et al.,
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2011). We analysed two such cases as part of WGS500.

2.3.2.1 Mental retardation and disturbed sleep-wake cycle

The first case was a family in which the two sons had severe physical and mental
retardation (MR). They were born to healthy, nonconsanguineous parents with no
family history of developmental disability. The boys could not run until they were
in their teens, and in their early twenties, when this project was begun, they could
still only speak a few words. Many genes have been implicated in mental retarda-
tion (reviewed in Ropers (2010)), but a large proportion of cases remain undiagnosed
even in large-scale WGS or WES efforts (Gilissen et al., 2014; Wright et al., 2015).
However, in addition to their low cognitive ability, these boys have an additional and
remarkable phenotype: a very disturbed sleep-wake cycle. They alternate 24- to 72-
hour periods of continuous intense activity with 24- to 72-hour periods of deep sleep.
There are no reports in the literature of this condition, although there are some genes
linked to milder sleep disorders: polymorphisms in the seretonin pathway (Xu et al.,
2014) have been associated with obstructive sleep apnea syndrome, and variants in
circadian genes have been linked with non-24-hour sleep-wake cycles (Kripke et al.,
2014). The novelty and severity of this condition made it a good candidate for WGS,
since it was hoped that our findings might assist with diagnosis or at least lead to

better understanding of the pathogenesis.

There was only one variant in the WGS data that met the criteria described in
Section 2.2.3 for any of the possible inheritance models (simple recessive, compound
recessive, X-linked or shared de novo). This was an X-linked variant in a splice site
of the CHM gene, which both boys inherited from their mother. This was a novel
variant where we first discovered it, but it has since been seen in 17 males in the
Exome Aggregation Consortium (ExAC) (N = 53,653 chromosomes), from which
individuals with severe paediatric disease have been excluded, so it is very unlikely

to be causal.

WES data were available for the quartet and so these were scanned for variants
that might have been missed in the WGS. The only plausible one was a variant in
the GRIAS gene that did fit an X-linked model but that been erroneously called
as heterozygous in the WGS data because of a single read containing the reference

base (Figure 2.5). This had been missed because, in searching for candidate variants,
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we ignored those called as heterozygous on the X chromosome in males, which were
almost all due to sequencing or PCR errors. In this case, low-level contamination of
the sequencing libraries for the individuals in this family seems a likely explanation
(Figure 2.6).

This variant was a novel nonsynonymous mutation in the GRIAS gene, which
encodes GluR3, a subunit of an AMPA-type ionotropic glutamate receptor. Muta-
tions in this gene have previously been reported to cause a milder form of MR (Gecz
et al., 1999; Chiyonobu et al., 2007; Wu et al., 2007). Some MR patients with GRIA3
missense mutations had similar physical features to our patients: poor muscle bulk,
muscle weakness, hyporeflexia and asthenic habitus (Wu et al., 2007). There are 83
patients recorded in the DECIPHER database (Swaminathan et al., 2012) with a
deletion or duplication disrupting GRIAS, and 51 of these have a recorded pheno-
type, mostly intellectual disability and/or global developmental delay. Interestingly,
one of the patients is described as having autism, intellectual disability and sleep
disturbance. We attempted to contact this patient’s clinician via DECIPHER to ask

for more details about the phenotype, but were unsuccessful.

Our mutation, A653T, was not seen in ~86,000 chromosomes in ExAC, nor were
any other coding mutations observed in the same exon. The mutation disrupts a
residue in the pore region of GluR3 which is highly conserved both across species
and in all other glutamate receptor genes (Figure 2.7A). A653 plays an important
role in occluding the ion channel. The neighbouring amino acid in the GluRd2 sub-
unit is mutated in the “Lurcher” mouse (Zuo et al., 1997) (Figure 2.7A), which has
been extensively studied as a model of neurodegeneration (Vogel et al., 2007). The
Lurcher mutation is also an alanine (A) to threonine (T) mutation and it results in
the channel spontaneously opening due to sterical clashes. This causes excitotoxicity
and apoptotic death of Purkinje cells, which control motor coordination, resulting in
the lurching gait of these mice. It seemed likely that the A653T mutation has a very
similar effect in the GluR3 channel, and that this has led to degeneration of the parts
of the brain in which GluR3 is expressed. Notably, GluR3 is the predominant AMPA
receptor subunit in the mouse thalamus (Wang et al., 2011a), which is known to play
a role in circadian rhythm control (Colavito et al., 2015), and in Syrian hamsters,
the light-dark cycle affects the expression pattern of GluR3 in the suprachiasmatic
nucleus, also involved in the sleep-wake cycle (Chambille, 1999). There is some evi-
dence that GluR3 regulates sleep patterns in mice (Steenland et al., 2008) and SNPs
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Figure 2.5: Misgenotyping of the X-linked GRIA3 variant in the WGS
data. The genotypes called by Platypus are indicated in bold under the sample IDs
on the lefthand side. (Note that two alleles are called for the males, although they
are hemizygous.) In the WGS data, the variant was called as heterozygous (G/A) in
one of the affected sons, MR_8, due to the presence of a single read that contained
the reference base (G; red box around read). The mother, father and other affected
son were correctly called as heterozygous (G/A), hemizygous for the reference allele
(G) and hemizygous for the alternate allele (A) respectively.
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Figure 2.6: Contamination in the DNA samples from the MR family. This
plot shows the distribution, for each sample in WGS500, of the ratio of the number
of reads with the alternate allele (ALT) to the total number of reads (TOTAL), for
novel heterozygous variants. We expect the mean to be 0.5. Individuals with a mean
< 0.4, including the individuals from the MR family, are shown with coloured lines.
These are likely to have sample contamination which leads to a larger number of
heterozygous calls for which there are few ALT reads.
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in GRIAS3 were found to be associated with sleep duration in a candidate gene study
of 3147 Finnish women (Utge et al., 2011) (Bonferroni corrected p-value=0.0052).

Collaborators conducted electrophysiological experiments to test the effect of the
A653T mutation on the channel, by overexpressing both the mutant and wildtype
version of the gene in HEK293 cells, which do not normally express GRIAS. Con-
trary to the initial hypothesis, they found that the mutant showed ~10-fold reduced
efficacy in response to the partial agonist kainate compared to the wild-type channel,
suggesting that the additional hydrophobic contacts mediated by the threonine keep
the gate more tightly closed (Figure 2.7) (data not shown). However, demonstrating
an effect at the level of the channel does not prove that the A653T mutation is respon-
sible for our patients’ phenotype. Thus, the Transgenic Core at the Wellcome Trust
Centre for Human Genetics made a knock-in mouse line with this mutation. Collab-
orators tested for abnormalities in the endogeneous circadian rhythms in hemizygous
male mice kept under different light conditions. No strong phenotypic difference were
observed between mutant and wild-type B6 mice. However, there was some evidence
that the mutant mice did not tend to “nap” during the night as much as the wild-type
mice, and that they displayed slight period-lengthening when kept in constant light,

that are being investigated further.

The lack of an obvious circadian phenotype in these Gria3 A653T mice could have
many possible explanations. One could be that the GluR3 subunit is expressed in
different tissues in humans and mice, and so is only important for circadian rhythm
regulation in humans. It may be that, in mice, the effect of the mutation is very subtle
and can only be detected electrophysiologically by not phenotypically. Notably, Steen-
land et al. (2008) did not observe circadian rhythm disturbances in Gria3-knockout
mice, but they did find EEG abnormalities during sleep. Collaborators are currently
carrying out field recordings on brain slides from our Gria3 A653T mice, to try to

detect electrophysiological changes in the thalamus.

It is possible that the GRIA3 mutation accounts for the intellectual disability
seen in our patients but not the sleep phenotype. However, if it were responsible for
the severe cognitive deficits, one might expect to see behavioural abnormalities in the
mice, but these are not obvious, although they might be detected by comprehensive
behavioural phenotyping. There may be a second mutation in the family that mod-
ifies the effect of the GRIAS mutation, but since this could be present in one of the

42



A

hGRIAL
mGRIAL
hGRIAZ
MGRIAZ
hGRIA3
MGRIA3
hGRIA4
MGRIA4
hGRID1
mGRID1
hGRID2
mMGRID2Z

MOOGCDISPRSLSGR
MOOGCDISPRSLSGR
MOOGCDISPRSLSGR
MOOGCDISPRSLSGR
MOOGCDISPRSLSGR
MOOGCDISPRSLSGR
MOOGCDISPRSLSGR
MOOGCDISPRSLSGR
VOOGGESSVNSMAMR
VOOGGESSVNSVAMR
VOOGGEVPYTTLATR
VOOGGEVPYTTLATR

TR 2.5 2 “ s s dle o
. . . P . .

transmembrane domain Il

IVGGVWWFFTLIIISSYTANLAAFLT
IVGGVWWFFTLIIISSYTANLAAFLT
IVGGVWWFFTLIIISSYTANLAAFLT
I VGGVWWFFTLIIISSYTANLAAFLT
IVGGVWWFFTLIIISSYTANLAAFLT
[IVGGVWWFFTLIIISSYTANLAAFLT
I VGGVWWFFTLIIISSYTANLAAFLT
I VGGVWWFFTLIIISSYTANLAAFLT
I VMGSWWLFTLIVCSSYTANLAAFLT
IVMGSWWLFTLIVCSSYTANLAAFLT
IMMGAWWLFALIVISSYTANLAAFLT
IMMGAWWLFALIVISSYTANLAIFLT

* hkedhadkkoe
IR .

VERMVSPIE
VERMVSPIE
VERMVSPIE
VERMVSPIE
VERMVSPIE
VERMVSPIE
VERMVSPIE
VERMVSPIE
VSRMDNPIR
VSRMDNPIR
[TRIESSIQ
[TRIESSIQ

Fhkkkkkkdhdhhp

648
648
655
655
666
660
656
656
666
666
666
666

B

i
9}:
&

T

extracellular
region

ion channel

Figure 2.7: The A653T GRIA3 mutation mimics the Lurcher mutation. A)
Alignments of parts of different human (h) and mouse (m) glutamate receptor pro-
teins. The mutated alanine (highlighted in yellow) falls within a highly conserved
transmembrane domain that forms part of the glutamate receptor (GluR) pore. The
neighbouring alanine residue in GRID2 (highlighted in green), encoding a different
glutamate receptor subunit, GluD2, is mutated to threonine in the Lurcher mouse
(A654T). B) Left: structure of the GluD2 receptor, with the transmembrane ion
channel indicated. Right: structure of the ion channel, viewed from above. The cyan
and green spheres represent residues 653 and 654 respectively. Threonine (T) is a
bulkier amino acid than alanine (A), and the A654T mutation produces steric hin-
drance within the pore, causing the receptor to be constitutively open and leading to
excitotoxicity. Due to its predicted structural similarity, it was initially hypothesized
that the A653T mutation would have the same effect, but in fact, electrophysiology
experiments showed that instead it stabilised the channel in the closed conformation.
These protein structure figures were made by R. Aricescu.
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parents as well, there are likely to be many candidates. Crossing the A653T muta-
tion into a different mouse background may reveal a phenotype, if there is a modifier
masking its effect in the B6 strain. Finally, it is also possible that the GRIAS muta-
tion is not pathogenic at all, and that the true causal mutation has been missed. It
could be a coding mutation that was not found owing to poor coverage of the exon,
the contamination that originally caused us to miss the GRIAS mutation in the WGS
data, or an error in genotyping. Alternatively, it might be noncoding, in which case,
there will likely be thousands of candidates. Finally, it is also possible that the causal
mutation is a CNV or structural variant that was not called by the WGS500 pipeline.
Thus, we are revisiting the WGS and WES data to search for new candidates. We
anticipate this will be complicated by the sample contamination, so we may have to

obtain new DNA samples.

2.3.2.2 Spastic paraplegia, learning disability and pseudopseudohypoparathy-
roidism
The second case with a putatively novel syndrome was a consanguineous family of
Pakistani ancestry (Figure 2.8) in which four individuals, two sisters and their uncle
and aunt, had learning disability, spastic paraplegia (weakness and stiffness of the leg
muscles) and pseudopseudohypoparathyroidism (resistance to parathyroid hormone
but without biochemical abnormalities (Levine, 2012)). Over 60 genes have been
linked to spastic paraplegia, and these play roles in a variety of pathways, including
mitochondrial membrane transport, lipid synthesis and metabolism, DNA double-
stranded break repair, axon development, and stabilisation of the myelin sheath (Lo
Giudice et al., 2014). Many types of hereditary spastic paraplegia (HSP) also involve
cognitive impairment. However, pseudopseudohypoparathyroidism has not been re-
ported to occur in HSP patients. Thus, it was suspected that this family had a new

syndrome.

There were multiple large regions of homozygosity (i.e. greater than 1Mb) in the
genomes of the four affected individuals but none in LDS_30, suggesting that this
woman’s parents were not consanguineous and that this may have been a case of
nonpaternity. Analysis of the SNP chip data with MERLIN confirmed that LDS_30
was only the half sister of LDS_28 and LDS_29. Thus, her genotype data were not

useful for the exclusion of candidate recessive variants.
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Figure 2.8: Pedigree of the family with learning disability, spastic paraplegia
and pseudopseudohypoparathyroidism. Affected individuals are indicated in
black. The coloured circles indicate the kind of data available on each individual.
The dotted lines denote a suspected nonpaternity event.

Linkage analysis revealed a single significant (LOD> 3) linkage peak (Figure 2.9):
a 12.7Mb region on chr1:40921145-53713336 that had a LOD score of 3.01 and was
homozygous in all affected individuals. This region contained 145 protein-coding
genes, and was interrogated for rare simple recessive variants in LDS_10. There
was only one coding variant that met the frequency filters described in Section
2.2.3 and that disrupted a well-conserved position. This was a nonsense variant,
NM_199342:c.C82T:p.Q28X, in CCDC23 (coiled-coil domain containing 23). The
variant was not found in a cohort of 4350 healthy British Pakistanis and Bangladeshis
who had been exome-sequenced (Vagheesh Narasimhan, personal communication),
and nor was any other rare homozygous loss-of-function variant. Only one loss-of-
function variant was seen in CCDC23 (Q53X) in 60,706 samples in ExAC, and this

was only seen in a single individual, who was heterozygous.

CCDC23 encodes a short protein of only 66 amino acids that is highly conserved
across mammals and is known to play a role in angiogenesis (Suzuki et al., 2010).
The variant segregated with the phenotype in all family members for whom DNA
was available. There was no evidence in the literature to connect CCDC23 with the

patients’ symptoms and it is reportedly not expressed in the mouse brain (Allen Brain
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Figure 2.9: Linkage analysis in the LDS family. The plot indicates the LOD (log
of odds) score across chromosome 1. None of the other chromosomes had any linkage
peaks with LOD>2.

Atlas; (Suzuki et al., 2010)). Nonetheless, collaborators tested the effect of knock-
ing down this gene in zebrafish with morpholinos. They found no dose-dependent
differences between morphants and controls in any of the brain structures or in the
peripheral neurons. This does not preclude CCDC23 from being causative. It may
be that the morpholino used for knock-down was inefficient, or that the right pheno-
types were not examined. However, experiments were terminated since the existing
evidence in favour of causality was not strong enough to merit the effort required to

complete these.

We searched DECIPHER (Swaminathan et al., 2012) for patients with CNVs
overlapping CCDC23 and found three deletions and one duplication, each of which
encompassed 29 or more genes. The three deletions had a phenotype recorded, all in-
volving brain abnormalities and either intellectual disability or global developmental
delay. For two of the patients, the inheritance of the deletion was unknown, but in
the third, it was de novo. This deletion, at chrl:42,269,545-44,007,321, encompassed

40 genes. The patient was reported to have intellectual disability, microcephaly and
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spastic diplegia®, a syndrome that bares some resemblance to the one in our family.
Since the de novo 1.74Mb deletion in the DECIPHER patient is entirely contained
within our 12.7Mb linkage region, it seems likely that the syndrome is caused by mu-
tations disrupting the same gene within that 1.74Mb region. The mutation is clearly
recessive in our family, but in the DECIPHER patient, it seems to be dominant (de

novo).

If our patient and the DECIPHER patient do have the same syndrome (which is
unclear), there are several possible explanations. We obtained DNA from this patient
and Sanger-sequenced CCDC?23 to check if the undeleted copy had a loss-of-function
mutation, but found none. An alternative explanation is that our family has a point
mutation affecting the expression of a particular gene which, when homozygous, has
the same effect as the total deletion of one copy of the gene in the DECIPHER patient.

We scanned the linkage region for rare homozygous noncoding variants that might
affect the expression of relevant genes. This revealed a SNV in a putative regulatory
region in intron 1 of the ELOVLI gene that segregated with the phenotype in the
family. FLOVLI1 (elongation of very long chain fatty acids (VLCFA)-1) is one of the
genes deleted in the DECIPHER patient. It may be involved in the pathogenesis of
adrenoleukodystrophy, a disorder of white matter caused by overproduction of VL-
CFAs, which leads to damage to the brain, adrenal glands and peripheral nervous
system (Kemp et al., 2012) and which sometimes involves or even presents as spastic
paraplegia (Shaw-Smith et al., 2004). It seemed possibly that this variant increased
ELOVLI expression and thus VLCFA synthesis. However, quantitative real-time
PCR found no evidence for differences in expression of this gene in blood between
LDS_10, who was homozygous, and LDS_30, who was heterozygous. This assay is
very noisy, and so without further samples (including controls matched for age) we
cannot exclude the possibility that this gene is aberrantly expressed in the blood or

in other tissues of affected individuals, and that this contributes to the phenotype.

Genome-wide searches (see Section 2.2.2) and manual inspection of the linked re-
gion in the Integrated Genomics Viewer (IGV) (Thorvaldsdottir et al., 2012) revealed

no rare structural variants. A compound heterozygous model was also considered in

SThere is some debate about the difference between spastic diplegia and spastic paraplegia (Colver
and Sethumadhavan, 2003), but generally, the latter is used to describe spasticity than only affects
the legs.
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the three regions that were IBD2 between all affected individuals but not homozy-
gous (totalling 10Mb), but no good candidates were found. It is possible that, since
the family is consanguineous, there are actually several recessive pathogenic muta-
tions segregating, each responsible for a different part of the phenotype, but again,
no further likely candidates were found. Thus, more work is needed in this family to
determine the causal mutation. We have registered the phenotype and genes in the
linkage region on GeneMatcher (Sobreira et al., 2015) to try to find other families

with the same syndrome.

2.4 Discussion

In this chapter we have described several case studies of WGS applied to Mendelian
neurological diseases. The results are summarised in Table 2.2. Given that, in seven
out of nine families, the putatively causal mutations are in coding regions or splice
sites, this study would suggest that WES is probably a more efficient and cost-effective
option than WGS for studying families with Mendelian diseases. Even if the causal
mutations in families 7 and 9 eventually prove to be noncoding, it would still have
been cheaper to do WES on all families first (27 samples) and then do WGS on the
unsolved families (5 samples), than to do WGS on everyone initially (£37,750 vs.
£94,500, assuming a cost of £3000 per sample for WGS and £750 for WES®). That
said, at the moment, it is very difficult to pinpoint pathogenic noncoding mutations
for rare disorders. It is notable that, when Gilissen et al. (2014) sequenced the whole
genomes of fifty trios in which the children had intellectual disability (ID), having
failed to find a causal mutation initially with WES, they found no likely causal non-

coding mutations in ENCODE-annotated elements around known ID genes.

The benefits of the higher coverage in WES are emphasised by our analysis of
Family 8, in which a single erroneous read (likely due to contamination) in the WGS
data caused us to miss the causal variant. On the other hand, this error could have
been avoided by altering the parameters used in the variant-calling algorithm or flag-
ging heterozygous X-chromosome calls in males. Another argument commonly used
in favour of WGS over WES is that whole-exome capture platforms introduce biases
and can miss some exons (Asan et al., 2011). In the WGS500 paper (Taylor et al.,
2015), we estimated that 15% of the 33 causal variants identified in the study (all but

6These were the costs for bulk sequencing at the Oxford Genomics Centre at the time.
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two of which were coding) would likely have been missed by WES in an independent
study of 141 exomes (compared to 0.5% in WGS), if at least six reads are required
to detect a novel heterozygous variant, three supporting the alternative allele. Com-
bined with the fact that the detection of structural variants and CNVs is much more
reliable in WGS than WES data, although the current methods are far from perfect,
WGS is undoubtedly the preferable method in the absence of budget constraints.

This research has led to surprising discoveries about the aetiology of these dis-
eases. (1) The finding of a recessive variant becoming homozygous due to isodisomy
in Patient 2 was completely unexpected, and prompted us to check for extended
homozygous regions and Mendelian errors in the other WGS500 samples. Since we
made this discovery, several large WES studies have reported uniparental disomy
(UPD) as a rare cause of Mendelian disorders: Yang et al. (2014) found five UPD
cases out of 2000 patients sequenced in the Baylor study’, and Wright et al. (2015)
reported six events out of 1,057 DDD trios. (2) Two of the candidate genes found,
GRIA3 and CBL, were known to cause diseases with some similarities to those of
our patients. The remarkable discovery of the GRIAS3 mutation that resembles the
extensively studied “Lurcher” mouse, if established to be definitely causal, is likely
to prompt further research into its role in circadian rhythm regulation. C'BL muta-
tions are notorious for their variable expressivity (Martinelli et al., 2010; Perez et al.,
2010), and if this mutation is confirmed as pathogenic, this will expand the spectrum
of phenotypes caused by Ras/MAPK pathway mutations. (3) PIGQ is an example
of a gene which would previously not have been considered, since the patient did not
have the congenital abnormalities common in children with other PIG gene muta-
tions, but which became a very plausible candidate after the publication of a paper
about a mutation in the gene encoding its binding partner, PIGA (Johnston et al.,
2012). However, despite these successes, our experience indicates that, even when
data from multiple relatives are available and the candidate region is quite small (e.g.

Family 9), it can still be very challenging to pinpoint the causal mutation.

An important outcome of this project has been a better awareness of the cur-
rent difficulties in using WGS for clinical diagnosis. In two of the nine families (1

and 3), the mutation was identified quickly and we were sufficiently confident of

"One of these UPD cases was a child with amyotrophic lateral sclerosis who was found to have

paternal isodisomy on chromosome 9. This led to the discovery of a homozygous pathogenic mutation
in SIGMARI.
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its pathogenicity to be able to report this back to the families almost immediately.
Learning that the causal mutation was de novo and thus that the recurrence risk
was low had important psychosocial benefits for the parents, even though the finding
does not suggest any better courses of treatment at the moment. In contrast, the
rest of the families required more extensive analysis, as well as multiple follow-up
appointments to reassess their condition and to obtain further samples from other
relatives. In some cases, the clinicians were reluctant to participate in this, believing
that it was inappropriate for what they considered a purely clinical project. Thus,
the boundaries between diagnostic testing and research need to be better defined in

future projects of this kind.

It is evident that the mutations identified in clinical WGS studies like this will
often require further work to confirm their pathogenicity, beyond what is possible in
a purely clinical context. Sometimes, relatively straightforward functional work will
suffice because the gene or closely related genes are known to cause the same or similar
diseases, and they have direct links to the pathology. For example, for KCNT'1, which
had already been implicated in other types of epilepsy, we were able to collaborate
with electrophysiologists who tested the effects of the mutation on the function of the
encoded potassium channel. However, for the genes with less direct roles on the organ
or pathway of interest, proving that the identified mutations are truly causal would
be extremely onerous. For example, even though the P/G() mutation in Patient 4
was shown to impair GPI synthesis, uncovering the precise mechanism by which this
leads to epilepsy would require extensive further work. Similarly, even if one demon-
strated that the CBL mutation in Patient 6 altered Ras/MAPK signaling, showing
that this disrupted brain development would require many additional experiments,
probably in mouse models. The Deciphering Developmental Disorders Study (2015)
employed an effective and relatively high-throughput functional validation method,
knocking down thirty-two candidate developmental disorder genes in zebrafish. They
found that twenty-one of these altered development, of which eleven showed pheno-
typic similarity to the human patients and were thus classed as strong candidates.
This approach shows considerable promise for further studies, although it obviously

cannot be employed in a purely clinical setting.
Identifying additional patients with mutations in the same genes is a comple-

mentary method of validation, but is challenging for genetically heterogeneous dis-
orders. A good example of this is a study by Allen et al. (2013), published while
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our project was underway, who sequenced the exomes of 264 children with epileptic
encephalopathies (infantile spasms and Lennox-Gastaut syndrome) and their par-
ents. Because of their relatively large sample size, they were able to show statistical
evidence implicating two new genes, GABRB3 and ALG13, which had a greater-than-
expected number of de novo mutations. It is anticipated that larger sample sizes and
meta-analysis of multiple studies together will allow more genes to be discovered in
the same way. If, as some expect (Visscher and Gibson, 2013), millions of clinical
genomes are sequenced in the next few years, this will greatly increase the chance of
finding mutations in the same gene in multiple similar patients, and thus will alleviate

some of the need to validate candidates using functional studies.
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Chapter 3

General lessons from the WGS500
project

3.1 Introduction

WGS500 is one of the largest clinical whole-genome sequencing datasets, and is un-
usual in terms of the range of diseases that it covers. In addition to allowing the
identification of mutations causing disease in specific families and thus learning more
about aetiology, as described in the previous chapter, it also provides an opportu-
nity to compare the utility of different approaches for finding such mutations. In
this chapter, rather than focusing on specific disease projects, we address some high-
level questions about the merits of particular analysis strategies. These analyses were
included in the WGS500 umbrella paper (Taylor, Martin et al. 2015). Acknowledge-

ments are given at the end of this chapter.

As reviewed in Chapter 1, since the first discovery of a disease-causing mutation
by exome sequencing in 2009 (Choi et al., 2009), hundreds of studies have applied
WES/WGS to various disorders. These studies have typically used a filter-based
method for prioritising variants based on functionality, frequency, sharing between
affected individuals and/or inheritance information. The search is normally limited
to coding variants, since these are thought likely to have the most severe functional
consequence. Indeed, most studies have used exome rather than genome sequencing
and are thus restricted to coding regions. Variants at conserved genomic positions
are often prioritised, since conservation across species probably indicates functional
importance. There are several algorithms for predicting the consequences of variants
based on conservation and the biochemical properties of the amino acid substitution,
such as PolyPhen (Adzhubei et al., 2010), phyloP (Pollard et al., 2010) and SIFT
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(Ng and Henikoff, 2003). Some studies cite scores for their best candidate variant
as support for its causality (e.g. Arboleda et al., 2012; Riazuddin et al., 2012; Doyle
et al., 2012), and, in some projects in WGS500, these scores were used to prioritize
variants in the absence of other information. However, the results of these predictive
methods are poorly correlated and most have only modest sensitivity (0.6-0.8) and
specificity (e.g. SIFT: 0.5) (Thusberg et al., 2011; Li et al., 2013b), although com-

bining the output from multiple tools can improve performance (Li et al., 2010).

Another key criterion applied in medical sequencing studies, and in Chapter 2,
is the frequency of the variant. Early studies sometimes filtered out variants that
were present in dbSNP, but this can lead to the exclusion of the causal variant if it
has been seen before, such as a variant in GJB2 that causes recessive deafness and
that has a frequency of 2% in Europeans (Gasparini et al., 2000). The 1000 Genomes
Project and NHLBI Exome Sequencing Project (ESP) (n ~6,500 exomes) datasets
are most frequently used as control sets, and have proved very valuable for reducing

the number of candidates. However, these have some disadvantages:

e The very low-coverage whole-genome sequencing used in 1000 Genomes can

miss variants, and the power to impute rare variants is low.

e The exome capture technologies used in the ESP (and on some 1000 Genomes
samples) produce low coverage of some exons, so variants may be missed, par-

ticularly if they are near the edge of exons, in splice junctions.

e A large fraction of the individuals in the ESP have heart, lung or blood condi-
tions, and since the publicly available variant counts are not stratified by disease
status, this cohort is not appropriate for screening out variants found in patients

with such diseases.

e Rare variants show considerable population stratification (Mathieson and McVean,
2012) and thus are best filtered against controls individuals chosen to have as
similar ancestry as possible to the cases. Although the 1000 Genomes Project
includes individuals of several different ancestries, it contains only a relatively
small sample (100-200) of individuals from each population. The ESP includes
only European and African Americans, albeit in larger samples. Some studies
combat this by sequencing or genotyping a set of controls with ancestry matched

closely to their cases, but usually the cost prevents their doing a large number
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(Zhang et al., 2012; Aldahmesh et al., 2012; Wang et al., 2011b).

e Each study will produce a set of spurious variant calls as a result of the com-
bination of sequencing technology, mapping and calling pipelines. These are
not likely to be present in publicly available samples that have been through a
different pipeline, and so locally sequenced controls that have been processed

in the same way as the cases are more useful for ruling out technical errors.

In addition to filtering on function and frequency, often both unaffected and af-
fected members of the same family are sequenced so that variants can be filtered based
on inheritance. For sporadic cases, a common design is to sequence a trio and search
for de novo or recessive variants (e.g. Pagnamenta et al., 2012a; Riviere et al., 2012;
O’Roak et al., 2012b; Deciphering Developmental Disorders Study, 2015), and, for
families with several affected children, to sequence a quartet (e.g. Roach et al., 2010).
Many disease-causing variants have been identified in consanguineous families by first
identifying shared homozygous regions using SNP chip data, and then applying WES
(Schossig et al., 2012; Najmabadi et al., 2011). These strategies were employed in the
case studies described in Chapter 2. Other studies have carried out linkage analysis
using SNPs extracted from the WES data, in order to eliminate a large fraction of
the candidate variants (Smith et al., 2011; Park et al., 2013; Guergueltcheva et al.,
2012).

In contrast, many studies have sequenced a cohort of unrelated affected individu-
als and searched for genes that carry likely pathogenic variants in multiple patients.
In some cases, such as MYHS3 in Freeman-Sheldon syndrome (Ng et al., 2009), or
KCNT1 in malignant migrating partial seizures in infancy (Barcia et al., 2012), this
strategy has been successful. However, for some very genetically heterogeneous dis-
eases such as autism, only a handful of genes are seen with multiple hits even in
a large cohort (e.g. hundreds or even thousands of patients) (O'Roak et al., 2012b;
lossifov et al., 2012; Sanders et al., 2012; Neale et al., 2012), although pathway anal-
ysis can point to potentially important underlying biology. For example, lossifov and
colleagues demonstrated a significant enrichment of targets of the Fragile X Mental
Retardation Protein amongst the genes containing coding mutations in autism cases
(Iossifov et al., 2012). Other WES studies have focused their initial analyses on genes
that have already been reported for the relevant disorder (Veeramah et al., 2013),
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or that are functionally related to known genes (Reis et al., 2013). An important
question is whether this is an efficient prioritisation strategy, or whether it is better
to filter first based on family information or presence of variants in the same gene in
multiple unrelated individuals, and then evaluate whether a particular gene is likely

to be relevant to the phenotype.

In this chapter, we will use data from the WGS500 project to evaluate differ-
ent strategies for pinpointing the mutations causing putatively monogenic Mendelian
diseases. We will first ask how much is gained by the consideration of parental in-
formation (Section 3.3.1), and by the use of locally-sequenced samples as controls
(3.3.2). Next we will investigate the utility of candidate gene lists by examining the
distribution of potentially deleterious coding variants across samples (3.3.3). Finally,
we will consider the burden of putative regulatory variants (3.3.4) and then conclude

the chapter with a discussion of the implications of the findings from these analyses.
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Table 3.1: WGS500 samples and projects included in the analysis in this
chapter. Multiple related individuals are counted as one set. M: presumed mono-
genic; [: immunological. * Note that one individual, HCM_2361, was excluded due to
suspected sample contamination, and thus final number of samples analysed in this
chapter was 198.

Number Number of
Type Disease of independent
samples sets
I Common Variable Immunodeficiency 35 35
I Inflammatory bowel disease 13 13
I Multiple sclerosis 6 3
I Systemic lupus erythematosus 10 10
M Aquired erythrocytosis 3 1
M Asplenia 1 1
M Cerebellar Ataxia 1 1
M Congenital dyserythropoetic anaemia type 1 1 1
M Congenital myasthenic syndrome 5 5
M Craniosynostosis 12 4
M Dilated cardiomyopathy 2
M Dystonia 1 1
M Erythrocytosis 10 6
M Familial juvenile hyperuricemic nephropathy 8 8
M Familial tubulo-interstitial nephropathy 2 1
M Hypertrophic Cardiomyopathy 12* 9
M Inherited hypoparathyroidism 7 5
Learning disability, spastic paraparesis,
M o 1 1
hypoparathyroidism
M Left-Ventricular Non-Compaction 2 1
M Lipodystrophy 4
Long QT sydrome/Hypertrophic
M . 2 1
Cardiomyopathy
M Long QT syndrome 1 1
M Mental Retardation 1
M Multiple Adenoma 20 16
M Ohtahara syndrome 22 7
M Repolarisation abnormalities 2 1
M Saethre-Chotzen syndrome 8 6
M Tuberculosis 2 1
M Variable cardiomyopathy/long QT syndrome 1 1
Total 199* 143
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3.2 Methods

3.2.1 Samples

The results described is this chapter are based on 198 non-cancer samples from the
WGS5H00 freeze 4 dataset (release date: 7 August, 2012). These comprise 143 in-
dependent sets (where a pair or group of related individuals is counted as one set)
and cover twenty-nine different diseases, including four immunological disorders and
twenty-five putatively monogenic syndromes (Table 3.1). The mapping and variant
calling were conducted by other people in the WGS500 consortium. Briefly, the reads
were mapped with Stampy (Lunter and Goodson, 2011) and variants called with
Platypus (Rimmer et al., 2014). Both normal and tumour samples from the can-
cer projects were excluded, as was an individual from the cardiomyopathy project
(HCM_2361). This individual had a very large number of novel heterozygous calls for
which the distribution of the fraction of reads with the alternate allele was shifted
markedly towards lower values, making us suspect sample contamination (see Figure
2.6 in Chapter 2).

3.2.2 Variant annotation for overarching analysis

Originally, ANNOVAR (Wang et al., 2010) was used to annotate RefSeq transcripts
in all WGS500 samples, but analysis by Davis McCarthy found that an in-house tool,
VariantAnno, similar to the Ensembl Variant Effect Predictor, had a more inclusive
definition of splicing variants, and that annotation of all transcript isoforms increased
the number of variants ascribed important functional consequences (McCarthy et al.,
2014). Thus, analyses in this chapter are based on VariantAnno annotations of all
Ensembl V65 transcripts (see Table 3.3 for a comparison with ANNOVAR). We also
annotated each variant with various conservation scores: GERP (Davydov et al.,
2010), phyloP (Pollard et al., 2010) and phastCons (Siepel et al., 2005). A vari-
ant was considered conserved if it had a GERP or phyloP score greater than 2 or
a phastCons score greater than 0.95, or was in a GERP constrained element or a
phastCons constrained element. We used the Ensembl Variant Effect Predictor (http
://www.ensembl.org/info/docs/variation /vep/index.html) to add information about
regulatory regions from the Ensembl V65 Regulatory Build (http://www.ensembl
.org/info/docs/funcgen /regulatory_build.html), which is curated using experimen-

tal data about chromatin state, and transcription factor binding sites from Jaspar

(http://jaspar.genereg.net /).
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3.2.3 Searching for variants in candidate genes

For each disease investigated (craniosynostosis (CRS), mental retardation (MR) and
early-onset epilepsy (EOE)), we compiled three lists of candidate genes based on
searches of the Human Gene Mutation Database (HGMD) (Stenson et al., 2009), the
Mammalian Protein-Protein Interaction Database (MIPS) (Pagel et al., 2005), the
Gene Ontology project (GO) (Ashburner et al., 2000) and the Kyoto Encyclopedia of
Genes and Genomes (KEGG; http://www.genome.jp/kegg/). Tier 1 contains genes
that are known to cause the disease of interest, tier 2 contains genes that interact with
tier 1 genes or that have been linked to related disorders, and tier 3 contains genes
involved in relevant biological pathways. The precise search terms used for EOE and
CRS are detailed in Table 3.2. The list of X-linked mental retardation genes was
compiled by searching HGMD for “mental retardation” and “intellectual disability”

and then restricting to chromosome X.
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3.3 Results

3.3.1 Use of parental information

A popular design for WES and WGS studies on Mendelian syndromes has been to
sequence multiple family members and use the inheritance information to filter candi-
date variants (Bamshad et al., 2011; Roach et al., 2010). There were fourteen families
in WGS500 from which both the healthy parents and their affected offspring were
sequenced. An important question is the extent to which including the parental in-
formation helped to reduce the number of candidates. The following analysis is based
on six trios and one quartet with early-onset epilepsy (EOE) (described in Chapter
2), a quartet with mental retardation and disturbed circadian rhythm (MR) (also
described in Chapter 2), three trios with craniosynostosis (CRS) and two trios with
Saethre-Chotzen syndrome (SC), a type of CRS. It also includes an erythrocytosis
(ERY) trio in which both the mother and daughter were affected; although dominant
inheritance was suspected here, the trio was treated in this analysis as though the

mother were unaffected.

Firstly, let us consider a de novo dominant model for the twelve trios but suppose
we do not have parental information. We are looking for novel heterozygous coding
variants in the trio children (Table 3.3). These are variants that are absent from
dbSNP, 1000 Genomes, ESP and from all of the individuals in WGS500 that are not
related to the proband of interest. There are, on average, 189 such variants per child
(standard deviation, SD = 125; range 109-508) that are confidently called as het-
erozygous (genotype log likelihood ratio (GLLR) < —5) (top row of Table 3.3). If we
then apply the condition that both parents must be confidently called as homozygous
(GLLR < —5), thus filtering for de novo variants, this average is reduced by 90% to
19.3 (SD = 11; range 6-36). Manual inspection of the reads suggested that many of
these putative de novo variants were actually inherited but had been missed in the
raw calls from Platypus (Rimmer et al., 2014). Thus, joint calling was performed for
each trio, such that the observation of a variant in one of the individuals reduced the
required threshold for calling it in the others. Based on these joint calls, the average
number of putative de novo coding variants, is reduced by a further 86% to 2.75 per
trio (SD=1.76; range 0-5). Thus, using the parental information eliminates 99% of

putative de novo coding candidates.
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Let us next investigate a simple recessive model, but assume we do not have
parental information (Table 3.4). Our putative causal mutations will be rare ho-
mozygous coding variants and we will set the following frequency cutoffs: 0.5% in
1000 Genomes and ESP (corresponding to an expected homozygous frequency of 1
in 40,000), and 0 homozygotes and 2 heterozygotes amongst the unrelated WGS500
samples. We will consider all trio children except the two with an abnormally large
number of rare homozygous variants described in Chapter 2: OTH_5 (who has com-
plete isodisomy for chromosome 9) and OTH_12 (whose parents are consanguineous).
For these ten children, the average number of rare homozygous coding variants is 2.9
(SD = 0.4; range 1-7). If we then require that both the parents be called as heterozy-
gous in the joint calls, such that the variant follows a simple recessive model, the
average is 0.4 (SD = 0.5; range 0-1). It was somewhat surprising that so many (86%)
of these homozygous calls failed the Mendelian inheritance check. Manual inspection
revealed that these tended to be in low-complexity regions which are prone to spu-
rious or incorrect calls, or have very low coverage. For the two quartets, there were
no rare coding variants that were homozygous in both children and heterozygous in

both parents, and hence that would fit a simple recessive model.

We can now do the same analysis for the X-linked model (Table 3.5). There are
an average of 5.6 rare hemizygous coding variants on chromosome X in the male
probands (SD = 3.6; range 3-14). All of these are heterozygous in the mother. Thus,
the use of maternal genotype information does not help reduce the number of X-linked
candidates. There is only one X chromosomal coding variant that, apparently, does
not fit the X-linked model: this is a variant in the MR family that was miscalled
as heterozygous in one of the affected sons (in fact, this was the GRIAS variant de-

scribed in Chapter 2, probably due to contamination of that sample).

The fourth plausible model for these Mendelian families would be one of com-
pound heterozygous inheritance, in which the affected children have inherited two
deleterious heterozygous variants in the same gene, one from each parent (Table 3.6).
In the absence of parental information, we can only look for genes with at least two
rare heterozygous coding variants. Applying the same frequency thresholds as for
the simple recessive model, there are an average of 23 genes per trio child that fit
this criterion (SD = 20; range 8-78). Requiring that at least one of the variants be

inherited from each parent reduces this by 83% to an average of 6 genes per trio child
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(SD = 7; range 1-19).

So in summary, for most of the inheritance models, using parental information

substantially decreases the number of candidate variants.

3.3.2 Screening against WGS500

A standard approach in medical next-generation sequencing projects is to filter vari-
ants based on their frequency in publicly available datasets such as 1000 Genomes
and the NHLBI ESP. Sequencing local controls can add value firstly if their ancestry
is well matched to those of the cases (e.g. Zhang et al., 2012; Aldahmesh et al., 2012;
Wang et al., 2011b), and secondly because this allows reduction of technical artefacts
specific to the sequencing and analysis pipeline. For each individual disease project
in WGSH00, we routinely filtered out variants that were seen at greater than some
threshold frequency in these public datasets or in other WGS500 samples. In the case
of a severe Mendelian disorder, this seems appropriate since the causal mutation is
presumed to be highly penetrant and therefore should be absent from or, for reces-
sive mutations, very rare and only heterozygous in, individuals who do not have that
disease. It is pertinent to ask how much was gained by screening against WGS500 in
addition to 1000 Genomes and ESP.

Let us first pretend that the causal mutation in each of the 198 WGS500 indi-
viduals is a novel heterozygous coding variant. If novelty is defined by absence from
dbSNP, 1000 Genomes and ESP, there are, on average, 384 such variants in each indi-
vidual (SD = 107; range 253-813) (Figure 3.1; Table 3.3). If we also filter out variants
seen in other unrelated WGS500 samples, the mean number of novel heterozygous
coding variants is 163 (SD = 89; range 84-508). Thus, including information from
WGS500 reduces the number of candidate variants under this model by 58% across
all samples. This reduction is greater for the 173 Caucasians than for the 25 non-

Caucasians (62% vs. 44%), which we discuss further below.

Suppose now that we imagine the causal variant is inherited by a simple recessive
model, but do not have parental information (Figure 3.2; Table 3.4). We are looking
for rare homozygous coding variants, and will set an allele frequency cutoff of 0.5%.
If we filter based on the frequency in 1000 Genomes and ESP alone, each person has

an average of 240 such variants (SD = 28; range 184-349), excluding individuals with
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Figure 3.1: Density plot of the distribution of the number of novel heterozy-
gous coding variants across all individuals. Novelty was defined as absence from
the control datasets indicated, and VariantAnno was used for annotation. The indi-
viduals in the top 5th percentile are shown; all of these are known to have African
or South Asian ancestry except for MR_6 and MR_8, which we suspect have some
sample contamination (see Figure 2.6 in Chapter 2).

large regions of homozygosity due to consanguinity or uniparental disomy. If we also
filter variants based on their frequency in unrelated WGS500 samples (0 homozygotes,
<2 heterozygotes), the average number of variants meeting these criteria is only 6
(SD = 10; range 0-67). This constitutes a 98% reduction, and is very similar for
Caucasians and non-Caucasians. Thus, having our own cohort of control samples se-
quenced using the same technology and processed through the same pipeline allowed

us to substantially reduce the number of candidate variants.
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Figure 3.2: Density plot of the distribution of the number of rare homozy-
gous coding variants across all individuals. Rarity was defined by an allele
frequency less than 0.005 in the indicated control datasets, and VariantAnno was
used for annotation. The individuals in the top 5th percentile are shown; all of the
outliers for the most stringent filtering strategy (1000 Genomes+ESP+WGS500) are
known to have consanguineous parents.

3.3.3 Utility of candidate gene lists

In WGS500, two complementary strategies were used to find putative causal vari-
ants for the Mendelian diseases. For family-based projects such as those described
in Chapter 2, we first screened for variants that would fit appropriate inheritance
models, and then investigated the published literature on those genes to determine
which were good candidates. For projects in which little or no family data were
available, lists of candidate genes were composed for the relevant disease, and these
genes were screened for rare, potentially deleterious variants in the proband(s). Extra
family information was then sought to check whether these variants segregated. This
latter approach has been the standard one used in the clinic to test for mutations

in known genes for a disease, but often parental data are not available and so, if a
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rare and potentially deleterious variant is found, it is often deemed to be likely causal.

In WGS500, both of these approaches produced plausible candidates and, in some
cases, further functional work and/or screening of other patients has shown that these
are definitely or highly likely to be causal. The examples of the EOE trios and the
MR quartet, described in Chapter 1, demonstrated how powerful the “inheritance
first” strategy can be. In this section, we investigate the value of using candidate

gene lists compiled in a semi-automated manner.

We chose as test cases the Mendelian disease projects mentioned above in Sec-
tion 3.3.1: EOE, MR, and CRS (treating CRS and SC together). For each disease,
we made three lists of candidate genes based on high-throughput searches of several
public databases (see Section 3.2.3 and Table 3.2). In general, tier 1 contains genes
that are recorded in the Human Gene Mutation Database (HGMD) (Stenson et al.,
2009) as causing the disease of interest, tier 2 contains genes that interact with tier
1 genes (as defined in the MIPS database (Pagel et al., 2005)) or that are listed in
HGMD as causing related diseases (e.g. for EOE, “epilepsy” was considered a related
disease), and tier 3 contains genes that are involved in biological pathways known to

be involved in pathogenesis.

We next screened for coding variants in these genes that would appear to fit a de
novo dominant (DN), simple recessive (SR), X-linked (XL), or compound heterozy-
gous (CH) model in the absence of parental information, across the 198 WGS500 sam-
ples; these are referred to as “pseudo-candidates”. That is, we looked for novel het-
erozygous variants (DN model), very rare homozygous/hemizygous variants (SR/XL
models) or genes with two very rare heterozygous variants (CH model; phase was
ignored since it was unknown), filtering against 1000 Genomes, ESP and unrelated
WGSH00 samples.

Figure 3.3 shows the distribution of the number of variants meeting these criteria
for each of the EOE gene lists. Clearly, many individuals have rare or novel variants
in the EOE candidate genes, although most of them do not have EOE. For example,
four individuals have a heterozygous pseudo-candidate in a tier 1 EOE gene, but none
of them have severe epilepsy; they presented with multiple sclerosis, familial juvenile
hyperuricemic nephropathy, inherited hypoparathyroidism and asplenia respectively.

Fifty-six percent of all individuals have at least one heterozygous pseudo-candidate
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in a gene implicated in epilepsy (tier 2), and 87% in a gene involved in brain develop-
ment or function (tier 3). These numbers are lower for the SR and CH models, but
there are nonetheless still many controls who have suggestively pathogenic variants

in genes that are good candidates for a disease they do not have.

Similar results were found for CRS (Figure 3.4), in which 8% of samples have at
least one heterozygous pseudo-candidate in the 11 known genes, but none of these
individuals had been ascertained for this phenotype. Even more strikingly, 40% of
males have at least one pseudo-candidate in a gene that had been previously reported
for X-linked mental retardation (Figure 3.5), including the two brothers who were
referred for this condition for whom this variant, in GRIAS, is thought likely to be
causal (see Chapter 2). This result emphasises how important it is to have further
information about about the variant (demonstrating, at the very least, its biochemi-
cal effect on the protein, and ideally also recapitulating the phenotype in an in vivo

model) or other patients with mutations in the same gene, in order to prove causality.

A second point to note from Figures 3.3 and 3.4 is that the probands generally
have several novel or rare coding variants in candidate genes for their disease that
are not considered to be causal because they do not fit the correct inheritance model.
There was no significant enrichment (using Fisher’s exact test) for pseudo-candidates
in any of the tiers for either heterozygous or homozygous candidates among the
EOE or CRS patients compared to controls. Conversely, of the twelve families with
Mendelian diseases for which we think we know the causal mutation (Table 3.7), only
four of these mutations are in candidate genes for that disease that were found using

high-throughput database searches.

3.3.4 Regulatory variants

Until this point, we have focused exclusively on coding variants, as has been stan-
dard for NGS studies of Mendelian disease, since these are probably most likely to
be causal and also easiest to interpret. A major advantage of WGS500 over many
other high-coverage medical sequencing datasets is that it includes noncoding as well
as exonic variants. Although we only found two cases in which the best candidate for
a causal variant was noncoding (Taylor et al., 2015), WGS500 nonetheless provides a
useful resource in which to examine the extent of regulatory variation across a large

number of clinical samples. Determining whether a variant is likely to effect gene
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Figure 3.3: Variant burden in candidate genes for early-onset epilepsy. His-
tograms of the number of potentially pathogenic (conserved) coding variants in dif-
ferent candidate gene sets for EOE across all 198 WGS5H00 freeze 4 samples, under
different inheritance models. Top row: novel heterozygous (de novo dominant model);
middle row: rare homozygous (simple recessive model); bottom row: two rare/novel
heterozygous (compound heterozygous model). The candidate genes were chosen by
high-throughput searches (see Section 3.2.3). If found in a patient with this disease,
these variants would be good candidates for pathogenicity, but in fact, only the indi-
cated individuals are affected. Sample names in green text indicate that the variant
is not likely to be pathogenic (since it does not fit a plausible inheritance model or
is less functionally compelling than another candidate); red text indicates that the
variant is thought to be causal.
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Figure 3.4: Variant burden in candidate genes for craniosynostosis. His-
tograms of the number of potentially pathogenic, conserved coding variants in differ-
ent candidate gene sets for CRS across all WGS500 freeze 2 samples, under different
inheritance models. SC: Saethre-Chotzen syndrome. Note that the CRS/SC patients
include five from the trios mentioned in Section 3.3.1.
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Figure 3.5: Variant burden in candidate genes for X-linked mental retarda-
tion. Histograms of the number of potentially pathogenic, conserved coding variants
in known XLMR genes (see Section 3.2.3) across all male WGS500 freeze 4 samples.
If found in a patient with intellectual disability, these variants would be good can-
didates for pathogenicity, but only the indicated individuals (described in Chapter
2) were ascertained for this phenotype. MR_8 is indicated in brackets because this
variant, the one in GRIAS3, was actually called as heterozygous in this individual,
possibly due to sample contamination (Figure 2.6).
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expression is still an open problem. Some groups have used ENCODE RNA-seq data
and CHiP-seq data on transcription factor (TF) binding and chromatin marks to
identify regulatory regions (Ward and Kellis, 2012; Ritchie et al., 2014). We decided
to use regions from the Ensembl Regulatory Build, which is based on integration of
data on DNasel hypersensitivity sites, histone modifications, and polymerase and TF
binding. We focused on variants at conserved positions in regulatory regions within
50kb of genes.

Figure 3.6 shows the distribution of the number of these putative regulatory vari-
ants across the WGS500 samples (red line); the mean for novel heterozygous variants
was 610 (SD=313; range 298-1889), almost four times as many as the equivalent
number for coding variants (Figure 3.1; mean=163). Interestingly, the number of
variants does not substantially change if one considers only regulatory regions within
5kb of genes (Figure 3.6, black line), since regulatory regions tend to be close to
genes anyway. Notably, many individuals have pseudo-candidates in regulatory re-
gions close to candidate genes for EOE, CRS and MR (Figure 3.7). There are a few
that fit relevant inheritance patterns in the probands for those diseases that could
potentially be interesting candidates, but the top coding candidates in each of those
families seemed more compelling (Table 3.7), since one can more easily predict their

functional consequences.

To further hone in on variants that were most likely to alter gene expression, we
narrowed the criteria to include only those variants that were within transcription
factor binding sites (TFBSs) defined by Jaspar position weight matrices (PWMs).
There were considerably fewer of these (Figure 3.8), an average of 5.6 per sample
(SD=5.7; range 0-18). All except one of these could be eliminated as candidates for

the EOE, MR and CRS families once parental information was considered.
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Figure 3.6: The burden of putative regulatory variants. (A) and (B) show

the distributions of the number of novel heterozygous and rare homozygous variants
respectively that alter conserved positions in regulatory regions within 5kb (black) or

50kb (red) of a gene.
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Figure 3.

The burden of putative regulatory variants around candidate

genes for EOE and CRS. As for Figures 3.3 and 3.4, but for variants at conserved
positions in regulatory regions within 50kb of a gene.
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Figure 3.8: The burden of variants likely to disrupt transcription factor
binding sites (TFBSs). (A) and (B) show the distributions of the number of novel
heterozygous and rare homozygous variants respectively that alter conserved positions
in TFBSs (see Section 3.2.2) within 50kb of a gene.
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3.4 Discussion

In this chapter, we examined the merits of different analysis strategies in the WGS500
project. Our experience, and those of other large WES studies (Yang et al., 2014;
Beaulieu et al., 2014; Wright et al., 2015; Deciphering Developmental Disorders Study,
2015), should be useful in designing future clinical sequencing projects such as Ge-
nomics England. The focus was on Mendelian disease projects, since these are the
most tractable, and because we had several test cases of families in which the causal
mutation was known with reasonable confidence. However, some of the points il-
lustrated by these analyses, such as the importance of having controls sequenced
in-house, and the abundance of potentially regulatory variants, are relevant to WGS

studies of complex disease too.

A key component of the strategies employed in Chapter 2 to the EOE and MR fam-
ilies was the use of parental information to filter for variants that would fit relevant
inheritance models. In this chapter, we demonstrated that this approach substan-
tially reduced the number of candidates: the number of coding variants to consider
decreased by 99%, 86% and 83% for the de mowo, simple recessive and compound
recessive models respectively. This is similar to results from the DDD study: Wright
et al. (2015) reported that each proband had an average of 30 rare coding variants
overlapping known developmental disorder genes, but this was reduced to an average
of 1 per proband (range 0-13) when inheritance information was used. Somewhat at
odds with these findings, Beaulieu et al. (2014) reported that in the FORGE Canada
study, the parental data was not necessary for the detection of known disease-causing
genes in genetically heterogeneous conditions because, in the majority of cases, a
single candidate was evident before even considering the parents. However, as they
pointed out, implicating novel genes containing de novo variants is difficult without

parental information.

We were unsurprised by the large reduction in candidates we observed under the
de novo model when using parental information, since humans are known to have a
large number of very rare variants due to recent population size expansion (Fu et al.,
2013), and although many of these will be private to families, and hence appear as
singletons when filtering against unrelated people, we should only expect one or two
de novo coding variants. The reduction in the number of compound recessive can-

didates reflects the current difficulty in phasing variants using NGS data. As read
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lengths increase, the chance of a single read overlapping both variants will be higher,
and so it may not be necessary to have parental information in order to determine
whether two variants in the same gene are on the same or different chromosomes.
The X-linked model was the only one for which using the parental data added no
information, since variants called hemizygous in males were almost always heterozy-
gous in their mothers. Although one would expect 1-2 de novo variants per male on
chromosome X, these will generally be noncoding. For this reason, other WGS stud-
ies of X-linked disorders have sequenced only the proband, or several probands, and
used SNP chip data to check inheritance (Johnston et al., 2012; Tarpey et al., 2009);
however, this approach cannot be applied to small pedigrees in which the inheritance

pattern is unclear, such as the MR quartet with just two affected brothers.

The WGS500 project was designed to include multiple patients with different dis-
eases partly on the premise that it would be useful to use individuals from the large
cohort as controls for each specific disease project, as long as they did not have related
conditions. Filtering against ~200 WGS500 samples eliminated a large proportion of
the candidate variants that remained after screening against 1000 Genomes and ESP:
58% of novel heterozygous and 98% of rare homozygous variants. Initially, it seemed
surprising that this was so helpful for homozygous variants, since it was assumed that
homozygous calls were less likely to be spurious. However, when parental information
was incorporated for the ten trios, it emerged that 88% of the rare homozygous vari-
ants (defined by having a frequency < 0.005 in 1000 Genomes and ESP alone) were
Mendelian errors. Of the variants that were correctly inherited as simple recessive
(mean 26 per trio if 1000 Genomes and ESP were used for filtering; second bottom row
of Table 3.4), many were in low complexity regions that are difficult to call, and 37%
were not in Hardy-Weinberg equilibrium (p < 0.05), suggesting genotyping errors.
Thus, most of these variants were probably artifacts of Stampy mapping (Lunter and
Goodson, 2011) and Platypus calling (Rimmer et al., 2014) that were eliminated by
screening against other WGS500 samples. This emphasises how important it is that
the variant calls are produced in the same way for both cases and controls; relying on
publicly available datasets will not remove common artifacts specific to the sequenc-

ing technology or mapping and calling pipeline.
The benefits of filtering against other WGS500 samples were greater for the Eu-

ropean samples than for those from Africa and Asia. The variants that were elimi-

nated by this step were presumably either a) sequencing or calling errors specific to
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our dataset or b) real variants absent from public databases, which are dominated
by Caucasian samples. The non-Caucasian samples presumably have more variants
which have not been seen before but which are real. Since there are so few individuals
with Asian or African ancestry in WGS500, this filtering step did not help as much to
eliminate these variants as it did for the Caucasians. Thus, ideally, medical sequenc-
ing projects should try to include a large number of samples with similar ancestry, to

avoid having to rely on public databases.

In contrast to the “inheritance first” strategy we used to find the causal muta-
tions in the EOE and MR families (Chapter 2), other projects in WGS500 focused
first on variants in candidate genes for the relevant disease, and then sought family
information to check segregation. The efficacy of this latter approach depends on
the burden of potentially pathogenic variants in the healthy population. How much
weight should one put on the discovery of a novel missense variant at a conserved
position in a known epilepsy gene in an Ohtahara syndrome patient, given the dis-
tribution of such variants across individuals without this disorder? In examining the
distribution of such variants in candidate genes for EOE, CRS and MR (Figures 3.3
and 3.4), we saw that it was common to find pseudo-candidates in individuals who
did not have the disease in question and that, without parental information, this
candidate gene approach would lead to a substantial number of false positives. The
frequency of such pseudo-candidates should be of particular concern to the field, since,
at least when the WGS500 study was starting, it was still quite common practise in
clinical genetics to screen a panel of candidate genes for mutations, and then look no
further if a plausible variant is found, particularly if family information was unavail-
able. The results presented here and elsewhere (e.g. Bell et al., 2011; Norton et al.,
2012; Xue et al., 2012; Groth et al., 2015) emphasise that this often happens even in
unaffected individuals, and thus, caution must be taken in interpreting such variants

when found in patients.

The abundance of rare coding variants in known XLMR genes in males is sobering.
If these variants were detected in an individual with MR, they would be considered
prime candidates. However, since most have completely unrelated phenotypes, this
merely represents the considerable background variation in these genes that has pre-
viously been noted (Tarpey et al., 2009). Indeed, for this reason, Wright et al. (2015)

decided not to consider any inherited missense variants on the X chromosome in
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the DDD project, except if the patient had a family history of the disorder consis-
tent with X-linked inheritance or if the variant was present in HGMD or the Leiden
Open Variation Database. In investigating the X-linked GRIAS3 variant described
in the previous chapter, we were careful to seek further bioinformatic and functional
evidence of pathogenicity, but we will not be confident of its causality unless other
patients with GRIAS mutations and circadian rhythm disruption are found, or unless

a robust phenotype is found in the knock-in mouse.

It is also important to emphasise that this candidate gene-based approach leads to
false negatives too (Table 3.7). For most of the EOE and CRS trios, the most likely
causal genes were only identified as good candidates through reading the recent liter-
ature about their biochemical functions and about related genes. These would have
been missed if the search had been restricted to candidate gene lists automatically
generated using databases such as HGMD and GO. On the other hand, if we had used
OMIM to construct our gene lists (particularly for tier 1) using Human Phenotype
Ontology terms (K&hler et al., 2014), we may not have had such a problem with false
negatives, since this database tends to be more up-to-date, although false positives
would still have been a problem. The best approach is undoubtedly to use family
information first, if available, then to consider candidate variants (fitting the right
inheritance pattern) in a well-curated list of candidate genes, as well as applying sensi-
tive and specific text-mining algorithms to query the literature for information on the
remaining genes. The laborious approach employed for most projects in WGS500, of
investigating manually every variant that was sufficiently rare and fitted the right in-
heritance model, will simply not be feasible in large-scale clinical sequencing projects

such as Genomics England.

For the monogenic disease projects described in Chapter 2, we looked only at
coding variants, except in the few cases in which no good coding candidates were
found (LDS_10 and the EOE quartet). For studies of more complex disease and for
unsolved Mendelian diseases, it would be useful to be able to better hone in on po-
tentially pathogenic regulatory variants. One way to do this could be to use the set of
regulatory regions defined by Ensembl, based primarily on CHiP-seq from ENCODE.
We found that all individuals in WGS500 had hundreds of rare variants at conserved
positions within these regions (Figure 3.6), and most had several such variants close
to genes that are known to cause a disease they do not have (Figure 3.7). Thus, in-

heritance information in large pedigrees, extensive functional work and/or statistical
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evidence (burden analyses) will be necessary to demonstrate causality. Incorporating
ENCODE data from the relevant cell lines (if known) may help to reduce the num-
ber of candidates to consider. The approach of Ritchie et al. (2014) for prioritising
noncoding variants based on factors such as conservation, DNase I hypersensitivity,

and certain histone modifications may be helpful.

Following many reports of incorrect assignments of causality (Bell et al., 2011;
Norton et al., 2012; Xue et al., 2012), MacArthur et al. (2014) recently published
a set of guidelines for establishing the pathogenicity of variants. They placed par-
ticular emphasis on the importance of reporting statistical evidence for segregation
or association of each variant. These guidelines have not yet been widely adopted,
although increasingly, studies are using statistical tests as an important criterion for
demonstrating causality. For example, the DDD study tested for an enrichment of
de novo variants on a per-gene basis, using estimates of gene-specific mutation rates
(Samocha et al., 2014) to construct the null distribution of the number expected by
chance (Deciphering Developmental Disorders Study, 2015), and other groups have
implicated genes in heart defects on the basis of their being enriched for rare vari-
ants in a cohorts of cases versus controls from other studies (Al Turki et al., 2014;
D’Alessandro et al., 2015). It is expected that the guidelines suggested by MacArthur
et al. (2014), when applied to larger and larger cohorts, should accelerate the discov-

ery of new Mendelian disease genes.
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My grandfather, Peter Gordon Martin (1923-1994), wrote this dedication to my
father in his book on the chromosomes of Australian mammals (Hayman and
Martin, 1974). He was an inspirational teacher and an influential pioneer of

evolutionary genetics in Australia. I dedicate this platypus chapter to him.
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Chapter 4

Whole-genome sequencing of the
platypus

4.1 Introduction

4.1.1 Natural history of the platypus

As we saw in Chapter 1, next-generation sequencing technologies have greatly facil-
itated studies into the diversity and population structure of non-model organisms,
including chimpanzees (Auton et al., 2012; Leffler et al., 2013), other primates (Xue
et al., 2015; Prado-Martinez et al., 2013) and pigs (Ai et al., 2015). They have
also spearheaded the de novo assembly of many new genomes, leading to a greater
understanding of the biology of various species, including marine mammals (Foote
et al., 2015), fish (Wang et al., 2015) and birds (Jarvis et al., 2014). We decided to
undertake population sequencing of the platypus ( Ornithorhynchus anatinus), a semi-
aquatic mammal with a strange mixture of mammalian and reptilian characteristics
that lives in the freshwater rivers and lakes of eastern Australia and Tasmania (Fig-
ure 4.1). Platypus! are monotremes, mammals that lay eggs. The other monotremes,
echidnas, which live throughout Australia and in Papua New Guinea, share some
features with the platypus (e.g. milk, eggs) but appear phenotypically very different,
resembling hedgehogs and porcupines. A recent study using fossil and molecular data
estimated that the monotremes, or Prototheria, diverged about 166 million years ago
(MYA) from the other mammalian lineage, the Theria, which split about 148MYA

into the marsupials (Metatheria) and placentals (Eutheria) (Bininda-Emonds et al.,

L“Platypus” is a latinised form of the Greek wAatvo (platus, flat) and movo (pous, foot). Prop-
erly, the plural should be “platypodes”, although “platypus” and “platypuses” are frequently used.
In this thesis, we shall use “platypus” as both the singular and plural.
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80 Platypus range
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Figure 4.1: The range of the platypus. This map was obtained from
http://www.wildlife.org.au/wildlife/speciesprofile/mammals /platypus.html.

2007) (Figure 4.2). Thus, the monotremes may be informative about the most re-
cent common ancestor (MRCA) of all mammals. For example, a trait shared between
monotremes and birds, if it has the same genetic basis, probably existed in the MRCA

of all mammals.

In addition to laying eggs, platypus have an unusual set of characteristics. These
have been described in detail by Grant (2007), so we will just summarise them briefly
here. Platypus have fur, webbed feet, and a large bill that contains electroreceptors
used for sensing their prey (Figure 4.3). They feed on water-dwelling insects and
their larvae, shrimps and tadpoles. Male platypus have a venomous spur which is
thought to be used for fighting other males during the mating season. They live in
burrows on the banks of rivers, where the females lay their eggs. They typically lay
two small eggs about 11mm in diameter, which develop in utero for about 28 days
before being incubated externally between the tail and abdomen for 10 days. These

eggs are meroblastic, meaning that the ovum splits incompletely, leaving the yolk
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MAMMALS

Monotremes, Marsupials, Placentals,
Prototheria Metatheria Eutheria

Platypus Echidna Kangaroo Opossum  Mouse Human

BIRDS and REPTILES

310 MYA

Figure 4.2: Phylogenetic tree of mammals and other vertebrates. This figure
is taken directly from McMillan et al. (2007), and the divergence dates are from
Bininda-Emonds et al. (2007).
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continuous with the egg’s cytoplasm. This is similar to the eggs of birds and reptiles,
but differs from those of mammals, which go through holoblastic cleavage i.e. after
fertilisation, the ovum splits into multiple divisible daughter cells. Once hatched, the
blind and hairless young are fed by their mother’s milk, which is secreted directly
through pores in the skin, since female platypus have no teats. Platypus have been

reported to live up to 20 years in the wild, and 21 years in captivity.

4.1.2 The platypus genome project

Early work on the platypus genome focused on determining the number of chromo-
somes (Hayman and Martin, 1974). This was debated for several years until Bick
and Sharman (1975) established that both males and females had 2n = 52, but that
several pairs were not exact homologs. This eventually turned out to be due to the
numerous sex chromosome pairs, discussed below. Warren et al. (2008) produced the
first platypus genome assembly using established whole-genome shotgun methods.
The reference individual was a female named Glennie, from the Barnard River in
New South Wales (NSW). Warren et al. generated ~6X coverage in paired-end reads
of average length ~700bp from whole-genome libraries of plasmids, fosmids and bac-
terial artificial chromosomes (BAC), which had insert sizes of 1.5-10kb, ~40kb and
~150kb, respectively. These were assembled into contigs and then into scaffolds using
PCAP? (Huang et al., 2006). The resultant assembly contained 1.84Gb of sequence
(excluding about 0.16Gb of gaps), which is about 80% of the estimated total genome
size, ~2.3Gb. The assembly was further scaffolded by aligning the BAC-end sequences
to a fingerprint map made by digesting the BAC library with a restriction enzyme and
overlapping the BACs on the basis of the resulting fragment pattern. Lastly, about
437Mb of the sequence was ordered and oriented along twenty of the chromosomes

using fluorescent in situ hybridisation (FISH).

The final assembly, called ornAnal, had 201,523 scaffolds, many of which are ac-
tually unscaffolded contigs. The N50 length was 983,898bp and the N50 number was
39,590, meaning that 50% of the sequence was contained in 39,590 scaffolds greater
than 983,898bp. This was considerably more fragmented than the chimpanzee and
chicken assemblies, which were produced using similar methods and had similar cov-

erage and read quality. Warren et al. did not have a satisfactory explanation for

2A contig is a contiguous sequence made by overlapping DNA segments. A scaffold consists of
one or more oriented contigs connected together, separated by gaps.
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Figure 4.3: The platypus. Note the bill and fur in panel A, and the webbed feet
in panel B. Photos obtained from www.zoo.org.au/healesville/animals/platypus and
www.animalfactguide.com /animal-facts/platypus/.
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this. The average GC content in the assembled platypus genome is 45.5%, rather
higher than the average 41% in eutherian and chicken genomes. There was evidence
that the platypus reads were being prematurely truncated in regions of higher GC
content, which may have contributed to the low contiguity. Another factor could be
the higher interspersed repeat content (Table 4.A.1). The most common repeats were
copies of the 5kb long-interspersed-element (LINE2) and of the SINE with which it
co-evolves (mammalian-wide interspersed repeat, MIR, Mon-1 in monotremes), which

each comprise about 20% of the genome.

Warren et al. predicted 18,527 protein-coding genes in ornAnal, of which 82%
have orthologues in chicken, dog, mouse, human and opossum. Analysis of these
genes gave clues as to the underlying basis of various platypus characteristics. For
example, a large expansion of the vomeronasal receptor type 1 family, completely ab-
sent from chicken and anole lizard, may have facilitated pheromonal communication
or the detection of water-soluble odorants during foraging. The venom genes seem
to have evolved independently in platypus and reptiles from the same gene families,
including the S—defensins. Platypus have four genes encoding proteins of the zona
pellucida (egg envelope) in humans, and two seen only in birds, fish and amphib-
ians. Like those in other mammals, the platypus casein genes, which encodes milk
proteins, are tightly clustered in the genome, with the addition of a duplicated S-
casein gene. Thus, the genome of the platypus has some features in common with

mammals, some with sauropsids (reptiles and birds), and some unique to this species.

4.1.3 Previous work on platypus population genetics

The original genome paper shed light on several aspects of platypus biology but in-
cluded only a limited analysis of inter-individual variation and population structure
based on 57 polymorphic retrotransposon loci. Subsequently, several other studies

have investigated population structure at fine and broad scales, using microsatellites
or mitochondrial DNA (mtDNA).

Kolomyjec et al. (2009) genotyped 12 polymorphic microsatellites in 120 samples,
predominantly from the adjacent Shoalhaven and Hawkesbury River systems near
Sydney (see Figure 4.7). They found greater variance between than within the river

systems, and reported that 13 of the 120 individuals appeared to be first-generation
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migrants from one river system to the other®. The data supported an isolation-by-
distance scenario between the two unconnected river systems, which implies that there
must be overland dispersal of platypus, consistent with previous reports from recap-
ture and radio-tracking data (Grant, 2007). Of note, during normal conditions, the
Shoalhaven and Hawkesbury systems are only ~1.5km apart at their closest point,

and so terrestrial migration is probably relatively easy.

Gongora et al. (2012) sequenced part of the mitochondrial control region and of
the cytochrome b gene in 284 samples from 22 river basins across the whole platy-
pus range, along the east coast from Tasmania to North Queensland (from 16°S
to 43°S). They found that the samples fell into two major clades, corresponding to
mainland Australia and Tasmania, and that the mainland samples split into two sub-
clades, corresponding to Northeastern Queensland+Southern Queensland/Northern
Murray-Darling and Southern Murray-Darling/New South Wales+Victoria (see Fig-
ure 4.7 for a map). The Bayesian phylogenetic tree presented in Gongora et al. (2012)
is reproduced in Figure 4.4 for reference. As shown in this figure, the time to the
MRCA (TMRCA) of the major platypus clades was estimated from the mtDNA con-
trol region to be 0.94MYA (95% credible interval 0.39—1.52MYA). The estimate from
the third codon sites of the cytochrome b gene was slightly more recent (0.7MYA,
95% credible interval 0.1—1.46MYA), but both estimates are long before Tasmania

diverged from the mainland as a result of rising sea levels (~12,000 years ago).

Furlan et al. (2013) analysed 13 microsatellite loci and two mitochondrial genes
in 752 platypus samples from New South Wales, Victoria and Tasmania. They found
very little genetic differentiation among 183 individuals from different parts of Tas-
mania but substantial structure between populations on the mainland, and they pre-
sented evidence that suggested more frequent overland travel in Tasmania than in
Victoria, possibly due to the wetter, cooler climate and higher density of rivers. This
corroborates previous reports of a higher frequency of overland movement in Tas-
manian platypus, with dispersal events of greater than 20km (Connolly et al., 1998;
Otley et al., 2000). By comparing the maternally-inherited mtDNA markers to the
nuclear microsatellites, Furlan et al. (2013) found evidence for male-biased dispersal,

which led to patterns of higher genetic similarity between females within a short river

3This was determined using methods which first calculate the likelihood that an individual comes
from a particular population, and then identify individuals with a high probability of being misas-
signed, who are presumed to be migrants (Piry et al., 2004).
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Figure 4.4: Bayesian phylogenetic tree based on mtDNA from 74 platypus
samples, taken from Gongora et al. (2012). Divergence time estimates (in
MYA) are shown on the branches, with 95% credibility intervals in brackets, and
posterior probabilities after the nodes. The prior distribution for the age of the root
node (the platypus-echidna split time) was modelled as a normal distribution with
a mean of 32MYA and a standard deviation of 7.14MY. This choice was based on
a recent molecular estimate which placed the divergence time at between 19 and

38MYA (Phillips et al., 2009).
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distance (<1.4km) than between males. Finally, they also reported no genetic dif-
ferentiation at the measured loci between Victorian platypus either side of the Great
Dividing Range, a range of mountains (maximum altitude 2,228 meters) that runs
~3,500km along the eastern coastline of Australia (shown as a grey transparent line
in Figure 4.7). This was somewhat surprising since it differs from what was seen
in other aquatic and semi-aquatic species, and since the steep slopes and absence of

connecting waterways were anticipated to restrict platypus dispersal.

These papers have provided an important glimpse at platypus population structure
and differentiation, but we anticipated that more could be learned from whole-genome
sequencing data, which contains considerably more information than the small num-

ber of microsatellites and the mtDNA examined in previous studies.

4.1.4 Platypus sex chromosomes

Perhaps the most remarkable aspect of platypus biology is their bizarre sex chromo-
some system. Before describing this, we will give a brief overview of the sex chromo-
somes in other species and how they are thought to have formed (for a more thorough
review, see Charlesworth et al., 2005; Graves, 2006). In therians, females have two
copies of the X chromosome, and males have one X and one Y*. The Y chromosomes
are typically much smaller than their X chromosome partners (called “gametologs”),
but they share homology within the pseudoautosomal regions, and, to some extent,
between coding genes in the X-specific and Y-specific regions. The equivalent is true
for the Z and W chromosomes in birds, except that the females are heterogametic,
with a ZW karyotype. Heteromorphic sex chromosomes are thought to have evolved
independently in multiple lineages, but by a similar mechanism. Various lines of ev-
idence support the theory that they evolved from a pair of homologous autosomes
after one of the pair acquired a sex-determining (SD) locus, or two interacting SD
loci, leading to suppression of recombination (Nei, 1969). This reduces the efficiency
of selection, leading to the accumulation of deleterious mutations which precipitates
gene decay, build-up of repeats, and eventual divergence between the members of the

pair. If the recombination suppression happened at different times, perhaps through

4There are a few exceptions to this. Mole voles have XX females and X0 males (i.e. with one X but
no Y) (Just et al., 2007), and both the salt flat mouse (Salinomys delicatus) (Lanzone et al., 2011)
and the marsupial potoroo (Potorus tridactylus) (Sharman and Barber, 1952) have independently
evolved a second Y chromosome, so the females are XX and the males XY1Y2.
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separate inversion events, this can lead to regions of the X and Y (or Z and W in
birds) having quite different levels of divergence. These are known as “strata”, and
several of them have been identified in placentals (Lahn and Page, 1999; Sandstedt
and Tucker, 2004), of which the oldest contains the sex-determining gene SRY. In
many species, one or more regions of the sex chromosomes retain homology and con-
tinue to recombine, possibly because recombination is essential for proper segregation.
These pseudoautosomal regions (PARs) can contract as a result of the expansion of

the non-recombining region through the creation of new strata (Otto et al., 2011).

Early karyotyping work suggested that the platypus had an XY system like most
placentals and marsupials. Murtagh (1977) reported that there were an additional
four unpaired elements which, in male meiosis, formed a chain of ten chromosomes
along with the sex chromosomes and two pairs of small autosomes. Watson et al.
(1990) mapped the orthologs of eight genes present on the human and marsupial X
to the putative platypus X using radioactive in situ hybridisation, and thus concluded
that the monotreme and therian X chromosomes were derived from a common ances-

tor.

However, the story became more complicated when Grutzner et al. (2004) car-
ried out chromosome painting in male metaphase cells using paints derived from flow
sorted chromosomes, and found that, in fact, there were five different male-specific
chromosomes (named Y chromosomes), and five different chromosomes present in one
copy in males and two copies in females (X chromosomes). These were observed to
form a multivalent chain in male meiosis, alternating X1Y1X2Y2X3Y3X4Y4X5Y5,
with connections through nine pseudoautosomal regions (PARs) (Figure 4.5) to ensure
segregation into X1X2X3X4X5-bearing and Y1Y2Y3Y4Y5-bearing sperm. Grutzner
et al. reported that X1 (the chromosome previously reported to have homology to
the human X) and Y1 were at one end of the chain, and shared a PAR comprising a
whole chromosome arm, suggesting that this pair was at an early stage of differenti-
ation from an autosomal to fully sex chromosomal pair. In contrast, Y5, at the other
end of the chain was tiny, and any homology with X5 was too small to be detected
by chromosome painting, indicating that Y5 had been through a long period of de-
generation, as explained earlier. Thus, Grutzner et al. proposed that the chain had
started with the X5Y5 pair, and progressed through a series of reciprocal translo-
cations involving exchanges with autosomes to the X1Y1 end. The platypus chain

is very similar to that of the echidna, the main difference being that echidna has a
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Figure 4.5: Schematic of the chain of the ten sex chromosomes in platy-
pus male meiosis. Unpaired X-specific regions are indicated in black, unpaired
Y-specific regions (also known as male-specific Y, MSY) in purple, and the nine dif-
ferent pseudoautosomal regions (PARs) in different shades of red/pink. Note that
Y5 is the most degenerated, indicating that the X5Y5 pair is the oldest, whereas the
youngest pair, X1Y1, still share a large region of homology. In females, the five pairs
of X chromosomes each synapse like normal autosomes.

fusion of Y3 and Y5 (Rens et al., 2007), and so it must be at least 35 million years old
(Bininda-Emonds et al., 2007). A similar translocation chain is seen in some termite
species (Syren and Luykx, 1977; Martins and Mesa, 1995) and in evening primroses
(Cleland, 1972). Grutzner et al. showed that the DMRT1 gene, the dosage-sensitive
sex-determining gene located on the bird Z chromosome, was present on the platypus
X5. Thus, they posited that this chromosome had homology to the bird Z, but that
DMRT1 was unlikely to be the sex-determining gene in platypus, since the dosage
would be opposite to that in birds. Platypus were found to lack SRY’, so it was unclear

how their sex was determined.

Veyrunes et al. (2008) took 32 BACs that mapped to female X chromosomes in
the FISH experiments conducted as part of the platypus genome project (Warren
et al., 2008), and hybridised these to male mitotic metaphase chromosomes. They
used the BAC end sequences to determine which of the scaffolds in ornAnal they
came from, and identified the genes on those scaffolds in order to uncover homology
with the human and chicken genome. The 32 X-chromosomal BACs were found to
contain genes with orthologs only on human autosomes (primarily 2, 3, 4, 5, 6, 9 and
19), and the majority of the orthology with chicken was to the Z chromosome, mostly
on X5 and X3 (see Figure 4.6). Twelve other BACs containing genes orthologous to
the X conserved region® in therians mapped to platypus chromosome 6, including six
genes that Watson et al. (1990) had reported as being on X1. It is possible that, in

This is the region, comprising two-thirds of human chromosome X, which is shared with mar-
supial chromosome X, and therefore presumed to be ancestral.
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Figure 4.6: Homology of the platypus sex chromosomes with the chicken
genome. This figure is taken directly from Veyrunes et al. (2008), and is based on
the BAC mapping experiments they and others conducted. Homology with chicken
(GGA) is represented by different colours, and pseudoautosomal regions are connected
by lines. The small numbers indicate the BACs used.

the radioactive in situ hybridisation experiments with human cDNA probes in the
earlier study, Giemsa-stained chromosomes 6 and X1 were misidentified, or that the
hybridisation of human clones onto divergent platypus chromosomes was unreliable.
Veyrunes et al. (2008) therefore concluded that the XY system in placentals and
marsupials must have evolved after the prototherian-therian divergence but before

the placental-marsupial divergence, so between 166 and 145MYA.

Since the platypus reference genome was made from a female, the Y chromosomes
are missing from ornAnal, and thus, these have been less well studied than the X
chromosomes. In a recent paper, Cortez et al. (2014) investigated the evolution of Y
chromosomes in 15 mammals, including platypus, using high-throughput genome and
transcriptome sequencing. For the species without Y chromosome sequences (that is,
all except human, chimpanzee, macaque, dog and cat), they applied a subtraction
approach that assembles transcripts using male-specific RNAseq reads not mapped

to the female reference, and then confirms their Y identity by comparing the mapping
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of male and female WGS data to the assembled transcripts. Through this method,
Cortez et al. identified 25 platypus Y genes (18 of which were also found in echidna)
and their corresponding gametologs on the X chromosomes. They grouped genes
into strata by clustering them on the basis of ds (synonymous site divergence) and
phylogenetic analysis. From this they concluded that there were six potential Y
chromosome strata in monotremes, five of which were formed before the platypus-
echidna divergence. Levels of sequence identity between the X and Y copies of these
genes are found in Table 4.1. One of the genes in the oldest stratum, S1, is AMH (anti-
Mullerian hormone), known to play an important role in sex determination cascades
across multiple vertebrates. In placentals, AMH acts two steps downstream of SRY
to block the development of female reproductive organs. AMH therefore seems to be
a good candidate for the sex-determining gene in monotremes. Consistent with this,
Cortez et al. found that the Y copy is on Y5, although the X copy seems to have
moved to X1.

4.1.5 Aims of the platypus population sequencing project

In order to learn more about different aspects of the biology of this remarkable species,
we sequenced the genomes of 58 platypus samples from Queensland (QLD), New
South Wales (NSW) and Tasmania (TAS) (Figure 4.7; Table 4.2). We sampled be-
tween one and eighteen individuals from each of seventeen waterways across most of
the platypus range, excluding Victoria only because no high-quality DNA samples
were available. We included the reference individual (Glennie, sample N725 in this
chapter), a father-daughter pair obtained from Taronga Zoo (N735 and N736), who
are originally from the Fish River in the Macquarie basin in NSW, and a duplicate
sample (N703 and N749) from Dirran Creek, North QLD, which we intended to use for
quality control. The aims of this project were severalfold. We wanted to investigate
platypus population structure and history in greater detail than had been possible
with the microsatellites and mtDNA data in earlier studies. Additionally, we wanted
to use the population genetic data to study historical recombination rates and pat-
terns of natural selection (not described in this chapter). We also aimed to learn more
about the evolution of the sex chromosomes. All of these analyses rely upon variant
calls made against the reference genome, and so we devote some of this chapter to
describing reference genome improvements (Section 4.3.1) and quality control of the
SNP calls (Section 4.3.2) . We finish by presenting preliminary findings about genetic

diversity and population structure (Section 4.3.3) and the sex chromosomes (Section
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4.3.4).

Many people have contributed to this project. Jaime Gongora and Frank Grutzner
provided the samples, some of which were originally collected by Tasman Daish,
Steven Kolomyjec and Tom Grant. Tasman Daish and Portia Westall prepared the
DNA samples. Rory Bowden, Simon Engledow, Paolo Piazza, Cath Green and Mari-
ateresa di Cesare assisted with sample preparation and/or sequencing. Julie Hussin
did the de novo assembly (Section 4.2.2.4). Liz Batty carried out the mapping, variant
calling and coverage analysis jointly with me. I did the genome reassembly, quality
control of variant calling, and downstream analysis of population structure and the
sex chromosomes. Liz Batty, Julie Hussin, Jaime Gongora and Tom Grant assisted
with the interpretation of results presented in this chapter, as did Peter Donnelly,

who led the project.
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Table 4.2: Platypus samples sequenced. The samples in blue font are in the
unrelated set used for the population genetic analyses (see Section 4.2.5). The final
column indicates how the samples were divided into five groups, and in parentheses,
into four more general groups, on the basis of results presented in Section 4.3.3. Some
individuals were excluded from these groups because there were insufficient samples
from that cluster on the Principal Component Analysis shown in Figure 4.18. These
are indicated by N/A. M: male, F: female; NQLD: North Queensland; NNSW: North
New South Wales; CNSW: Central New South Wales; TAS: Tasmania.

Sample | Sex Sampling Location Group (larger group)
N701
N702
N703
N704
N748
N749
N750
N711
N751
N745
N746
N747
N753
N730
N707
N713
N714
N715
N716
N717
N718
N719
N720
N721
N722
N723
N724
N725
N735
N736
N732
N733
N744
N759

Dirran Creek
NQLD (NQLD)

Rifle Creek, Julatten
Barron River

Running River N/A (N/A)

Broken River N/A (N/A)

Carnarvon Creek N/A (N/A)
Gwydir River N/A (NNSW)

Barnard River Barnard (NNSW)

Fish River (Taronga Zoo)

Wingecarribee (CNSW)
Wingecarribee River

MEEZEmEZm I R SR R R R R R E e mmEmmE 2

Continued on next page
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Table 4.2 Continued

Sample

n
@
»

Sampling Location

Group (larger group)

N712
N726
N727
NT728
N729
N731
N734
NT737
NT738
N739
N740
N741
N742
N743
NT752
NT757
NT760
N761

Shoalhaven River

Shoalhaven (CNSW)

NT705
NT710
NT754
NT755
N756
NT758

SHEEESEEmE s E M E s S mEE

Launceston
Mangalore
South Esk River
Brumby’s Creek
Brumby’s Lake
Upper Derwent River

TAS (TAS)
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CARPENTARIA COAST
16 Mitchell-Coleman rivers

Rifle Creek, Julatten (n=1)
Barron River (n=1)
Dirran Creek (n=7)
Running River (n=1)

NORTH-EAST COAST
10 Barron River
12 Johnstone River
20 Burdekin River
30 Fitzroy River

Broken River (n=2)

{29

Q
32
&

v,g‘* Carnarvon Creek (n=1)
BYA
W\ ‘

»

4

i

Laura Creek, Gwydir River (n=1)

19  Gwydir River
22 Macquarie River

MURRAY-DARLING BASIN

Barnard River (n=14)

Fish River (via Taronga Zoo) (n=2)
Wingecarribee River (n=4)
Shoalhaven River (n=18)
SOUTHEAST COAST (NSW)
8  Manning River

12 Hawkesbury River
15 Shoalhaven River

Launceston (n=1)

South Esk River (n=1)

Brumby’s Creek (n=1)

Brumby’s Lake (n=1)

Upper Derwent River (n=1)
Bagdad Rivulet, Mangalore (n=1)

Tasmania
TASMANIA

4 Derwent River
18 Tamar River

Figure 4.7. Map showing our sampling locations within river regions
in eastern and southeastern Awustralia. The waterways our samples come
from are indicated by arrows, with sample sizes in brackets after the river
name. The specific catchments these rivers fall into are labelled with large
red numbers and are named in the boxes corresponding to the drainage divi-
sion. The transparent grey line represents the Great Dividing Range. This
map is adapted from one obtained from the Australian Bureau of Meteorology
(www.bom.gov.au/water/geofabric/ dOCUiI(l)%ntS /BOMO002_Map_Poster_A3_Web.pdf).



4.2 Methods

4.2.1 Samples and sequencing

Collaborators in Australia provided us with DNA samples from 61 platypus, extracted
from toe webbing, spleen, liver or cell lines. These were sequenced in four tranches.
Details of the library preparation and paired-end (PE) sequencing are shown in Table
4.3. Three samples were discarded because they were found to have very uneven
coverage. For the remaining 58 samples, mean coverage ranged from 13.1X to 21.6X,
with a median of about 15X. Mean coverage and insert size per sample are shown in
Figure 4.8 and Table 4.A.2.

4.2.2 Improving the reference genome

As described below in Section 4.3.1, we encountered various problems with the platy-
pus reference genome, ornAnal, so decided to improve it using a variety of technolo-

gies.

4.2.2.1 DMate pair data

The Genomics Core at the WTCHG produced four mate pair libraries from a single
male sample, N721. These were constructed using the Nextera mate pair protocol
from Illumina, with custom indexes, and were sequenced on the HiSeq 2500 Rapid
(150bp, PE). Three libraries, with mean insert sizes 5.9kb, 8kb and 10.5kb, were
made using the gel-plus protocol. The fourth library was constructed using a gel-free
protocol, which requires less input DNA but gives a broader distribution of insert

sizes. This library had a mean insert size of 2.5kb with a standard deviation of 0.9kb.

NextClip (Leggett et al., 2014) was run to remove the junction adaptors from
reads®, and to identify and remove reads that did not contain an adaptor, since they
may have been paired-end sequences that had slipped through the biotin enrichment

step in library preparation. Reads which were shorter than 50bp after adaptor removal

6In the Nextera protocol, a biotinylated adaptor is attached to both ends of each DNA fragment.
The fragments are then circularised, joining the two junction adaptors. Next, the circularised DNA
is fragmented and biotin enrichment is used to pull down the fragments containing an adaptor that
marks the junction. These fragments are sequenced from both ends, reading inwards towards and
sometimes through the junction adaptors. The adaptor sequences must be removed before aligning
the reads to the reference genome.
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were discarded, since these were more likely to map spuriously downstream. The gel-
plus libraries were found to have a very high proportion of duplicate read pairs (Table

4.A.3), and so only the gel-free library was used in the scaffolding described below.

4.2.2.2 BACs and fosmids

Wes Warren (Washington University, St Louis) provided us with the end sequences
of BACs and fosmids from the original platypus genome assembly. The reads had a
mean length of 788bp with a standard deviation (s.d.) of 138bp. The mean insert
size was 28.68kb (s.d. 10.4kb) for the fosmids and 126.8kb (s.d. 54.9kb) for the BACs
(see Figure 4.A.1).

4.2.2.3 Moleculo data

We also obtained long reads from sample N721, produced using I[llumina’s Moleculo
technology. In this protocol, genomic DNA is fragmented to about 10kb, and the
fragments are amplified, sheared, marked with a unique barcode, and sequenced.
The short reads originating from each molecule are then assembled into synthetic
long reads. We obtained ~1X coverage in reads over 7kb, and about ~4X coverage
in reads over 0.5kb (Figure 4.A.2).

4.2.2.4 De novo assembly

We assembled the Illumina paired-end data de novo using ABySS (Simpson et al.,
2009). Three different sets of samples were used as input: 1) three males with the
highest coverage available at the time (F3M: N701, N702 and N705), 2) three females
with the highest coverage (F3F: N703, N704, N712) and 3) the male used for the
mate pair and Moleculo sequencing (N721). The ABySS parameters used were as
follows: n=3, m=20, s=100, and k=64, 72 or 80. The de novo assemblies produced
were considerably more fragmented than the reference genome, but the contigs from
six different assemblies (F3M with k=64, 72 or 80, F3F with k=64 or 72, and N721

with k=72) were used for gap filling, as described in the next section.

4.2.2.5 Rescaffolding and gap filling

Our procedure for rescaffolding and gap filling is illustrated in Figure 4.9. We first
broke the platypus reference genome, ornAnal, into its original contigs and used

Stampy (Lunter and Goodson, 2011) to map the mate pairs and the paired-end reads
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Step 1: Scaffolding Step 2: Scaffolding Step 3: Scaffolding
with long mate pairs with BACs and fosmids and gap filling with Moleculo
reads and de novo contigs
~_~ long mate pair [] ornAnail contig
\__~ BAC/fosmid [] stage 1 scaffold
Moleculo read/ [ ] stage 2 scaffold
de novo contig [] stage 3 scaffold

Figure 4.9: Rescaffolding and gap filling procedure to improve the reference
genome.

7. To minimise downstream errors resulting from

from the first 22 samples to these
incorrectly mapped reads, we retained only read pairs that mapped with a mapping
quality (MAPQ) greater than 30, and from which at least 50bp of each 100bp or
150bp read mapped outside an annotated repeat. (We lifted over the coordinates of
the repeats identified by RepeatMasker in the ornAnal scaffolds to their constituent

contigs.)

Next we used SSPACE v3.0 (Boetzer et al., 2011) to join the contigs into new
scaffolds using the information from the paired-end and mate pair libraries (Figure
4.9). This algorithm works by first identifying putative pairs of neighbouring contigs
such that the distance between them satisfies the range set by the user. We set the
range to be between the 1st and 99th percentile of the distribution of insert sizes
for each library separately. SSPACE then builds scaffolds iteratively by combining
contigs if a minimum number of read pairs, k, supports the connection. We used
k = 5. The scaffolds produced by this process are henceforth referred to as Stage 1
scaffolds.

We then mapped the BACs and fosmids to these Stage 1 scaffolds using bwa mem
(Li, 2013) and retained the best alignment for each read. This left us with 0.06X
and 0.1X coverage by BACs and fosmids respectively (3.4X and 2.3X if we consider
the average number of read pairs spanning each position in the genome). We then

ran SSPACE a second time to produce Stage 2 scaffolds, permitting insert sizes of

“Only 22 samples were available at the time this rescaffolding was done.
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1-50kb for the fosmids and over 50kb for the BACs. We set k = 2, a lower threshold

than was used with the mate pairs and paired-end reads, since the coverage was lower.

Our final step was to incorporate the Moleculo reads for gap filling. We decided to
supplement these with the de novo-assembled contigs of length greater than 500bp,
treating these as long reads. PBJelly (English et al., 2012) was used to fill gaps within
the Stage 2 scaffolds and do further scaffolding to produce Stage 3 scaffolds. This
algorithm first aligns long reads to the input scaffolds using BLASR (Chaisson and
Tesler, 2012). It then identifies reads that map across or at the edge of gaps, and
uses these to close the gap or extend its flanks. We specified that all gaps should be
considered (using -minGap==1). SSPACE inserts a gap of length 1bp if the mean
insert size of the read pairs indicate that two contigs should be merged but no overlap
is found. To avoid PBlJelly classing these as “overfilled” because the sequences that
extend the flanks do not have an identifiable overlap but have a total length greater
than the predicted gap size, we arbitrarily set the lengths of such gaps to be 200bp.
The BLASR parameters used for mapping the reads were as follows: -minMatch 8
-sdpTupleSize 8 -minPctldentity 95 -bestn 1 -nCandidates 10 -maxScore -500 -nproc
5 -noSplitSubreads -maxMatch 30 -maxAnchorsPerPosition 50.

To assign the Stage 3 scaffolds to chromosomes as far as possible, we took the end
sequences of BACs that had been placed on chromosomes using FISH in the origi-

nal genome project, and mapped these to the new scaffolds using bwa mem (Li, 2013).

4.2.3 Mapping

The Stage 3 scaffolds produced by PBJelly were used as a new reference genome that
we will call ornAnal.2, on which all other analyses described in this chapter were
carried out. We mapped the paired-end data from all 58 samples to this reference
using Stampy (Lunter and Goodson, 2011). Duplicates were removed using Picard

(http://picard.sourceforge.net).

4.2.4 Variant calling

Variant calling was performed on the scaffolds longer than 50kb (67.7% of the genome)

using three different callers, each one applied to all 58 samples jointly.
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We used the GATK UnifiedGenotyper (DePristo et al., 2011) to call SNPs and
indels separately, and then used the VariantAnnotator to annotate SNPs that failed
a set of filters based on coverage, read mapping quality, proximity to indels (< 20bp
from an indel), proximity to other SNPs (> 3 SNPs within < 10bp), and other met-
rics (shown in Table 4.A.4). Where appropriate, these filters were adjusted to deal
with X-linked scaffolds (see Section 4.2.7). SNPs that failed any of these filters were
removed. The GATK SNP sets before and after filtering are described henceforth as
“GATK raw” and “GATK PASS”. For some purposes, we used a further filtered set
in which the genotypes in the GATK PASS set were set to missing if the genotype
quality (GQ) was less than 20 (“GATK PASS with GQ filter”). The selection of this
threshold is described in Section 4.3.2.

To produce a more stringent set of SNPs, we used CORTEX, a graph-based ap-
proach that avoids some problems inherent in reference genome-based methods, such
as spurious heterozygous SNPs due to underrepresented repeats (Igbal et al., 2012).
CORTEX requires a considerable amount of memory to run; we used a server with
2Tb of RAM. The final step in the CORTEX pipeline involves mapping the sequence
immediately 5’ of each variant to the reference genome to identify its position and
determine the reference and alternate alleles. In doing so, it flags variants with low
mapping quality or with more than two alleles, variants that overlap another variant,
and variants at which none of the alleles match the reference. We removed SNPs that
failed any of these filters, or that were identified as being sequencing errors or being
due to repeats. The remaining SNPs are referred to henceforth as the “CORTEX
PASS” set.

The analysis in Section 4.3.2 suggested that, at SNPs called by both GATK and
CORTEX, the GATK genotypes were more accurate. We thus produced a stringent
callset by using the SelectVariants module from GATK to extract the GATK PASS
SNPs that were also called by CORTEX, taking the GATK genotypes at these sites,
and setting those with GQ less than 20 to missing. We removed any SNPs at which

the reference individual, N725, was called as 1/1 (homozygous for the alternate allele).

For comparison, we also called variants with Platypus v0.8.1 (Rimmer et al., 2014).
We retained only SNPs that passed all of the in-built filters, which are similar to those
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used for GATK (Table 4.A.4), to make a “Platypus PASS” callset. We took the in-
tersection between the Platypus PASS SNPs and the CORTEX PASS SNPs, retained
the Platypus genotypes, and set those with GQ less than 20 to missing.

4.2.5 Identifying relatives

To identify relatives among the sampled individuals, we ran KING (Manichaikul et al.,
2010), which uses the number of SNPs that are identical-by-state 0, 1 or 2 to estimate
the kinship coefficient. For each population (North Queensland, Barnard, Shoalhaven,
Wingecarribee+Fish, and Tasmania) we removed SNPs from the GATK/CORTEX
intersection set with minor allele frequency (MAF) < 0.05 across that population,
and then ran KING-homo, which assumes a homogenous population. For several
of the population genetic analyses described below (Fsr and nucleotide diversity
calculations; STRUCTURE), we removed one individual from each relative pair (up
to and including third-degree relatives), leaving 42 individuals (shown in blue in Table
4.2). Specifically, we removed N713, N719, N720 and N721 from the Barnard River;
N703 and its duplicate, N749, from Dirran Creek; N727, N734, N741, N742, N757
and N760 from the Shoalhaven River; N732 and N744 from the Wingecarribee River;
N736 from the Fish River (Taronga Zoo); and N756 from Brumby’s Lake in Tasmania.

4.2.6 Population genetic analyses

All these analyses were restricted to scaffolds longer than 50kb which were unambigu-
ously classed as autosomal or pseudoautosomal (see Section 4.2.7 below), and had no

putative Y-homologous regions (Section 4.2.8). Unless otherwise specified, we used
the GATK/CORTEX intersection callset with the GQ filter.

We used EIGENSOFT v6.0.1 (Patterson et al., 2006) to estimate Fgr between
populations® and to run a Principal Components Analysis (PCA). We ran STRUC-
TURE (Pritchard et al., 2000) with the admixture model for £ = 1,2,3,...10. For
these analyses, we took the GATK/CORTEX intersection callset with the GQ filter
and removed SNPs with MAF < 0.05 or over 10% missingness across all 42 unrelated
samples, leaving us with 1,045,508 SNPs. We also created an LD-pruned SNP set by
using PLINK (Purcell et al., 2007) to thin the SNPs on each scaffold. Specifically, for

windows of 50 SNPs, we removed one of each pair of SNPs if the 2 between them

8This uses Hudson’s estimator, following the recommendations of Bhatia et al. (2013).
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was greater than 0.1, and then shifted the window 5 SNPs forward (PLINK option:
——indep-pairwise 50 5 0.1). This left us with 58,784 SNPs.

We ran PSMC to investigate historical population sizes (Li and Durbin, 2011).
For this we used the GATK PASS callset, since we could determine how much of the
sequence was truly “callable” by applying the same filters (i.e. those based on cover-
age, mapping quality etc. described in Section 4.2.4 and Table 4.A.4) to all positions
along scaffolds. PSMC operates on 100bp bins which are classed either as containing
at least one heterozygous SNP, containing no heterozygous SNPs, or having too much
missing data. We tried using different cutoffs for missingness (> 10%, 50% or 90% of
bases per bin callable) and also restricting the analysis to scaffolds of different sizes
(> 50kb, 500kb, 1Mb, or 2Mb) (Figure 4.A.21). For scaling the output, we used
for the mutation rate u = 1.2x1078 /bp/generation, taken from estimates in humans
(Scally and Durbin, 2012), and, for the generation time, g = 10 years, taken from
Furlan et al. (2012).

4.2.7 Identifying X-linked scaffolds

To identify scaffolds that were X-linked, we compared the coverage between males and
females. First, for each sample, we calculated the mean coverage across each contig
(excluding reads with MAPQ = 0) within the 6159 scaffolds longer than 50kb, and
then divided this by the mean genome-wide coverage for that sample to give “scaled
coverage”. We then took the average scaled coverage across males and across females
and calculated their ratio for each contig. The distribution of this ratio was clearly
bimodal (Figure 4.10). We classed contigs as X-linked if they had a male-to-female
scaled coverage ratio less than 0.7 and if the p-value from a t-test of the difference
in scaled coverage between males and females was less than 0.01. If the ratio was
greater than 0.7, we classed the contig as (pseudo)autosomal, since we could not dis-
tinguish PARs and autosomes based on coverage. Then, for each scaffold, if all of the
constituent contigs had been classed as X-linked, we classed the scaffold as X-linked,

and similarly for (pseudo)autosomal scaffolds.
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Figure 4.10: Assigning scaffolds as autosomal or X-linked. A) The distribution
of the ratio of scaled coverage per contig in males to females was clearly bimodal.
Contigs for which this ratio was less than 0.7 and that had a p-value from a t-test
of the difference in scaled coverage between males and females less than 0.01 were
assigned as X-linked. B) Scaffolds were then assigned as X-linked, autosomal (or
PAR), or ambiguous on the basis of their constituent contigs. C) and D) show the
median scaled coverage per contig across two scaffolds, with red lines representing
females and blue lines representing males. Scaffold 57 was classified as autosomal
(or PAR). Scaffold 179 was X-linked for most of the scaffold but transitioned into
a region with equal coverage in males and females in the last ~100kb, suggesting it
contained a PAR boundary (see Section 4.3.4).
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4.2.8 Identifying regions homologous to the Y chromosomes

While examining putatively X-linked scaffolds, we detected regions in which all males
had dense heterozygous SNPs at which all females were homozygous reference. We
inferred that these were due to reads from the Y chromosomes, which are missing
from the reference, mapping to the homologous region on an X chromosome. To
detect these regions genome-wide, we applied the following heuristic algorithm to the
GATK raw callset?:

1. Specify the set of samples required to have heterozygous genotypes (Set 1 - see
definition of sets below) and the set of samples required to have homozygous

reference genotypes (Set 2).
2. For each scaffold longer than 50kb:

e Identify any SNPs that are heterozygous in all samples in Set 1 and ho-

mozygous reference in all samples in Set 2 (“X-Y divergences’).

e Move along the scaffold in windows of 50 SNPs, incrementing by one SNP
at a time; if > 25% of SNPs in the window are putative X-Y divergences,
flag that window.

e Merge any overlapping windows, and refine their boundaries such that the

outermost SNPs are X-Y divergences, to produce putative “Y homologous
regions” (YHRs).

We initially ran this algorithm to detect SNPs that were heterozygous in all males
and homozygous reference in all females. Then, to allow for the possibility of poly-
morphism between or within populations, we ran it using the following sets of samples
as Set 1 versus all other samples as Set 2: all except n males, where n ranges from
1 to 10; Barnard males; Barnard + Gwydir males; Shoalhaven males; Shoalhaven +
Wingecarribee + Fish males; North Queensland males; Queensland males; mainland
males; Queensland + North New South Wales males; New South Wales males; Shoal-
haven + Wingecarribee + Fish + Tasmania males. We did not use the Tasmanian

males alone because it seemed likely that this would lead to spurious classification of

9We used this less stringent callset since many of these apparent heterozygous SNPs were removed
by our filtering procedures due to being high density or due to the reads’ low mapping quality.
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regions as YHRs simply because there was a particular haplotype segregating in Tas-

mania for which the males (five of the six samples) all happened to be heterozygous.

Having identified possible YHRs using this algorithm, we looked at the scaffolds
containing them in the Integrated Genomics Viewer (IGV) (Thorvaldsdottir et al.,
2012), and manually refined the boundaries of PAR/autosomal regions, X-specific
regions, and YHRs.

4.2.9 Gene identification and synteny

We took the Ensembl gene annotations from ornAnal and used BLAST to align the
genes’ exons to the new ornAnal.2 scaffolds. We determined the best BLAST hit
for each exon, and then identified the genes from which all or nearly all exons were
aligned on the same scaffold in the correct order. To try to place scaffolds of interest
on chromosomes using synteny, we took the genes on those scaffolds and extracted

their predicted orthologs in chicken and human using Ensembl.

4.3 Results

4.3.1 Improving the platypus reference genome

In the early stages of this project, we detected several types of likely errors in the
platypus reference genome, ornAnal (Warren et al., 2008). Figure 4.11 shows one
of these: a change in the male-to-female coverage ratio along a scaffold assigned to
chromosome 14, suggesting a misassembly or incorrect chromosome assignment in the
FISH data from the original genome project. Another indication of errors was that,
when we started investigating fine-scale recombination rates!®, we observed many
peaks in rate which, when scrutinised closely, were found to be caused by scaffold-
ing errors that produced an apparent breakdown in linkage disequilibrium over short
distances (Figure 4.12). The fact that the genome assembly was so fragmented also

impeded many analyses. Thus, we decided to try to improve it.

We suspected that the majority of errors occurred during the scaffolding stage,

rather than in making the contigs, and our observations in the early recombination

10 Analyses of fine-scale recombination are ongoing and will not be presented in this thesis.
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Figure 4.11: Coverage for the first nine samples along a scaffold assigned
to chromosome 14 in ornAnal. The drop in male relative to female coverage
at around 1Mb suggests either a misassembly or misassignment. The coverage was
scaled as described in Section 4.2.7. Note that it appears slightly higher than 1
in pseudoautosomal/autosomal regions and slightly higher than 0.5 for males in X-
linked regions because the scaling is done using a genome-wide average that included
positions that have Ns (i.e. gaps), so this average is slightly underestimated.
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Figure 4.12: Example of a spurious recombination hotspot caused by a mis-
assembly in ornAnal. The line in the top track indicates the recombination rate
in p/kb estimated with LDHat (McVean et al., 2004). The next two tracks show
sequencing reads from the mate pair library and a paired-end library, represented as
grey bars if the insert size is within the expected range, green bars (connected with
long green lines) if the read mapping indicates an intra-chromosomal translocation,
or bars in colours other than green if one of the pair maps to a different scaffold. The
green read pairs indicate that one contig (in the red box) has been inserted in the
wrong place, instead of in the position indicated by the red arrow. This has caused
an apparent breakdown in linkage disequilibrium, leading to increases in the recom-
bination rate. The pileup along the top of the read tracks indicates coverage, with
coloured lines indicating differences from the reference sequence.
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analyses supported this. Therefore, we broke the original scaffolds into their con-
stituent contigs (i.e. at the gaps), rescaffolded these using paired-end reads, mate
pairs, BACs and fosmids, and then filled gaps and did further scaffolding with long
Moleculo reads and de novo assembled contigs (method described in Section 4.2.2.5
and illustrated in Figure 4.9). We tried to be stringent while doing the rescaffolding
by ignoring paired-end and mate pair reads that mapped primarily inside repeats,
since these could lead to our making incorrect joins between contigs!!. We refer to

the resultant assembly as ornAnal.2.

After this rescaffolding, the distribution of scaffold lengths was similar to that in
the original assembly, but with fewer scaffolds over 1Mb (Figure 4.13; Figure 4.A.3).
Eighty of the scaffolds, totalling 47.7Mb, could be assigned to chromosomes using
the FISH data. We managed to fill a substantial fraction of intra-scaffold gaps using
Moleculo reads and de novo contigs (Table 4.4). The filled gaps were substantially
enriched for repeat elements, particularly LINEs, compared to the rest of the genome.
Whereas in ornAnal, 20% of the sequence was composed of LINEs, this proportion
was 31% for sequence in filled intra-scaffold gaps and 51% for sequence in filled inter-
scaffold gaps (Table 4.A.5). This is consistent with the finding in the original genome
paper that contigs tended to end in LINEs and SINEs, presumably due to their higher

GC content and the difficulty in assembling over repeats.

Table 4.4: Number of gaps filled using long Moleculo reads and de novo
contigs. In the last step of our rescaffolding pipeline described in Section 4.2.2.4,
PBJelly (English et al., 2012) was run on the Stage 2 scaffolds to try to fill gaps and
join together scaffolds. As a result of this, gaps were either filled, had one or both
flanks extended, or were “overfilled”, meaning that the sequences extending the flanks
did not have an identifiable overlap but had a total length greater than the predicted
gap size. Some scaffolds were extended but not joined to other scaffolds (rightmost
column).

result intra-scaffold gap (% of inter-scaffold unjoined

all such gaps) gap scaffold
gap filled 36,728 (18.5%) 26,232 NA
one flank extended 20,704 (10.4%) 629 49,253
both flanks extended 11,766 (5.9%) 849 NA
gap overfilled 11,312 (5.7%) NA NA

1We detected some spurious joins when using less stringent criteria for scaffolding.
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Figure 4.13: Proportion of genome in contigs or scaffolds over different
lengths. See Section 4.2.2.4 for a description of the rescaffolding. Stage 2 scaffolds
are not shown because their length distribution was almost identical to that of the
final ornAnal.2 (Stage 3) scaffolds.
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Although we failed to produce more long scaffolds through our reassembly process,
we did remove some of the scaffolding errors present in ornAnal. We were able to as-
sess this using inheritance patterns in a family quartet (two parents + two offspring)
which we found amongst the samples from the Shoalhaven River!?. Specifically, we
counted changes in the pattern of inheritance in the two offspring (“switches”), which
represent either crossovers or switch errors. The density of these depends on the num-
ber of informative SNPs (i.e. SNPs at which one parent is heterozygous and the other
homozygous). The mean number of switches per informative SNP was 25% lower in
ornAnal.2 than in ornAnal, indicating that the reassembly had eliminated some of
the errors (Table 4.A.6). However, the error rate in ornAnal.2 is still quite high, and
so we are trying to make further improvements to the genome using PacBio long read
data and also a HiC-based method from Dovetail Genomics (Putnam et al., 2015).
At the time of writing, these data are not yet available. Thus, the results in this

thesis will be based on the ornAnal.2 assembly.

4.3.2 Variant calling in population samples

We ran three different variant callers on our 58 samples: GATK (DePristo et al.,
2011), Platypus (Rimmer et al., 2014) and CORTEX (Igbal et al., 2012), as described
in Section 4.2.4. Analysis with KING indicated that we had sequenced a duplicate
sample (N703 = N749), as well as a whole family quartet (Figure 4.A.4; Table 4.A.7).
We could therefore use these samples, along with the father-daughter pair from the
Fish River (via Taronga Zoo), for quality control (QC) on our different callsets. For
the analyses in this chapter, we used only SNPs and discarded indel calls, since these
were more likely to be erroneous and were not necessary for the analyses presented

here.

With the CORTEX PASS calls alone, the rate of discordant genotypes between
N703 and its duplicate sample N749 was unacceptably high (1.8%) (Table 4.5), as
was the Mendelian error rate (1.5% in the quartet) (Table 4.6). The Mendelian error
rate was also high for the GATK PASS calls (1%), but better for the Playpus PASS
calls (0.3%). We found that taking the SNPs called by both GATK and CORTEX

12 Although we did not intend to collect relatives, perhaps, in hindsight, it is not surprising that
we picked some up, given the dense sampling in the Shoalhaven River. This is discussed further in
Section 4.4.
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and retaining the GATK genotypes at those SNPs greatly improved both the geno-
type concordance between the duplicate samples and the Mendelian error rate. The
same was true when we took the Platypus/CORTEX intersection. When we set any
genotypes with GQ less than 20 to missing, this further improved the QC metrics in
the GATK/CORTEX and Platypus/CORTEX intersection. Applying a GQ thresh-
old to the CORTEX genotypes was not satisfactory, since GQ was found to be highly
correlated with genotype (Figure 4.A.5), so setting a GQ threshold of, for example,
10, would lead to the exclusion of half of the homozygous calls, but a much smaller
proportion of heterozygous calls. In contrast, with GATK and Platypus, GQ was
not so strongly associated with genotype (Figures 4.A.6 and 4.A.7), and setting a
GQ threshold of 20 eliminated about 80% of the discordant genotypes between the
duplicate samples in the GATK/CORTEX and Platypus/GATK intersections (Table

4.5), without removing a large number of genotypes that were likely correct.

The discordant calls are dominated by SNPs at which N703 is called as heterozy-
gous and N749 is called as homozygous for either the reference or alternate allele, or
at which N749 is called as heterozygous and N703 is called as homozygous for either
the reference or alternate allele (IBS1 calls in Table 4.5). We can get a sense of the
cause of errors in each callset by looking at the coverage and the fraction of reads
carrying the alternate allele at SNPs with concordant versus discordant genotypes
in the duplicate samples. Examining the discordant calls, we see that in the COR-
TEX calls, the sample called as heterozygous tends to have higher coverage than the
sample called as homozygous (Figure 4.A.8), and the fraction of reads carrying the
alternate allele is centred around 0.5, as expected (Figure 4.A.9). This suggests that,
at those SNPs, the heterozygous genotype is the correct one, and CORTEX should
have set the other sample’s genotype to missing rather than call it as homozygous.
In contrast, in the Platypus and GATK calls, the heterozygous genotype at these
discordant SNPs tends to have lower GQ (Figures 4.A.6 and 4.A.7), lower coverage
(Figures 4.A.10 and 4.A.11), and a skewed alternate allele fraction (Figures 4.A.12
and 4.A.13), suggesting that the heterozygous call is incorrect.

A subset of the Mendelian errors presented in Table 4.6 are de novo mutations.
Table 4.7 shows the number of putative de novo mutations for the two offspring in
the quartet. For the less stringent callsets, many of these are likely genotyping errors,
but a subset are probably real. We expect that those seen in the most stringent

callsets are more likely to be truly de novo. For population genetic analyses, it would
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be useful to calculate the mutation rate, but to do this, we need to know what
proportion of the genome (or, in this case, of the autosomal scaffolds over 50kb) is
actually callable. This is not straightforward to determine for the callsets involving
CORTEX or Platypus, but for the GATK-only callsets, we can determine this by
simply applying the same filters (see Section 4.2.4 and Table 4.A.4) to all positions
in the genome. Using the GATK PASS calls with GQ filter (GQ > 20), and ignoring

the putative de novos seen in both offspring, which are likely spurious, we estimate:

N. putative de novos for N742 + N. putative de novos for N757

~ N. sites callable in N742 & parents + N. sites callable in N757 & parents
66 + 103

~ 872184858 + 883117446

0

~ 9.6x107® /bp/generation.

The true mutation rate in this quartet is probably somewhat lower than this,
since, as we noted earlier, GATK, when used alone, seems to over-call heterozygous
sites. If we use the GATK/CORTEX intersection callset with the GQ filter but gen-
erously assume the callable region (the denominator) is the same as used for the
GATK PASS calls with GQ filter, we estimate that p = 1.2x1078/bp/generation,
which is exactly the estimate given for humans by Scally and Durbin (2012), who
took an average of the number of de novo mutations found in several trio sequencing
studies. Since the callable region (the denominator) is, in reality, much reduced with
CORTEX, the true mutation rate for this quartet is probably somewhere between
1.2x107% and 9.6x 1078 /bp/generation. We intend to try to validate the putative de
novo mutations from the less stringent callset (GATK PASS calls with the GQ filter)
using an independent technology, Sequenom, to give us a more accurate estimate, but

the data are not yet available.

Overall, the GATK/CORTEX and Platypus/CORTEX intersections with the GQ
filter had similar rates of error. We used the GATK/CORTEX intersection with GQ

filter for the analysis in this chapter, except when otherwise noted.

Surprisingly, using this stringent callset, a large number of SNPs (65,542) were
called as homozygous for the alternate allele (1/1) in N725 (Glennie), the reference
individual. SNPs that were called 1/1 in all samples had already been removed during
filtering'®, so 1/1 calls remaining in N725 cannot be simply attributed to errors in
the reference. We examined about 10 of these SNPs in IGV and could not identify

130f the 16,762,328 SNPs in the GATK raw SNP set, 193,992 (1.15%) were fixed for 1/1 in all
samples (presumably reference errors) and 677,611 were 1/1 in N725 (4.04%).
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Table 4.7: Number of putative de novo mutations in different callsets. These
have been filtered to remove any SNPs at which either parent had one or more reads
containing the alternate allele, or which were seen in any of the other 57 samples.
The rightmost column shows the number of SNPs that were heterozygous in both
offspring and homozygous reference in all other samples. These could be due to
mutations mosaic in a parent, present at low frequency or not at all in the sampled
tissue, but they are more likely technical artefacts (i.e. the alternate allele was missed
in the parent it was inherited from).

SNP callset N742 only NT757 only both

CORTEX PASS 143 179 112

GATK PASS 102 161 53

GATK PASS with GQ filter 66 103 21
GATK/CORTEX intersection 9 18 3
GATK/CORTEX intersection with GQ filter 6 15 1
Platypus PASS 62 83 26
Platypus/CORTEX intersection 8 17 3
Platypus/CORTEX intersection with GQ filter 7 17 3

any problems with them. We checked whether the SNPs called as 1/1 in N725 tended
to fall between contigs, in sequence that had been filled in with Moleculo reads from
NT721 or with the contigs assembled de novo from other samples, but only 1.6% of
them were within 100bp of the end of a contig. These SNPs tended to have higher
alternate allele frequencies than SNPs called as 0/0 (homozygous for the reference
allele) or 0/1 (heterozygous) in N725 (Figure 4.14A). They had a very similar distri-
bution of coverage and of GQ to the 0/0 SNPs (Figure 4.14B,C), speaking against the
idea that they were just under-called heterozygous SNPs. Only 2,627 of the 65,642
(4.0%) had any reads with the reference allele (compared to 55,913 of the 2,080,056
0/0 SNPs (2.7%)). The reads supporting the alternate allele had a shift towards
lower MAPQ than those supporting the reference allele (Figure 4.14D). There was a
small but significant enrichment of 1/1 SNPs in repeats (odds ratio = 1.025, p=0.007
in Fisher’s exact test). However, none of these metrics could explain a substantial
proportion of these SNPs. We think it is possible they are due to reads mapping
in collapsed paralogues or repeats that have not been annotated by RepeatMasker,
but we find it difficult to see why this would not result in 0/1 rather than 1/1 calls,
and why the SNPs do not have systematically higher coverage. The 1/1 SNPs are
slightly more clustered than random SNPs (Figure 4.15). They also show an unusual
pattern of substitutions (Figure 4.16). Whereas the stringent SNPs set as a whole
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is dominated by C-to-T substitutions, particularly at CpG sites, presumably due to
the spontaneous deamination of methylated cytosines, the SNPs 1/1 in Glennie are
depleted for these and enriched for T-to-C substitutions. The significance of this is
not clear. Thus, we do not have a satisfactory explanation for the large number of
1/1 calls in Glennie, but since, by the metrics described earlier, this callset seemed to
have high quality genotypes, we decided to proceed with other analyses, from which
we excluded these suspect SNPs.

One might be concerned that variation in coverage between samples (Figure 4.8)
would lead to artifactual results due to differences in power to call SNPs. There is
clearly an inverse correlation between the level of coverage and proportion of missing
SNP calls, but there is no strong relationship between coverage and the proportion of
SNPs called heterozygous or homozygous for the alternate allele (Figure 4.17). This
suggests that the coverage levels and filtering criteria chosen were sufficient to avoid

biases in SNP calling, and so this is unlikely to have a substantial effect on results.

4.3.3 Population structure, diversity and history

For the analyses in this section (unless otherwise noted), we reduced our 58 samples
to a subset of 42 unrelated samples, removing one from each relative pair in Table
4.A.7 so as to maximise the number of samples. The samples retained are indicated
in blue font in Table 4.2. We first ran a PCA to summarise the genetic variation.
Figure 4.18 shows the first two principal components (PCs) when all SNPs are used,
after filtering on MAF and missingness, as described in Section 4.2.6. The first PC
separates the Tasmanian from the mainland samples, and accounts for 34.5% of the
variation, while the second separates the mainland samples on a north-south axis
and accounts for 12.4%. If we prune the SNPs based on LD, the first two PCs are
exchanged (Figure 4.A.14) and together account for only 14.6% + 13% = 27.6% of the
variation. This is due to the removal of many SNPs which are fixed for the alternate
allele in Tasmania versus the mainland and are therefore in perfect LD with each

other.
In order to explore differences between populations, we divided the samples into

five groups based on a combination of these PCA results and their known geograph-

ical proximity to one another. These five groups, and four more general groups, are
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Figure 4.17: Effect of coverage on SNP missingness and genotypes. These
plots show proportion of SNPs in the stringent SNP set that are missing (A), het-
erozygous (B) or homozygous for the alternate allele (C) wersus coverage for each
sample. The samples are coloured by population.

indicated in Table 4.2. The groups show different levels of nucleotide diversity'4, =
(Nei and Li, 1979), ranging from 7.04 x 10~* in the North QLD population to about
1.3 x 1072 in the Barnard and Shoalhaven rivers (Table 4.8). A large proportion of
the SNPs segregating in each population are only polymorphic in that population
(Figure 4.19): 33% of those in North QLD, 29% in North NSW, 37% in Central NSW

and 74% in Tasmania.

There was high Fgsr between the different population groups, with the highest
value between Tasmania and North QLD (0.792) and the lowest between the Winge-
carribee and North NSW populations (0.085) (Table 4.9).
slightly lower when we pruned SNPs based on LD, presumably because of the re-

The Fgr values were

moval of many fixed differences between populations. There were are large number
of fixed differences between both the Tasmanian and North QLD populations and
the reference (Figure 4.A.15): 15.2% of the ~2.3 million SNPs segregating in the
fifty-eight samples were fixed for the alternate allele in the five unrelated Tasmanian

samples, and 4.1% were fixed in the seven unrelated North QLD samples.

We applied STRUCTURE (Pritchard et al., 2000), a Bayesian model-based clus-
tering algorithm, to identify subpopulations and assign the samples to them without

using any prior information. Figure 4.20 shows the results from an admixture model

14The nucleotide diversity is the average number of nucleotide differences per site between any
two DNA sequences chosen randomly from a sample population.
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Table 4.8: Nucleotide diversity (7) in different populations. Note that the
number of callable bases was only determined accurately for the GATK PASS SNPs.
The same number was used to calculate 7 for the GATK/CORTEX intersection with
GQ filter, although the true number of callable bases is probably much lower for this
callset, and thus 7 has been underestimated. Note that North NSW is Barnard +
Gwydir, and Central NSW is Shoalhaven + Wingecarribee + Fish Rivers.

Population N. samples m x 1000
GATK GATK/CORTEX
PASS intersection with GQ filter
North QLD 7 0.704 0.131
Barnard 10 1.370 0.273
North NSW 11 1.386 0.277
Shoalhaven 12 1.342 0.273
Central NSW 15 1.398 0.284
TAS 5 0.796 0.162
all 42 1.674 0.348

Table 4.9: Fgr between different populations. The black numbers below the
diagonal are calculated using SNPs before LD pruning, and the blue ones above the
diagonal are calculated after LD pruning (see Section 4.2.6).

%Of:gl 1;%10\;}; Wingecarribee ~ Shoalhaven TAS

North QLD - 0.337 0.337 0.371 0.682

North NSW 0.388 - 0.078 0.128 0.472

Wingecarribee 0.394 0.085 - 0.081 0.461

Shoalhaven 0.427 0.147 0.09 - 0.48
TAS 0.792 0.658 0.652 0.659 -
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Figure 4.19: Venn diagram showing number of SNPs segregating in different
populations. The numbers in parentheses are the total numbers of segregating
SNPs in the unrelated samples from that population, out of the ~2.3 million SNPs
segregating in the 58 samples.
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in which individuals are allowed to have membership in more than one of the K
populations, or clusters. For K = 2, the clusters are anchored by North Queensland
and Tasmania, with the Central QLD and NSW populations inferred to be a mixture
of these two. The next cluster at K = 3 corresponds to these Central QLD and
NSW individuals, and at K = 4, the North NSW individuals are delineated (Barnard
and Gwydir), along with individuals from the Fish and Wingecarribee Rivers. The
additional cluster at K = 5 contributes the majority of the ancestry of the Central
QLD individuals, as well as a small amount to the samples from the Running River
(originally classed as North QLD on the basis of the PCA results, although it should
perhaps be classed as Central QLD since it is from the same river system as the Bro-
ken River individuals - see Figure 4.7), the Gwydir River (North NSW), and the Fish
and Wingecarribee Rivers (both Central NSW). We tried running STRUCTURE with
K = 6,...,10 but found that the proportion of ancestry assigned to the additional
clusters was always very low in all samples, and the posterior mean was close to 0,
so, although slightly higher log likelihoods were observed for some runs at K = 8, we
think that the simpler model with K = 5 represents the data well.

The most striking point in this figure is that the Wingecarribee and Fish River
samples look more similar to the Gwydir and Barnard samples than they do to the
Shoalhaven samples, despite being geographically closer to Shoalhaven (see Figure
4.7). This is consistent with the clustering seen on the PCA. Additionally, we see
some similarity between the samples from the Broken River and from Carnarvon
Creek, despite these waterways being several hundred kilometres apart and on dif-
ferent sides of the Great Dividing Range. We discuss possible explanations for the

observed similarities in Section 4.4.

To explore the demographic history of the different populations, we applied the
Pairwise Sequentially Markovian Coalescent (PSMC) method of Li and Durbin (2011)
described in Chapter 1 to each of the 57 unique samples. Figure 4.21 shows estimates
of N, from each sample at a series of time intervals. These estimates were scaled
using a mutation rate, u, of 1.2x1078/bp/generation, the estimate given by Scally
and Durbin (2012) for humans (which also happens to be the same as the conser-

vative estimate from the platypus quartet)'® and a generation time of g = 10 years,

15 Arguably, we should use the neutral substitution rate, which is likely to be lower than the de
novo mutation rate since some de nmovo mutations will be eliminated by purifying selection. On
the other hand, the substitution rate might be expected to change as N, changes, due to different
efficacy of selection. Thus, for the analysis here, we use an estimate of the de novo mutation rate,
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excluded from the groupings used in Tables 4.8 and 4.9 and Figures 4.19 and 4.A.15.
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from Furlan et al. (2012). The p parameter affects the scaling on both the X- and
Y-axes (representing time and N, respectively), and ¢ affects the X-axis. Although
the p value we have used may differ from the true value by several fold, and g may be
off by several years, changing these parameters will affect estimates from all samples
equally (assuming all populations have the same true p and g) (Figures 4.A.16 and
4.A.17). Thus, although we should not draw any firm conclusions about actual dates

from the PSMC results, we can still infer historical differences between populations.

The first point to note from Figure 4.21 is that individuals from the same river
show strikingly similar trajectories, supporting the precision of the N, estimates. The
samples from North and Central NSW all look very similar (Figure 4.A.18), suggest-
ing that these may have been part of the same population within the timeframe
accessible to the method!®. However, we do note that although samples from the
same population would be expected show the same N, trajectory, having the same
N, does not necessarily mean that samples are from the same population. The North
QLD samples from Dirran Creek, Rifle Creek and the Barron River appear to have
been through a strong bottleneck (Figure 4.A.19), consistent with the low nucleotide
diversity observed (Table 4.8). In contrast, the sample from Running River shows a
different trajectory without the bottleneck (Figure 4.A.19), more similar to those of
the Central QLD samples. This is consistent with the small amount of shared ancestry
observed between this sample and the Central QLD individuals using STRUCTURE
(blue component in Figure 4.20). The samples from different parts of Tasmania all
have very similar N, trajectories (Figure 4.A.20), with the exception of the most
recent timepoint (until 20,000 years ago with the p and g parameters used in this
figure), which is known to be noisy due to the low number of such recent coalescences
between two sequences (Li and Durbin, 2011). This suggests that the populations in
the Tamar and Derwent River basins, which these samples come from, diverged more

recently, and indeed, there may still be gene flow between them.

which we think it is unlikely to have changed substantially throught the history of modern platypus.
16There are insufficient coalescences between two samples in the very recent and very ancient past
to draw robust inferences in these time periods.
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4.3.4 Sex chromosomes

In the original genome assembly, four scaffolds had been assigned to X chromosomes,
specifically to chrX1 (45.5Mb scaffold), chrX2 (5.6Mb), chrX3 (6.0Mb) and chrX5
(27.8Mb). To identify X-linked scaffolds in our new assembly, we compared male and
female coverage as described in Section 4.2.7. Amongst the scaffolds over 50kb, we
found 624 unambiguously X-linked scaffolds on which the males had half the coverage
of the females, and 5348 scaffolds with equal coverage in males and females, which are
either autosomal or pseudoautosomal. There were an additional 187 scaffolds which
contained a mixture of apparently X-linked and PAR/autosomal contigs. We term
these “mosaic scaffolds”. Many of these are probably due to misassemblies, and in-
deed, we did find some inter-contig joins within these scaffolds that were only weakly

supported by the mate pairs, BACs or fosmids.

Upon closer investigation, we found that thirteen of these mosaic scaffolds had
regions of close homology to a Y chromosome (see an example in Figure 4.22). We
implemented a heuristic algorithm to detect these Y homologous regions (YHRs)
across all scaffolds (Section 4.2.8), and found them on thirty-two of the scaffolds
longer than 50kb. These thirty-two scaffolds, which are described in Table 4.A.8, had
a total length of ~17.4Mb of which ~2.9Mb was classified as YHR.

Based on the coverage, twenty of the thirty-two YHR-containing scaffolds ap-
peared to come from an X-specific region, but had YHRs across some or all of the
scaffold, in which the male and female coverage was approximately equal when the
putative chrY reads were included. Five scaffolds (Scaffolds 40, 621, 2901, 5515
and 10588) appeared fully (pseudo)autosomal, apart from some YHRs ranging from
~400bp to ~15kb long, in which the male coverage was about ~1.5 times higher than
in females. These are probably regions on an autosome or within a PAR which have

been duplicated onto a Y chromosome and then diverged.

On five scaffolds (Scaffolds 07, 101, 368, 1480, 2660), the coverage suggested that
one end was (pseudo)autosomal and the other end was X-specific, with one or more
YHRs either right at or close to the boundary, within the X-specific region (XSR).
We scrutinised the inter-contig joins on these boundaries carefully. Those over the

boundary on Scaffolds 101 and 2660 seemed likely to be spurious, but we found that

1"The numbering of the scaffolds produced by PBJelly begins at 0, and we retain this labelling to
avoid future confusion.
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those on Scaffolds 0 (Figure 4.23), 368 and 1480 were well supported by the mate
pairs (MPs) and matched, more or less, the order of contigs in ornAnal. It therefore
seems likely that these three scaffolds contain bona fide PAR boundaries, where the
PAR transitions into the XSR, and that the XSR proximal to the boundary comes
from a stratum that formed relatively recently, and thus still has substantial homol-

ogy with the Y gametolog.

Table 4.A.9 shows the levels of X-Y divergence in the YHRs we found, and Table
4.1 shows the levels in the genes reported by Cortez et al. (2014). On Scaffold 368,
the level of X-Y divergence in the YHR at the putative PAR boundary was similar to
the genes assigned to Cortez’s Stratum 6 (1 per ~18.8bp)!®. On Scaffold 1480, it was
much lower (1 per ~55.5bp). The YHRs at 1,337-1,351kb on Scaffold 179 and at the
PAR boundary on Scaffold 0 had the lowest level of X-Y divergence: 1 per ~146bp
and 1 per ~120bp respectively.

We attempted to determine which chromosomes these scaffolds came from using
the FISH data from the original genome paper, combined with synteny information
from chicken and human (Section 4.2.9; Table 5.A.10). The FISH data allowed us
to place the longest scaffold, Scaffold 0 (~6.4Mb), in the PAR of chrY2 and either
chrX2p or chrX3p (these could not be distinguished using FISH). Based on the ob-
servations described above, Scaffold 0 seems likely to span the boundary of this PAR
with the neighbouring XSR on either chrX2 or chrX3. Consistent with this, and with
Veyrunes et al. (2008) (Figure 4.6), we found synteny between Scaffold 0 and chicken
chr2. The synteny information allowed us to place, tentatively, five additional YHR-
containing scaffolds after the PAR boundary in Scaffold 0, within the XSR: Scaffolds
3642, 481, 1937, 8700 and 2552. These six scaffolds, together, are syntenic with the
region at ~64.7-73.4Mb on chicken chr2. The YHRs on Scaffolds 3642, 481, 1937,
8700 and 2552 had similar levels of X-Y divergence (all 1 per ~11-16bp), all much
denser than the YHRs on Scaffold 0, suggesting that they may form part of the same
stratum, which is older than the stratum (or strata - see below) on Scaffold 0. In
fact, Scaffold 2552 and 3642 each contained a gene whose Y gametolog was found by
Cortez et al. (2014), which they assigned to Stratum 5: PRPF4B on Scaffold 3642
and SSR1 on Scaffold 2552.

8However, note that levels of X-Y divergence within genes are probably lower than in noncoding
sequence.

140



Scaffold 0 4,460 kb 4,470 kb 4,480 kb 4,490 kb

T T T T
i o ! [ [
] [ I i | !
I I i {3 i T
Bl AR AT T [ I PO o AR A
] m " £ DDA R (A TR o Y TR [ Ty [ i
i Lo [ i [ i i |
I o B O DRI T i1 | LRI L4100 A0 08T R 1 DR N AT 1 o
females < !} ! "l ' e w1 i h [ ! f\l bovmagn e R T e e
I T IO N SN 11 1o I AT T B A R R AR ST A
AT I R T [ i T8 TR T (10 T (x| I
i i A I TR TR TN | 11 i I T T IN §
TERRIRN AR I 1 T Y TR 1 I i [ i T T
i u [ IR IR 0ol | ! nro
i T IO F 0o SRR TR AR A TR0 TR R 1 T UM 0 IR0 T A p8 GBI 1 B0 181 I
variant | ;i | " AL : MIRE [Ia i1 TR 1 \ I
calls | (e R e R R e, i1 xirm : LI L
o oo 1 i T T T On  {A  Ti YN T S  N TOY 1T  S TR WO T
N702 0 ] LTI B T T T R Y A N R L TR T O T T R ST R
T o [ T T IO TR TN i "o TR NITTYT TR AT 1w
I | ] T T W TR T il o T ATl 1IN BT 00 W
] ORI 1Y O I T T TR T Ll I FURC R E T 1m0 B
it} 1 T T (T A TR T TR TIRE R T TR T 110110 W
I (R AR L T A T T (AR I A T FORC L THRE R Fin TR
1" I BT x COTEE WE WL i L0 B | LRI BT R 1181100
ARSI R 1 T O TR R R R Tk
males | LIy B R IR AR BRI RE RRRE N D BLEEE BERE UM kY
i [ (IR T [ TE TR T T T Y \ T T R T (81
I i (AT I 1O T R R R AT W A N AT FURC L TN E pi B 1
I [T IR SR TR 11 T (A 1T A A T T 0 Lrinm (A R T FERULE TN E T
[ I LTI T T B TR | [ VOmiEn i FURC L LN 110110 R
T T TR A T 1 IR | I ' i L TR 1T TR TITRYTTTT W |01 10
{{ipei RT I s s e g I i I o T ARIL (DR B R 1W (1010
1 i1 L I I [ \ i T NN W an L1010
1 IRV TR [ ] IR TR TR T 11 (A R} i IRV v 101 10
i TR I T o N (ISR S 1 1 I wi IR T T
i TR T [ TN I S 1 O NN R TTIOA F 1 IR T W 1|00
o [ RN TR [N N R BT 1l I T NIRRT R 1L TR
0-31
[\I ]\ wally il oo it o bbb oA oo s oo i oo st s
0
mate pairs
(N721) ! . .
E
Contigs Contig99.89 Contig99.87 Contig99.86 Contig99.85

Figure 4.23: The putative PAR boundary on Scaffold 0. The top part of the
figure shows the variant calls (GATK raw callset), with small dark blue and cyan bars
representing SNPs that are heterozygous or homozygous non-reference respectively.
Each row represents one sample, with females on the top and males underneath.
Notice the transition into a region of dense heterozygous SNPs in all males (except
N702, as discussed below). The coverage in all samples is approximately the same
across this whole region, but in males, about half the reads on the right hand side are
presumed to come from a Y chromosome. Thus, this is likely to be a PAR boundary;,
with PAR on the lefthand side, and X-specific sequence on the righthand side that still
has close homology with its Y counterpart. The bottom part of the figure shows the
mate pair reads (see legend to Figure 4.22 for an explanation), with contigs shown as
alternating green and orange bars beneath them. The assembly appears to be correct
here, since there are properly paired reads across the whole region.
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Scaffold 40 is also syntenic with a different part of chicken chr2 (~6.2-8Mb), and
Scaffold 179 contains several genes whose orthologs are in different regions of this
chromosome, including SDHA, whose Y gametolog was assigned to Stratum 6 in
Cortez et al. (2014). Another Stratum 6 gene, EDF1, is located within the YHR we
detected on Scaffold 2833, which is syntenic with chicken chr17. Thus, based on this
information, it is not clear whether Scaffolds 40, 179 or 2833, or Stratum 6, are on

the same platypus chromosome as Scaffold 0 and (presumably) as Stratum 5.

The pseudo(autosomal) part of Scaffold 101 is syntenic with chicken chr4 and also
human chr4. The ~50kb YHR at the end of this scaffold (which may have been er-
roneously added, as noted in Table 4.A.8), contains a gene (ENSOANGO00000031547)
whose ortholog is on chicken chrl3 and on human chrb. Within the same 2Mb region
on chicken chr13/human chrb are the orthologs of genes from Scaffolds 4505, 5038,
2839 and 11479, and of one of two genes on Scaffold 2660 (SMADJ, falling in the
YHR). This suggests that these scaffolds may be on the same platypus chromosome,
possibly chrX1, since the short arm of this chromosome (most of which is in the PAR
with chrY1) was shown to share homology with chicken chrl3 by Veyrunes et al.
(2008) (Figure 4.6). However, if these scaffolds were lined up in the order suggested
by the synteny with chicken chr13, there would be multiple switches between XSRs
and PARs. Thus, it seems likely that there have been multiple rearrangements with
respect to the chicken genome, and Scaffolds 101, 2660, 2839, 4505, 5038, and 11479
probably do not all fall on the same platypus chromosome. Alternatively, a single
chromosome may contain several segments of recombining PAR flanked on both sides

by non-recombining X-specific sequence.

Across a ~600kb region (~4.5-5.1Mb) within the YHR just to the right of the
PAR boundary in Scaffold 0, sample N702 was homozygous reference at all the posi-
tions where all other males were heterozygous (see Figure 4.23). Thus, he appeared
to have the “female haplotype”. We initially suspected that he simply had a deletion
of the homologous region on the Y chromosome. To check this, we created a decoy
sequence for this region by substituting in the alternate allele at all the male-specific
heterozygous SNPs, and then realigned all male and female reads to the decoy se-
quence (the “Y copy”) and Scaffold 0 (the “X copy”) (Figure 4.24). Using this
method, we showed that N702 was diploid for the X copy in the region ~4.5-5.1Mb,
and haploid for both the X and the Y copy from 5.1Mb onwards. While the level of

divergence seen between the X and Y in the YHRs suggests that recombination must
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have been suppressed between them for a long time, it appears that this male has
inherited the product of a crossover between the X and Y that occurred at around
5.1Mb on Scaffold 0 (likely to have been between either chrX2 or chrX3 and chrY2,
based on the FISH results described above). This putatively recombinant haplotype
is segregating with the river population, since other males from Dirran Creek were
haploid for both the X and Y copy in the whole region from ~4.5Mb onwards. It
is possible that this male actually has the ancestral longer PAR and that all other
males have the derived version (the X and Y haplotypes), but given the frequency,

the hypothesis of a recent crossover seems more likely.

There were several other smaller parts of YHRs similar to this, in which there was
a highly divergent Y haplotype that was seen in some but not all males. These were
between ~1.5kb and 10kb long, so much smaller than the 600kb region noted in N702.
We initially wondered if they might be due to gene conversion events replacing small
pieces of Y with the corresponding sequences from the X, which has been documented
in primates (Trombetta et al., 2014). However, a recent paper in humans suggested
that gene conversion tract lengths are generally between 100bp and 1kb (Williams
et al., 2015), and so the regions we observed are probably too large for this. Another
simpler explanation could be that these apparently polymorphic YHRs were due to
segregating deletions on a Y chromosome, as we had initially suspected for the 600kb
region on Scaffold 0. Figure 4.25 shows two examples where the coverage is appar-
ently consistent with a deletion but not with a gene conversion (which would lead to
diploid copy number in the region of the X lacking the YHR). However, the coverage

pattern observed could also be consistent with the existence of multiple very different

Figure 4.24 (following page): Examining coverage on the X and Y copies
of Scaffold 0 indicates a polymorphic PAR boundary. Red and blue lines
represent the scaled coverage for female and male samples respectively, when the
reads are mapped to Scaffold 0 alone (X copy; top plot) or to Scaffold 0 (X copy;
middle plot) and the decoy sequence (Y copy; bottom plot) together. In the middle
and bottom plots, N702 is shown with the dark blue solid line and other males from
the same river with dark blue dotted lines. The black horizontal lines in the middle
plot indicate the PAR and XSR, with the dotted line representing N702 and the solid
line indicating all other samples. Note that coverage in the PAR (first ~4.5Mb of the
scaffold) is only shown in the plot of the X copy, although there is actually one copy
of this sequence on the X and one on the Y. The female coverage is slightly below
1 within the XSR on the middle plot because we have removed reads with mapping
quality 0 (i.e. which map equally well to the Y copy).
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segregating Y haplotypes, one or more of which are too diverged from the X for the
reads to align with the default substitution rate parameter (0.001) in Stampy (Lunter
and Goodson, 2011). It may be possible to detect Y sequences which have diverged
further from the X by increasing this substitution rate parameter while mapping the
reads. In future analyses, we intend to compare this approach with de novo assembly

of the Y chromosomes.

Figure 4.25 (following page): Examples of inter- and intra-population poly-
morphism in Y-homologous regions, likely due to Y chromosomal dele-
tions. In each panel, the top part indicates the SNP genotypes, as described in the
legend to Figure 4.23, with the coloured bars on the left indicating different groups
of samples. The plot along the bottom shows the average scaled coverage along the
scaffold (the X copy) for these groups. Panel A shows a region on Scaffold 0 where the
males from QLD and North NSW (orange bar) lack the dense heterozygous SNPs seen
in the Central NSW and TAS males (around 6,375.5-6,379kb and 6,383.8-6,384.4kb).
The coverage plot suggests that the QLD and North NSW have only haploid coverage
in the region 6,375.5-6,384.4kb, which implies either that they carry a deletion of the
homologous copy on the Y, or that their Y haplotype is so far diverged from the X at
this point that the reads cannot align. Panel B shows a similar example on Scaffold
5038, where the polymorphism occurs within the NNSW population. Most males
show dense heterozygous SNPs and have diploid coverage in the region 57.5-59.3kb,
but N713, N723 and N730 lack these SNPs and show haploid coverage on the X copy,
indicating that no chrY reads are mapping here.
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4.4 Discussion

In this chapter, we have described the first population sequencing of the platypus.
The early analyses presented provide insights into the population structure and levels
of diversity in this species, as well as their remarkable and apparently still-evolving

sex chromosomes.

Throughout this project, problems with the reference genome have been a major
challenge. Our reassembly has fixed some of these, as indicated by the reduction in
switch error rate (Table 4.A.6), but clearly further major improvements are needed.
Firstly, ornAnal.2 still contains a large number of scaffolds, the vast majority of
which are unassigned to chromosomes. Secondly, there are evidently still many spu-
rious joins between contigs, since the switch error rate, though improved compared
to ornAnal, remains high. Thirdly, there were 187 scaffolds that appeared to con-
tain a mixture of X-specific and (pseudo)autosomal contigs, most of which cannot be
explained by YHRs, although a few may contain PAR boundaries, perhaps from the
older sex chromosome pairs. Scrutinising some of these cases suggested that errors
had been caused by BAC or fosmid reads that landed within repeats. We had only
removed short reads (mate pairs and paired-end reads) that landed within repeats,
since the BAC and fosmid reads were ~800bp long, so we presumed they would be
more likely to span unique sequence as well. However, we should be more stringent
about this in the next round of assembly, which we hope will be greatly improved
by the inclusion of long PacBio reads and by the HiC-based method from Dovetail
Genomics. In hindsight, we probably should have generated PacBio data early in the
project, but because of its high error rate and cost at the time, we instead chose mate
pair sequencing and Moleculo. However, due to the difficulty in making libraries (for
the mate pairs), and the cost (for Moleculo), we did not generate sufficient coverage
of either to make a substantial difference to the contiguity. Additionally, it is likely
that the short-read assembly in the Moleculo protocol broke down in the same places

that the original assembly did i.e. in long, frequently interspersed repeats.

In the analyses presented in Sections 4.3.2 and 4.3.3, with the exception of the
PSMC results, the relative positions of the SNPs analysed are not important. Thus,
we think aberrantly placed contigs have probably had a minimal effect on results,
although there were likely some genotyping errors made in regions with collapsed re-

peats. These would not have been detected by our QC if they did not cause Mendelian
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errors or have discordant genotypes between N703 and N749. However, for analyses
of recombination, which are of particular interest to us, we definitely need to improve

the contiguity and accuracy of the assembly.

Little is known about the extent to which platypus disperse over their lifetimes.
Our data shed some light on this, since we detected many pairs of relatives within the
same river, including a whole quartet from the Shoalhaven River, which, fortuitously,
allowed us to check the Mendelian error and switch errors rates and estimate the mu-
tation rate. The mother, her sister and her two offspring were collected in a pool at
a junction about 2km downstream of the point where the father was sampled, which
was in Jerrabattgulla Creek, a small tributary of the Shoalhaven. Unfortunately,
because of difficulties in determining the age of platypus, it is not possible to tell
whether the two offspring were born as dizygotic twins (common in platypus) or at
different times, which would indicate that their parents mated in more than one year.
The fact that these samples were all collected within a small distance of each other
over a relatively short timeframe (< 3 years) is interesting since previously there was
no evidence for families staying within a single stretch of stream (Grant, 2007). It
suggests that perhaps we should not be surprised at having sampled so many pairs
of second- and third-degree relatives as well (Table 4.A.7). Since it appears to be
common to pick up related individuals when sampling at the same location across
several years, it is likely that previous population genetic studies on the platypus
(Kolomyjec et al., 2009; Gongora et al., 2012; Furlan et al., 2013) included relatives

but did not detect these due to the small number of markers used.

Our population genetic analyses confirm the strong structure previously reported
in the species (Gongora et al., 2012; Furlan et al., 2013), with the Tasmania-mainland
differences being the most pronounced. Although the platypus is considered to be a
single species across its whole range, there is some phenotypic variability between the
different regions, which may have a genetic basis. For example, platypus in the south
are substantially bigger than those in the north (Grant and Temple-Smith, 1983),
and they tend to breed later in the year (Grant, 2007). One might speculate that
at least part of the reason zoos have found it difficult to breed platypus in captivity
is that they have been trying to cross individuals from different populations, and
there are pre- or post-zygotic barriers to reproduction. Further analysis of our data
may reveal regions of the genome which show particularly strong differences between

populations, possibly due to selection, but establishing whether these are responsible
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for phenotypic differences or reproductive incompatibilities is likely to be very chal-

lenging.

Consistent with Furlan et al. (2013), we saw no evidence for structure within the
Tasmanian population, but this could simply be because of our small sample size (6
individuals). Furlan et al. also reported that there was little or no genetic differentia-
tion in mtDNA and microsatellite markers between platypus either side of the Great
Dividing Range in Victoria, and our STRUCTURE results (Figure 4.20), based on
genome-wide SNP data, suggest that this is also the case in Queensland. We observed
similarity between platypus from the Broken River, near the Queensland coast, and
Carnarvon Creek, which is about 500km further inland to the southeast, on the other
side of the Great Dividing Range, although within the same drainage basin (Figure
4.7).

We were surprised to note the similarities in the STRUCTURE results between
the Wingecarribee/Fish River and North NSW samples, particularly the one from
the Gwydir River, given that the platypus from the Shoalhaven River do not share
the red component seen in Figure 4.20. The Wingecarribee individuals come from
the Hawkesbury River basin which is directly adjacent to the Shoalhaven River basin,
and several hundred kilometers further south of the Manning River basin which con-
tains the Barnard River. These three river basins form part of the South East Coast
drainage division, and flow towards the sea. In contrast, the Gwydir River flows west
from the Great Dividing Range, and forms part of the Murray-Darling basin (Figure
4.7), as does the Fish River (in the Macquarie catchment), although it is geograph-
ically very close to the Wingecarribee River. Interestingly, Kolomyjec et al. (2009)
also reported lower Fsr between the Hawkesbury and Gwydir platypus populations
than between Hawkesbury and Shoalhaven (0.02 versus 0.05)'. Consistent with our
findings, Gongora et al. (2012) noted that their mtDNA data suggested paraphyletic?
relationships between individuals from some drainage divisions. There are several pos-

sible explanations for this. Although the Gwydir and Manning River basins are much

9These numbers are rather lower than ours: we estimated Fgr = 0.085 for North NSW wversus
Wingecarribee/Fish, 0.09 for Shoalhaven versus Wingecarribee/Fish, and 0.147 for North NSW ver-
sus Shoalhaven. This difference could be because we used a different Fsp estimator from Kolomyjec
et al. (2009) or a different method of averaging Fsr over loci (Bhatia et al., 2013), or because their
estimates were based on just twelve microsatellite markers, which might have undergone repeat
mutations since the populations split.

20A paraphyletic group consists of all the descendants of the group’s MRCA except for a small
subset. A monophyletic group consists of an ancestral species/population and all its descendants.
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too far from the Hawkesbury basin for platypus to have travelled directly overland, it
is possible that, over many generations, they traversed progressively through the bar-
riers between those rivers. Alternatively, it may be that individuals can easily cross
overland from the west-flowing Macquarie catchment of the Murray-Darling basin into
the east-flowing Hawkesbury catchment, thus connecting the latter with catchments
in North NSW. There may also have been connections between those river systems in
the past that have been altered due to climate or geological changes. The similarity
between the sample from Rifle Creek, which is part of the west-flowing Mitchell River
basin, and those from east-flowing Dirran Creek and Barron River, could possibly be
explained by reasonably frequent overland travel, maybe even within a generation,
since, although they are part of different river systems, the sampling locations are all

within 100km and the climate is much wetter.

The PSMC results provide a glimpse of the ancient demographic histories of the
different populations. One might be concerned that the short length of the scaffolds
and any misplaced contigs would somehow affect these results by altering the appar-
ent length of a block of heterozygous SNPs at a particular density. However, setting
different cutoffs for the scaffold length did not seem to substantially change the re-
sults (Figure 4.A.21). Even if it did, this is likely to affect all individuals in the same
way, and so comparisons between them would still be possible. One might anticipate
that samples with lower coverage would have more false negative SNP calls, which
would have the same effect as a lower mutation rate (Figure 4.A.16). Indeed, due to
the vagaries of the sequencing tranches, the Shoalhaven samples tended to have lower
coverage than the North QLD samples (Figure 4.8). However, since the Shoalhaven
population was still estimated to have about twice the nucleotide diversity of the
North QLD population (Table 4.8), and since we effectively accounted for callability
by setting sites with low coverage across all samples or with low genotype quality in a
particular sample (which reflects the coverage) to missing, we suspect this difference
in coverage had a minimal impact. Additionally, it is encouraging to see that individ-
uals from the same river had such similar N, estimates, since this suggests that any
batch effects resulting from the samples having been sequenced in different tranches
(Tables 4.3 and 4.A.2) is fairly minimal.

PSMC revealed a strong bottleneck in the samples from Rifle Creek, Dirran Creek

and the Barron River (Figure 4.A.19), consistent with their low nucleotide diversity,

followed by a more recent increase in N,. Other species in tropical QLD went through
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a bottleneck during the Last Glacial Maximum (LGT) 19-26.5KYA, when the climate
was particularly dry (Oza et al., 2012). Uncertainty in the mutation rate and gen-
eration time make it difficult to say whether we are observing the same event, but a
rate similar to the stringent de novo mutation rate we estimated in the quartet would
suggest we are. The Carnarvon and Broken River samples from Central QLD also
appear to have been through a period of population decline, from which they did not
recover, while the Running River sample is intermediate between them and the other
North QLD samples. This likely reflects the historical and current paucity of suitable
habitat for platypus between North (tropical) and Central QLD. In water-dependent
animals, the hot and dry “Burdekin gap” (named for the Burdekin River) is known to
act as a barrier to genetic exchange (James and Moritz, 2000; Schauble and Moritz,
2001). Indeed, Carnarvon Gorge is an oasis in the semi-arid heart of Central QLD,
with a climate considerable wetter and colder than the surrounding terrain, making
it the only suitable habitat for platypus for hundreds of kilometres, consistent with
the low recent N,. In contrast to the QLD samples, the NSW individuals appeared to
show relatively little fluctuation in N, over the time period accessible to the method,
suggesting that the climate and water availability in those areas has been favourable

over this time.

Although having the same N, at a particular timepoint does not necessarily mean
that two individuals were in the same ancestral population, PSMC results can be
used used to infer split times of different populations by noting where the N, es-
timates start to diverge (Li and Durbin, 2011; Nadachowska-Brzyska et al., 2013;
Thomas et al., 2015). It is a little difficult to determine this in Figure 4.21, but one
might tentatively infer that the Tasmania-mainland split occurred between 0.8 and
2MYA (with the p and ¢ used in this figure), which overlaps with the mtDNA-based
estimate of Gongora et al. (2012). It is unclear from Figure 4.21 whether the Rifle
Creek/Dirran Creek/Broken River population diverged from the others at the same
time as the Tasmania population, or slightly later, around 300,000 years ago, but it
seems that the Broken River/Running River/Carnarvon Creek population split off
from the NSW populations after that, about 200,000 years ago. These estimates are
not consistent with the topology of the tree inferred from mtDNA by Gongora et al.
(2012) (Figure 4.4). This may be because the tree is genuinely different for the mi-
tochondrial versus the nuclear genome, because the mtDNA tree was incorrect, or
because our interpretation of the N, estimates is incorrect, and different populations

just happened to have had similar N, at the same time, although they had already
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diverged. Further reference genome improvements will hopefully allow us to phase
the SNP calls and run methods such as MSMC (Schiffels and Durbin, 2014), the ex-
tension of PSMC for multiple sequences, to estimate more recent N, and divergence

times between river basins.

Perhaps the most novel finding in this project so far is the presence of what seem
to be relatively recent strata on the sex chromosomes. These were not detected by
Cortez et al. (2014) because of their approach of assembling reads that did not map to
the female reference. In contrast, we detected the YHRs because the X-Y divergence
is sufficiently low in these regions that the chrY reads still map to the reference X
copy. Some of the genes Cortez et al. reported do indeed fall within YHRs we discov-
ered: DAZAP1 from Stratum 4 (Scaffold 17598:7,055-33,182), PRPF4B and SSR1
from Stratum 5 (Scaffold 3,642:41547-65,008 and Scaffold 2552:219,234-229,751 re-
spectively), and EDF1 and SDHA from Stratum 6 (Scaffold 2833:31,733-42,172 and
Scaffold 179:575,140-597,510 respectively). However, the YHRs on Scaffold 0 and at
Scaffold 179:1,336,872-1,350,588, have levels of divergence between 3- and 8.5-times
lower than that of the youngest stratum (S6) reported by Cortez et al. (see Tables 4.1
and 5.A.9). Further work will include trying to date these strata. It is possible the
youngest are the result of a recent transposition from an X to a Y chromosome, like
the X-transposed region on the human male-specific Y, which was transposed about
3-4 million years ago and has retained 99% identity with the X (Skaletsky et al.,
2003). The genes reported by Cortez et al. show levels of X-Y divergence similar
to the genes in the X-degenerate region on the human Y, which have between 60%

and 96% nucleotide sequence identity with their X gametologs (Skaletsky et al., 2003).

Homology with the chicken and human genomes allowed us to try to assign scaf-
folds containing YHRs to particular platypus chromosomes. Comparing levels of X-Y
divergence provided clues as to which YHRs form part of the same stratum. EN-
SOANGO00000001201, a gene on Scaffold 481, which may possibly be in Stratum 5
from Cortez et al., along with Scaffolds 3642 and 2552, encodes an uncharacterised
protein that is orthologous to four chromodomain proteins within palindromic regions
on the human Y (CDY1, CDY1B, CDY2A, and CDY2B). There is some evidence that
deletion of CDY1 and CDY1B is associated with spermatogenic failure (Choi et al.,
2012; Ghorbel et al., 2014; Sen et al., 2015). It is tempting to speculate that the Y
gametolog of ENSOANG00000001201 might also be important for sperm production
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in the platypus.

The regions of X-Y divergence we have found are presumably due to recombina-
tion suppression, but the cause of this is unknown. It is likely to be due to inversions,
but we cannot identify these without good assemblies of the X and Y chromosomes.
We have attempted to assemble the Y chromosomes using unmapped male reads,
and managed to reconstruct most of the genes reported by Cortez et al?', but the
assembled scaffolds were mainly very short. Y chromosomes have been challenging to
assemble in other mammals due to the palindromic regions and high repeat content
(Skaletsky et al., 2003; Hughes et al., 2010, 2012; Soh et al., 2014; Li et al., 2013a).
This may well turn out to be the case for platypus, particularly for the older Ys.
We hope that long PacBio reads will help, but we still anticipate difficulties. Assem-
bling the platypus X and Y chromosomes together is likely to be difficult in regions
of high homology. An alternative, or parallel approach, might be to try mapping
the male reads to the female reference using Stampy with a higher substitution rate
parameter, to identify regions of higher sequence divergence than the YHRs we have
already detected??, and then assembling these reads alone. We have also considered
flow-sorting the Y chromosomes in order to sequence them individually, but a recent
attempt to do this for the gorilla and orangutan Y chromosomes has produced only

very fragmented assemblies (Marta Tomaszkiewicz, personal communication).

Recombination suppression might be possible even in the absence of inversions
if there is strong sexually antagonistic (SA) selection acting, that is, selection that
works in opposite directions in males and females (Otto et al., 2011). SA polymor-
phisms tend to accumulate in the PAR, close to the boundary with the X-specific
or Y-specific region, since the partial sex linkage allows the frequencies in males and
females to diverge, and this favours further suppression of recombination. It is tempt-
ing to speculate that the region on Scaffold 0, where one North QLD male appears to
have inherited the product of a recent recombination event between the X and the Y
(Figure 4.25), might have diverged between them as a result of SA selection, rather
than an inversion (although see next paragraph). We do see many SNPs with nom-
inally significant sex differences in allele frequency (p<0.05 in Fisher’s exact test)

along the whole ~4.5Mb PAR on Scaffold 0, which is a characteristic signature of

21Data not shown. This was done by Julie Hussin.
22We noticed that shorter YHRs tended to have higher levels of X-Y divergence, probably because
the reads either side are too diverged to align.
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balancing selection due to sexual antagonism (Otto et al., 2011). However, such a
signature can also arise very close to the PAR boundary simply due to the close sex
linkage, in the absence of SA selection. Kirkpatrick and Guerrero (2014) showed that
these associations with sex disappear within a population recombination rate value of
p < 5 in the absence of sexual antagonism. Future work on recombination in our data
should allow us to determine to what physical distance this corresponds. However,
the observed sex differences in allele frequency may simply be an artefact of having
insufficiently accounted for population structure?, and we should also be conscious

of multiple testing.

There are several possible mechanisms that could have produced the polymorphic
PAR boundary on Scaffold 0 (Figure 4.24). If the putative young stratum in that re-
gion formed due to an inversion, recombination may still have been possible through
an inversion loop (Boyd et al., 2005; Torgasheva et al., 2013). It is likely that the level
of divergence between the X and Y copies in the region ~4.5-5.1Mb is sufficiently low
(~ 1 per 120bp, on average) that crossovers can still occur in the absence of an in-
version, since recombination happens normally in hybrids between mouse subspecies
with about 1% divergence (Paigen et al., 2008; Keane et al., 2011). It may not be
coincidental that the sequence identity in the region ~4.5-5.1Mb is higher than in
the region from ~5.1Mb onwards, which has 1 X-Y divergence per ~50bp. It is not
known what level of sequence identity is required for successful recombination be-
tween homologous chromosomes, but in mouse hybridoma cells, at least 500-1000bp
of homology seem to be needed (Mundia et al., 2014). There is an instance of the
PAR being extended in humans through an insertional translocation of X chromoso-
mal sequence onto the Y, mediated by nonallelic homologous recombination between
flanking long terminal repeat elements (Mensah et al., 2014). However, this produced
a duplication of a region on the X, which is not observed in N702. A polymorphic
PAR boundary has been noted in the papaya (Lappin et al., 2015) (16% of wild in-
dividuals surveyed had a 100-130kb expansion of the non-recombining region), and
in Silene latifolia (Qiu et al., 2015), both of which have young sex chromosomes. In
neither case is the genome well characterised enough to speculate as to the process

that formed these polymorphic PARs.

23To try to account for this, we simply sampled equal numbers of unrelated males and females
from each of the five population groups.
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The most frequently asked and probably most important question about the platy-
pus sex chromosomes is what advantage might be conferred by this chain of ten.
Indeed, one might expect this complicated system to have more room for error. How-
ever, the segregation seems to be well controlled, since, out of 284 sperm, Grutzner
et al. (2004) did not observe any with both X and Y chromosomes. Possibly rele-
vant are the findings of Dohm et al. (2007), who reported that parts of the major
histocompatibility complex (MHC) are in the PARs on X3/Y3 and Y4/X5. It might
be advantageous for these genes to be in a PAR if it has higher diversity (expected
if there is higher recombination (Begun and Aquadro, 1992; Spencer et al., 2006)),
or if they are closely linked to the sex-specific region and are therefore more likely
to be heterozygous in males, conferring immunity to more pathogens. However, it
seems highly improbable that this would be a strong enough force to drive the emer-
gence of a whole chain of chromosomes with multiple PARs, several of which are so
long they probably do not have an increased recombination rate conferring higher
diversity anyway. An alternative explanation could be mechanistic; perhaps some
molecular process in the monotreme ancestor facilitated multiple reciprocal translo-
cations between chromosomes, and there was not sufficiently strong selection against
this. Improving the genome assembly and annotating the genes on the sex chromo-
somes may provide further clues as to how the chain formed, where the strata are

located, and what the advantage of this complicated system may be.
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Appendix

4.A Appendices

4.A.1 Supplementary Figures
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Figure 4.A.1: Distribution of insert sizes for BAC and fosmid libraries. This
was determined by mapping the BAC and fosmid ends to ornAnal using bwa mem
(Li, 2013), and taking the pairs of which both reads mapped to the same scaffold.
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Figure 4.A.2: Plot showing the distribution of coverage by Moleculo reads.
The Y-axis indicates the coverage of the genome in reads over the length specified on
the X-axis.
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Figure 4.A.3: Plot showing distribution of lengths of contigs and scaffolds
from the original and new assemblies. The labels on the points indicate NX
values, which represent the length of the shortest scaffold (or contig) such that the
total length of all scaffolds (or contigs) larger than that comprises X% of the genome.
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Figure 4.A.5: Distribution of genotype qualities for CORTEX PASS SNPs in
the duplicate samples. Each histogram shows the distribution of genotype qualities
(GQs) for SNPs at which N703 and N749 had the genotypes specified in the plot title.
(homref: homozygous for the reference allele; het: heterozygous; hom: homozygous
for the alternate allele.) The plots along the diagonal are concordant genotypes, and
those off the diagonal are discordant. Note that hom and homalt genotypes primarily
have GQ less than 20, with a median of about 10, whereas het genotypes typically
have GQ between 10 and 35, with a median of about 20. Thus, although setting a
GQ threshold of 10 would eliminate most of the discordant genotypes, it would also
eliminate about half of all hom or homref calls.
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Figure 4.A.6: Distribution of genotype qualities for GATK/CORTEX in-
tersection SNPs in the duplicate samples. As for Figure 4.A.5, but for the
GATK/CORTEX intersection callset. Blank spaces have been left if there were no
SNPs in a particular genotype category, to facilitate comparison with the other fig-
ures. Genotype qualities (GQs) of 100 or more are set to 99 by default. Note that
imposing a GQ threshold of 20 would eliminate a substantial proportion of the dis-
cordant genotypes without having an excessively biased effect on the number of hom
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or homalt calls remaining relative to het calls, in contrast to CORTEX.
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Figure 4.A.7: Distribution of genotype qualities for Platypus/CORTEX in-
tersection SNPs in the duplicate samples. See legend to Figure 4.A.6.
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Figure 4.A.8: Distribution of coverage at CORTEX PASS SNPs in the du-
plicate samples. See legend to Figure 4.A.5.
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Figure 4.A.9: Distribution of the fraction of reads carrying the alternate

allele at CORTEX PASS SNPs in the duplicate samples.

See legend to

Figure 4.A.5. ALT:TOTAL ratio - the ratio of the number of reads carrying the
alternate allele to the total number of reads.
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Figure 4.A.10: Distribution of coverage at GATK/CORTEX intersection
SNPs in the duplicate samples. See legend to Figure 4.A.8. Blank spaces have
been left if there were no SNPs in a particular genotype category, to facilitate com-
parison with the other figures.
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Figure 4.A.11: Distribution of coverage at Platypus/CORTEX intersection
SNPs in the duplicate samples. See legend to Figure 4.A.8.
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of the fraction of reads carrying the alternate
intersection SNPs in the duplicate samples. See
legend to Figure 4.A.9. Note that blank spaces have been left if there were no SNPs
in a particular genotype category, to facilitate comparison with the other figures.
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Figure 4.A.13: Distribution of the fraction of reads carrying the alternate
allele at Platypus/CORTEX intersection SNPs in the duplicate samples.
See legend to Figure 4.A.9.
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Figure 4.A.14: Principal component analysis using LD-pruned SNPs. As for
Figure 4.18 but with the SNPs pruned based on LD, as described in Section 4.2.6.
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Figure 4.A.15: Venn diagram showing number of fixed differences from the
reference in different populations. The numbers in parentheses are the totals for
that population, out of the ~2.3 million SNPs segregating in the 58 samples.
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Figure 4.A.16: Effect of mutation rate on PSMC results. This plot illustrates
how the choice of y shifts the estimates of N, along the X and Y axes. For other plots
and for the dashed lines here, we used p = 1.2x107®/bp/generation, a conservative
estimate of the de novo mutation rate from the platypus quartet that also happens to
be the same as the estimate given by Scally and Durbin (2012) for humans. The lower
value of 1.2x107%/bp/generation (solid lines) was chosen arbitrarily for comparison,
and the higher value of 9.6x107%/bp/generation (dotted lines) comes from the less
conservative GATK PASS calls with GQ filter in the platypus quartet (see Section
4.3.2).
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how the choice of g shifts the estimates of N, along the X axis. Furlan et al. (2012)
used g = 10, and we also show g = 5 and g = 12 here for comparison.
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Figure 4.A.19: Historical effective population sizes inferred from Queensland
samples using PSMC. These were scaled using ¢ = 10 and = 1.2x107%.
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Figure 4.A.20: Historical effective population sizes inferred from Tasmanian
samples using PSMC. These were scaled using g = 10 and p = 1.2x1078.
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Figure 4.A.21: Historical effective population sizes inferred from sample
N702 using PSMC, with different subsets of the data. This illustrates the
effect of setting different minimum length thresholds for the scaffolds, and different
thresholds for the number of callable bases required in a 100bp bin in order to consider
it. The N, estimates were scaled using g = 10 and p = 1.2x1078.
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4.A.2 Supplementary Tables

Table 4.A.1: Comparison of repeat content between platypus and other
species. These statistics are taken from RepeatMasker tracks. Platypus have the
highest number of individual repeats per kb, although other species have overall higher

repeat content.

Species Genome size | Repeat density | Percentage of genome
(Gb) (per kb) covered by repeats
Zebrafinch 1.23 0.50 8.37%
Chimpanzee 3.31 1.65 45.36%
Human 3.21 1.75 49.95%
Mouse 2.79 1.90 42.87%
Platypus 2.00 2.56 44.32%

Table 4.A.2: Sequencing coverage and read span by sample. The coverage
is calculated using all mapped reads with MAPQ > 0. The read span is the total
distance between the leftmost and rightmost mapping position of the reads in a pair
(i.e. twice the read length, plus the distance between the two reads.)

Sample | Tranche | Mean coverage | Mean read span (bp)
N701 1 17.9 224.2
N702 1 20.5 257.1
N703 1 17.8 295.6
N704 1 21.6 250.6
N705 1 18.4 272.3
N707 1 19.8 285.4
N710 2 20.3 361.5
N711 2 20.4 300.8
N712 2 18.8 347.7
NT713 3 14.0 367.0
N714 3 13.5 358.8
N715 3 14.8 368.5
N716 3 13.3 371.7
N717 3 15.2 376.9
N718 3 15.9 379.4
N719 3 16.5 375.4
N720 3 17.7 360.8
N721 3 17.8 367.3
N722 3 15.3 367.0
N723 3 18.1 359.5
N724 3 16.1 363.7
N725 3 17.4 368.8
N726 4 14.2 339.5

Continued on next page
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Table 4.A.2 Continued

Sample | Tranche | Mean coverage | Mean read span (bp)
N727 4 16.0 353.9
N728 4 15.7 352.8
N729 4 15.8 375.8
N730 4 16.3 354.3
N731 4 15.1 363.9
N732 4 13.8 373.8
N733 4 14.7 363.4
N734 4 13.3 394.5
N735 4 15.0 370.2
N736 4 14.3 369.1
N737 4 15.2 351.7
N738 4 16.2 350.1
N739 4 14.1 359.7
N740 4 14.5 349.2
N741 4 13.1 381.5
N742 4 16.8 324.5
N743 4 20.3 376.2
N744 4 20.4 359.0
N745 4 17.5 363.8
N746 4 17.4 343.3
N747 4 17.3 376.7
N748 4 17.2 349.5
N749 4 16.5 355.7
N750 4 16.8 358.9
N751 4 13.5 363.4
N752 4 12.9 382.8
N753 4 16.3 337.6
N754 4 15.5 353.3
N755 4 15.2 352.3
N756 4 14.7 356.1
N757 4 19.7 355.3
NT758 4 15.1 352.1
N759 4 14.9 346.9
N760 4 14.6 361.2
N761 4 16.0 366.9
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Table 4.A.6: Density of switch errors in the familly quartet on ornAnal
versus ornAnal.2. We identified places where the offspring changed from carrying
the same haplotype from a particular parent to carrying a different haplotype, or vice
versa. These switches are either due to misassemblies or to true crossovers. Given
the large number of switches, we assume they are dominated by misassemblies. We
removed switches that involved only a single SNP because these were likely due to
genotyping errors. Note that we did not run GATK and CORTEX (Igbal et al., 2012)
on the mapping to ornAnal because of computational constraints (CORTEX takes
about a week to run on 48 cores of a high-memory machine), but instead simply ran
Platypus (Rimmer et al., 2014) to produce a set of calls quickly. The switch error
rate in ornAnal.2 was much lower when using the more stringent GATK/CORTEX
intersection callset with the GQ filter than the Platypus PASS set (see Section 4.3.2).

Platypus Platypus GATK/CORTEX
PASS on PASS on intersection on
ornAnal ornAnal.2 ornAnal.2
_ maternal 636,713 675,491 170,232
Informative SNPs 1o nal 697,357 748,049 186,149
) maternal 1,971 1,573 252
Switches — ternal 2,680 2,196 188
Mean distance maternal 561,326bp 872,056bp 5,055,597bp
between switches paternal  413,090bp 634,566bp 6,960,950bp
Mean informative maternal 323 429 676
SNPs per switch paternal 260 341 990

183



Table 4.A.7: Related samples identified with KING.

ID1 ID 2 Kinship Sampling location Relationship
N715 N721 0.1551 Barnard 2nd degree

N713 N714 0.0797 Barnard 3rd degree

N717 N720 0.0681 Barnard 3rd degree

N713 N722 0.0509 Barnard 3rd degree

N721 N725 0.0504 Barnard 3rd degree

N719 N722 0.0444 Barnard 3rd degree

N703 N749 0.4982 Dirran duplicate

N702 N749 0.0839 Dirran 3rd degree

N702 N703 0.0728 Dirran 3rd degree

N749 N750 0.0587 Dirran 3rd degree

N703 N750 0.0442 Dirran 3rd degree

N712 N742 0.2446 Shoalhaven 1st degree - parent/child
N742 N752 0.257 Shoalhaven 1st degree - parent/child
N712 NT757 0.2444 Shoalhaven 1st degree - parent/child
N752 N757 0.2616 Shoalhaven 1st degree - parent/child
N712 N727 0.2731 Shoalhaven 1st degree - siblings
N742 N757 0.2561 Shoalhaven 1st degree - siblings
N712 N734 0.1415 Shoalhaven 2nd degree

N727 N734 0.1473 Shoalhaven 2nd degree

N738 N741 0.1009 Shoalhaven 2nd degree

N727 N742 0.1381 Shoalhaven 2nd degree

N727 N757 0.1445 Shoalhaven 2nd degree

N729 N760 0.1015 Shoalhaven 2nd degree

N731 N741 0.0496 Shoalhaven 3rd degree

N734 N742 0.0838 Shoalhaven 3rd degree

N734 N743 0.0517 Shoalhaven 3rd degree

N734 N757 0.0782 Shoalhaven 3rd degree

N741 N757 0.045 Shoalhaven 3rd degree

N732 N733 0.0832 Wingecarribee 3rd degree

N732 N744 0.0705 Wingecarribee 3rd degree

N733 N744 0.0689 Wingecarribee 3rd degree

N732 N759 0.0369 Wingecarribee 3rd degree

N744 N759 0.0342 Wingecarribee 3rd degree

N735 N736 0.2513 Fish (Taronga) 1st degree - parent/child
N755 N756 0.0405 Brumby’s Creek/Lake 3rd degree
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Table 4.A.8: Description of scaffolds with Y-homologous regions (YHRs).
The boundaries between the pseudoautosomal and X-specific regions (PAR bound-
aries) correspond to start or end points of contigs, or are otherwise approximate since
they are difficult to determine accurately, due either to noisy coverage or to heterozy-
gous variants seen in some but not all males that could be SNPs within the PAR or
the YHR. Regions with an asterisk contain at least four discrete YHRs of length less
than 1kb within the indicated region.

Scaffold .
Scaffold length Classification Autosome or X-sp(.ec1ﬁc Y-honzlologous
(bp) PAR region region(s)
Scaffold 0 6,392,720 | PAR boundary | start-4,463,266 4,463,266-end 4,463,266-end
Scaffold 40 2,548,299 | PAR/autosome 1,470,595-1,485,684
PAR boundary/ 968,988-1,003,811
24 B _ ) ) )
Scaffold 101 1,028,842 misassembly start-968,988 968,988-end 1.013.316-1,027.832
575,756-601,276
Scaffold 179% | 1,350,745 X whole scaffold | 1,284,616-1,328,595
1,336,872-1,350,588
Scaffold 368 681,844 | PAR boundary 651,656-end start-651,656 643,648-651,656
255,942-400,211°*
Scaffold 481 701,419 X whole scaffold 481,054-701.419*
Scaffold 621 391,819 PAR/autosome whole scaffold 207,703-208,075
Scaffold 627%° 556,693 | X/ misassembly | 554,362-556,693 | whole scaffold 509,994-531,357
Scaffold 1480 | 455,301 | PAR boundary start-132,344 132,344-end 132,344-226,214%"
284,445-304,923*
Scaffold 1937 529,027 X whole scaffold 318.005-322.954*
25,320-105,643
Scaffold 2552 231,902 X whole scaffold 216.967-220 872*
PAR boundary/ start-23,428
28 ) N _
Scaffold 2660 199,188 misassembly 148.916-199,188 23,428-75,687 28,270-75,682
Scaffold 2833% | 60,168 X? whole scaffold whole scaffold

Continued on next page

24The junction between the PAR /autosome and XSR on Scaffold 101 is only weakly supported by
MPs and BACs, so this is suspected to be a misassembly.
25There was very high coverage in males on Scaffold 179:1,284,693-1,288,845, suggesting multiple
copies on the Y.
26The final contig in Scaffold 627, Contigl3608.7 at 554362-556693, has equal coverage in males
and females, and is suspected to have been joined spuriously to the scaffold due to MPs landing
partially in repeats.
2TWithin this YHR on Scaffold 1480, the males had ~4X the coverage of the females (including
reads apparently deriving from the Y), suggesting multiple copies on the Y.
28The junction between PAR/autosome and XSR at ~23kb on Scaffold 2660 is only supported
by two fosmids, which land within repeats, so it is suspected to be a misassembly. The last
PAR/autosomal piece at Scaffold 2660:148,916-199,188 may also have been erroneously added, since
it is only connected by two BACs, which map overlapping repeats.
29In the region from the start of Scaffold 2833 to ~42kb, the males had ~1.5X the coverage of the
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Table 4.A.8 Continued

Scaffold . . Autosome or X-specific Y-homologous
Scaffold length Classification PAR reI;ion region (f)
Scaffold 2901 235,768 PAR /autosome whole scaffold 47,037-50,899
235-913
13,583-23,679
Scaffold 2839 205,163 X whole scaffold 120,045-124,972
126,673-131,640
150,168-205,163
38,278-55,248
Scaffold 3642 252,285 X whole scaffold 56,364-59,960
64,031-71,497
1-1,103
30 1,420-3,435
Scaffold 4647 53,889 X? whole scaffold 8.450-16,628
36,127-51,973
5,064-6,104
Scaffold 4712 88,971 X whole scaffold 35.740-38.426
Scaffold 4926 65,686 X whole scaffold whole scaffold
Scaffold 5034 189,314 X whole scaffold 172,033-185,100%*
57,483-59,504
Scaffold 5038 86,290 X whole scaffold 60.414-60.807
146,301-146,874
Scaffold 5201 489,444 X whole scaffold 150,026-150,379
153,233-153,343
Scaffold 5237 50,518 X whole scaffold whole scaffold
Scaffold 5515 94,817 PAR/autosome whole scaffold 50,358-55,953
Scaffold 5838 73,598 X whole scaffold 52,964-57,559
176-2,115
Scaffold 8035 52,757 X whole scaffold 7,153-8,732
44,527-45,247
Scaffold 8700 87,854 X whole scaffold whole scaffold*
Scaffold 10588 60,022 PAR/autosome whole scaffold 26,416-34,839*
Scaffold 11479 55,316 X whole scaffold whole scaffold
Scaffold 15497 52,637 X whole scaffold whole scaffold
Scaffold 17598 52,590 X whole scaffold 6,773-50,530*

females (including reads apparently deriving from the Y), suggesting a duplication on the Y.
308caffold 4647 has two large blocks of contigs separated by a long gap. The first block (from
the start to ~16.7kb) has a male-to-female coverage ratio ~0.5, except within YHRs, whereas in
the block from ~35kb to the end this ratio is ~1.5 (including presumably Y reads), suggesting
either that this is a PAR/autosome with paralagous copy on the Y, or that this is part of an X
chromosome, and the gametologous Y copy has been duplicated. These two blocks are connected

just by two fosmids, which map partially in repeats, so this may be a misassembly.
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Table 4.A.9: Density of X-Y divergences in Y-homologous regions (YHRs).
If a scaffold had many discrete YHRs separated by gaps, we chose a representative
subset of these to estimate the level of X-Y divergence. The number and total length
of these subregions are shown in columns 2 and 3. Columns 4 and 5 show the number
of X-Y divergences within these subregions, and the average distance between them.
Note that some scaffolds have been classified as pseudo(autosomal) in Table 4.A.8,
with a region transposed onto a Y, in which case an “X-Y divergence” simply refers to
a heterozygous SNP called within this region only in males which fulfilled the criteria
described in Section 4.2.8.

Number of Total Number of Mean distance
Scaffold subregions | length used XY between X-Y
used (bp) divergences | divergences (bp)
Scaffold 0:4,578,013-4,820,1643 1 242151 2015 120.2
Scaffold 0:5,606,235-5,848,386 1 242151 4739 51.1
Scaffold 40 1 15089 365 41.3
Scaffold 101 2 49339 2057 24.0
Scaffold 179:580,646-585,49232 4 3481 296 11.8
Scaffold 179:1,290,481-1,328,283 5 20827 1447 14.4
Scaffold 179:1,336,872-1,350,580 1 13708 94 145.8
Scaffold 368 1 8008 427 18.8
Scaffold 481 5 16508 1277 12.9
Scaffold 621 1 372 31 12.0
Scaffold 627 1 21363 355 60.2
Scaffold 1480 1 93870 1690 55.5
Scaffold 1937 13 6339 541 11.7
Scaffold 2552 3 2930 184 15.9
Scaffold 2660 1 7474 586 12.8
Scaffold 2833 2 11916 770 15.5
Scaffold 2839 5 75663 3881 19.5
Scaffold 2901 1 3862 398 9.7
Scaffold 3642 1 16954 1172 14.5
Scaffold 4505 3 14431 251 57.5

Continued on next page

31'We show two different subregions for Scaffold 0, to differentiate the YHR which is missing in
N702 (first subregion) from that which is seen in all males (second subregion).
32We show three different subregions for Scaffold 179, taken from the YHRs at 575,756-601,276,
1,284,616-1,328,595, and 1,336,872-1,350,588 respectively, excluding the suspected duplicated region

on at 284,693-1,288,845.
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Table 4.A.9 Continued

Number of Total Number of Mean distance
Scaffold subregions | length used X-Y between X-Y
used (bp) divergences | divergences (bp)
Scaffold 4647:1-1,103,

1,420-3,435, 8,450-16,62833 s 11295 485 23.3

Scaffold 4647:36,201- 43,381 1 7180 168 42.7

Scaffold 4647:44,435-51,944 1 7509 72 104.3
Scaffold 4712 2 3726 184 20.3
Scaffold 4926 1 65686 2746 23.9
Scaffold 5034 4 978 95 10.3
Scaffold 5038 3 2443 209 11.7
Scaffold 5201 2 426 46 9.3
Scaffold 5237 1 50518 2466 20.5
Scaffold 5515 1 5595 338 16.6
Scaffold 5838 2 1219 114 10.7
Scaffold 8035 3 4238 257 16.5
Scaffold 8700 2 12468 824 15.1
Scaffold 10588 1 1970 138 14.3
Scaffold 11479 1 55316 2000 27.7
Scaffold 15497 1 52637 2707 194
Scaffold 17598 1 1091 44 24.8

33We show three different subregions for Scaffold 4647. The first is comprised of three chunks
from the 16.7kb region at the beginning of the scaffold, which seems to have haploid coverage on
the X and Y copies in males. The second two come from the block from ~35kb to the end, which
is suspected have been added on spuriously, as mentioned in footnote 28 below Table 4.A.8. This
has been split into two blocks since the X-Y divergences were noticeably denser from ~35-43kb than
from ~43kb to the end.
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Table 4.A.10: Synteny between platypus scaffolds with Y-homologous re-
gions and chicken and human chromosomes. This was determined using or-
thologous genes, as explained in Section 4.2.9. If the block contains only one platypus
gene, the coordinates for chicken and human indicate the position of its predicted or-
tholog. (This should not be called “synteny”, which requires at least two genes.)
Scaffolds 5237 and 8035 contain no predicted genes and thus are excluded.

Platypus Chicken Human
Scaffold Start End N. Chr. Start End Chr. Start End
genes

0 385 4,128,039 8 2 74,276,764 69,235,105 5 19,472,951 31,555,058
0 4,132,640 6,366,781 13 2 67,702,996 66,252,176 | 63 2,786,952 3,268,962
40 189,856 2,463,629 14 2 6,187,456 8,053,409 7 151,341,699 155,781,485
101 123,197 921,756 12 4 36,714,905 57,469,617 4 109,433,772 110,565,285
101 974,022 978,165 1 13 14,934,288 14,940,878 | 5 135,027,735 135,034,813
179 31,647 51,948 1 7% 34,022,935 34,119,106 9 20,658,309 20,995,955
179 195,650 287,229 1 Z 33,889,453 34,000,379 9 20,341,665 20,622,543
179 553,606 602,494 3 2 88,935,921 85,697,949| 5 353,856 196,871
179 612,629 666,688 2 2 88,410,899 88,578,292 | 18 36,180,556 36,108,532
179 693,006 743,769 1 2 88,499,507 88,560,120 9 109,013,529 108,934,181
179 761,363 790,224 1 2 88,645,530 88,745,491 | 93¢ 100,442,271 100,577,636
179 791,992 795,386 1 2 88,746,284 88,761,395 9 100,578,079 100,587,906
179 800,891 918,267 1 2 88,761,816 88,910,236 | NA NA NA
179 924,079 935,020 1 2 55,897,544 55,900,827 | 5 191,511 195,353
179 940,241 1,016,440 1 20 10,700,368 10,707,694 | 5 140,258 189,970
179 1,040,794 1,049,649 1 2 67,753,130 67,763,712 | 18 63,871,692 63,903,890
179 1,074,815 1,094,192 337 19 353,752 359,048 4 188,139,419 188,147,743
179 1,099,735 1,100,566 1 2 564,030 564,628 4 188,091,273 188,109,603
179 1,106,131 1,123,308 1 2 88,911,152 88,929,189 | 5 443,158 471,937
179 1,275,724 1,298,610 1 2 64,685,429 64,700,170| 6 7,389,496 7,418,037
368 341,906 617,190 3 12%8 85,233 2,944,369 3 52,048,919 52,214,327
368 622,097 624,811 1 NA NA NA 3 52,221,080 52,226,163
368 643,533 652,966 1 | 13 12,782,159 12.786,548| 5 179,806,398 179,838,078
481 1,215 542,062 4 2 65,203,624 65,647,950 6 6,007,605 4,994,732
481 574,659 641,549 1 2 65,668,286 65,773,998 | 6% 4,706,159 4,955,551
621 3457 271,614 3 | 15 11,172,365 7.795744 | 22 29259597 28,883,502

34Gene order has been changed in humans.

35Chicken also has two putative orthologs of this gene, focadhesin, on unassigned scaffolds.

36The human ortholog is duplicated in tandem (ENSG00000251349 and ENSG00000241697).

3TPlatypus has three copies of this TRIM gene (tripartite motif family-like) arranged in tandem,
but there is only one predicted ortholog in human and chicken.

38These genes (DUSP7, POC1A, ALASI) are in a different order in chicken.

39Human also has four putative orthologs of this gene on chrY, which encode chromodomain
proteins (CDY1, CDY1B, CDY2A, CDY2B).
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Table 4.A.10 Continued

Platypus Chicken Human
Scaffold Start End g(ljn.es Chr. Start End Chr. Start End
627 50,065 331,280 3 NA NA NA 19 18,418,864 18,671,714
627 402,304 545,737 5 28 3,502,158 3,613,712 | 19 18,683,677 18,896,727
1480 3,480 4,618 1 240 97,952,712 97,956,997 | NA NA NA
1480 322,786 420,331 1 Z 52,082,066 52,346,243 | 4 784,957 826,198
1937 134,873 171,916 1 2 64,976,838 65,001,770 6 6,588,108 6,654,983
2552 219,234 229,751 1 2 64,710,800 64,720,473 6 7,268,306 7,347,446
2660 3,729 20,350 1 8 28,011,855 28,023,641 1 71,063,291 71,081,297
2660 37,289 54,988 1 13 14,427,581 14,435,845| 5 136,132,845 136,188,747
2833 1,454 42,172 2 17 554,237 565,821 9 136,850,943 136,866,286
2839 25,723 26,244 1 NA NA NA 5 135,444,218 135,452,399
2839 174,906 202,402 1 13 14,736,403 14,782,876| 5 135,333,900 135,399,914
2901 9,827 53,999 1 19 353,752 359,048 4 188,139,419 188,147,743
2901 21,595 24,102 1 NA NA NA NA NA NA
3642 3,481 205,031 3 2 65,994,143 66,151,793 | 6 4,115,689 3,752,026
4505 16,903 21,014 1 13 13,695,529 13,725,044 | NA NA NA
4505 30,158 56,314 1 13 13,728,686 13,739,566 | 5 137,887,968 137,942,747
4505 58,480 81,161 1 NA NA NA 5 137,867,791 137,887,851
4647 41,992 44,677 1 NA NA NA NA NA NA
4647 45,693 50,794 1 19 831,531 838,160 9 136,796,350 136,807,741
4712 569 4,119 1 241 97,952,712 97,956,997 | NA NA NA
4712 41,938 86,356 4 NA NA NA 19*2 53,258,292 57,457,142
5034 10,453 184,928 4 28 2,771,422 2,743,935 | 19 925,781 797,075
5038 27,956 56,749 1 13 14,295,426 14,509,385 5 136,028,895 136,063,818
5201 146,394 153,657 1 12 16,380,861 16,415,135| 3 72,371,825 72,446,918
5515 71,650 89,731 1 7% 44,067,508 44,176,409 9 91,213,815 91,361,913
5838 45,019 46,770 1 NA NA NA 174 8,753,106 8,758,559
8700 5,417 13,073 1 2 64,735,015 64,854,227 6 7,107,597 7,251,980
10588 5,193 5,426 14 7 23,128,082 23,144,659 | 2 127,257,290 127,294,176
11479 2,816 41,639 1 13 14,971,863 14,987,932 5 134,904,906 135,007,959
17598 7,055 33,182 1 28 3,071,247 3,095,645 | 19 1,407,569 1,435,687

49The uncharacterised platypus gene ENSOANG00000006512 has several chicken orthologs: EN-
SGALG00000022875 on chr2, plus seven on chrl6 and one on an unassigned scaffold.

41This platypus gene, ENSOANG00000013368, has the same chicken orthologs as the gene EN-
SOANGO00000006512 on Scaffold 1480 mentioned in the previous footnote.

“2Human has three copies of this block of four genes (ENSOANG00000006847, EN-
SOANG00000009744, ENSOANG0000000776, ENSOANG00000007763).

43Chicken has a second putative ortholog at chr8:23429040-23434465,

chr1:52895910-52927212.

and human at

“Human also has seven predicted orthologs of this gene (SPDYE) on chrl7.
450nly one of the two exons of platypus gene ENSOANG00000030279 is found on Scaffold 10588.
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Chapter 5

Multi-cohort analysis of the
maternal age effect on
recombination

5.1 Introduction

Failure of recombination is known to contribute to human aneuploidies by producing
nondisjunction of homologous chromosomes during meiosis I (reviewed in Hassold and
Hunt, 2001; Hou et al., 2013). Aneuploidies are the leading genetic cause of miscar-
riage and developmental disabilities in humans, and the vast majority are of maternal
origin (Nagaoka et al., 2012). The frequency of aneuploidies increases dramatically in
older mothers (Chiang et al., 2012): only about 2% of clinically-recognised pregnan-
cies in women under 25 are trisomic, compared to 35% in women over 40 (Hassold
and Hunt, 2001).

Henderson and Edwards (1968) proposed that changes in recombination rate were
responsible for the maternal age effect on aneuploidies, in what they termed the “pro-
duction line” model. This stemmed from two important observations. Firstly, they
saw an age-dependent decrease in chiasmata frequency in mouse oocytes. Secondly, it
was known that female meiosis is a very long process that begins in the foetus and does
not complete until fertilisation, potentially decades later (Figure 5.1). The crossovers
begin forming during prophase I, during the first trimester of pregnancy, and then the
oocytes go into meiotic arrest until ovulation, years or decades later, at which point
the crossovers resolve (reviewed in Nagaoka et al., 2012). The production line model
involves two postulates: (1) that oocytes are ovulated in the same order they enter

meiosis, and (2) that meiotic recombination rates decrease with foetal age. Thus, the
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Figure 5.1: The timeline of female meiosis and oogenesis in humans. Meiosis
initiates at 8-10 weeks gestation. After DNA replication, the homologous chro-
mosomes pair, synapse and recombine, and then enter dictyate arrest, in which state
they remain until the female reaches maturity. The follicules form during the second
trimester of pregnancy, and the oocyte grows in the mature female, typically taking
85 days and culminating in the ovulation of a single egg. Ovulation completes the
first meiotic division, in which the homologous chromosomes come apart, resolving
the crossovers. The ovulated egg then arrests again, and meiosis II completes only
if the egg is fertilised, causing the separation of sister chromatids. This figure was
taken directly from Nagaoka et al. (2012). See also Figure 5.2 for an illustration of
normal and abnormal chromosome segregation during meiosis.

hypothesis was that oocytes ovulated later in a woman’s life have fewer crossovers,
increasing the risk of nondisjunction. Polani and Crolla (1991) demonstrated that
the first postulate held, at least in mice, and there is evidence supporting the second
postulate in both mice (Henderson and Edwards, 1968) and hamsters (Sugawara and
Mikamo, 1983).

There is evidence from cytogenetic studies of human gametes that the number
and placement of crossovers affects the risk of developing trisomies. However, these
patterns differ between chromosomes (Hassold et al., 2000). For example, achiasmate
bivalents are responsible for 20-40% of cases of triosomy 15, 18 and 21 of maternal
original, but do not seem to contribute to risk of trisomy 16. Brown et al. (2000) found
that there was a genome-wide reduction in recombination in eggs with a nondisjoined
chromosome 21 that had no detectable crossovers, and argued that, once the number
of recombination events in a cell falls below some threshold, certain chromosomes

become more likely to undergo nondisjunction.

Robinson et al. (1998) found that the number of crossovers on chromosome 15
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that occurred in meioses with a non-disjunction event leading to trisomy for that
chromosome increased with maternal age, whereas Hassold et al. (2000) found no
effect of age on recombination levels for trisomies 16 and 21. Thus, it seems there
is heterogeneity across chromosomes in the causes of aneuploidies and in the extent
to which this is influenced by maternal age. Nonetheless, there has still been con-
siderable interest in testing the effect of maternal age on recombination in humans.
To test it directly, one would need to examine recombination levels in oocytes taken
from the same women at multiple timepoints. Obtaining such samples is difficult, so
several groups have instead used pedigree studies to examine the effect of maternal
age on the number of crossovers in liveborn offspring (Kong et al., 2004; Coop et al.,
2008; Hussin et al., 2011; Bleazard et al., 2013), with conflicting results. The focus
has largely been on genome-wide recombination levels, and although this may not be
relevant to changes in the aneuploidy rates for specific chromosomes, it is nonetheless
of biological interest because recombination is such an important process for evolu-

tionary and population genetic reasons.

Kong et al. (2004) analysed about 1000 microsatellite markers in 14,140 maternal
meioses from Iceland, and used data on maternal age at birth rounded to the nearest
5 years. They fitted a linear mixed model that accounted for differences in baseline
rates between mothers to estimate the expected change in the number of crossovers
per year of maternal age, B,5. They reported that S5 = 0.082 (standard error =
0.012, p < 1078) but noted that the relationship between recombination rate and
maternal age was not linear in their data, and that there was a large jump from age
30 to 35. They hypothesised that the apparent increase in the number of crossovers
with age was due to a selection effect, whereby eggs with more crossovers were more
likely to give rise to a live birth. Thus, they predicted that women with higher recom-
bination rates would have more children, and indeed, they found that the number of
crossovers was positively associated with family size (40.0109 children per crossover,
standard error 0.0041, p = 0.0076). It is for this reason that it is important to ac-
count for the baseline recombination rate of the mother when analysing the maternal
age effect, since the women who have children later might simply have higher rates

throughout their lives.
In the first study of recombination using genome-wide SNP data, Coop et al.

(2008) analysed Affymetrix 500K chip data from 725 Hutterite individuals, part of a

large 13-generation pedigree. They found an increase of 0.19 crossovers/year, using
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crossover counts and ages adjusted by the mean for the parent (standard error 0.093,
p=0.035 by permutation). Like Kong et al. (2004), they found a more pronounced
increase in older women: mothers over 35 had an average of 3.1 more crossovers than
those under 35 (p=0.028 using a within-family permutation test). Coop et al. also
found that the mean maternal recombination rate was significantly correlated with

family size (Spearman p = 0.24,p = 0.027).

Two more recent pedigree studies (Hussin et al., 2011; Bleazard et al., 2013) found
that the recombination rate decreases with maternal age in humans, as it does in mice
(Polani and Jagiello, 1976). Hussin et al. (2011) analysed 195 maternal meioses from
a French Canadian cohort. Using a linear mixed model with the mother as a ran-
dom effect, they estimated that f,5. = —0.49 crossovers per year (p=0.0017), and
they obtained similar results using adjusted counts within families (8., = —0.42,
p = 0.0047). Bleazard et al. (2013) analysed 338 meioses from Mongolian and Ko-
rean families. They regressed maternal crossover count on maternal age, including

mother as a factor, and found that S5 = —0.29 crossovers/year (p = 0.03).

While this project was underway, Campbell et al. (2015) reported an analysis of
recombination in about 4200 families from the 23andMe dataset, in which they found
an increase of 0.067 maternal crossovers per year. Since they fitted a simple linear
regression that did not account for the baseline rate of the mother, this analysis could
be confounded for the reason described above, as they noted. When Campbell et al.
restricted the analysis to 2184 “phase-known” meioses (from families with more than
two children) and ran the regression on the adjusted counts, they did not find a sig-

nificant association with age (p=0.11).

Thus, there is a lack of consensus about the size and direction of effect of maternal

age on recombination rate.

There are likely several factors contributing to the conflicting results between dif-
ferent cohorts in the previous studies. There was considerable heterogeneity in the
number of genetic markers used, in genotype data filtering and quality control, in
the accuracy of the age data available, and in the methods used to call crossovers
and to test the age effect. Here, we revisited this question in nine different cohorts
(Table 5.1; Table 5.A.1). These included the French Canadians in which Hussin et al.

had previously investigated the maternal age effect, six cohorts that O’Connell et al.
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(2014) had used in a study on phasing in populations with high levels of relatedness,
and two cohorts from twin registries not previously studied for this purpose. We tried
to eliminate some of the possible confounders by applying the same methodology, as
far as possible, to all cohorts. The aim was to resolve the direction of effect and to
ascertain whether applying a standardised approach would make the results for each

cohort more consistent.

This chapter is primarily taken from Martin et al. (2015). As mentioned in the
Acknowledgements section of the paper, Ryan Christ substantially assisted with the
development of the hierarchical models, Jared O’Connell and Julie Hussin advised on
the use of duoHMM and NFTOOLS respectively, and Scott Gordon, Hamdi Mbarek,
Kerrie MacAloney and Jouke-Jan Hottenga helped with the data preparation and
cleaning. The data were contributed by many different people, detailed in the Ac-
knowledgements, with the largest dataset (Queensland Twin Registry) from Nick
Martin.

Figure 5.2 (following page): Normal and abnormal chromosome segregation.
A) In the meiosis I oocyte (a), the homologous chromosomes form chiasmata which
tether them at the crossover sites. They remain like this throughout the dictyate
arrest (see Figure 5.1) and then separate at anaphase I, with one remaining in the
egg and the other going to the first polar body (b). The ovulated egg is then arrested
again at metaphase II, until fertilisation triggers the second meiotic division, causing
the sister chromatids to separate, one into the egg, and the other to the second polar
body (c). Various errors at meiosis I (panel B) or meiosis II (panel C) can lead to
aneuploidies. The expected outcomes assume random segregation of the unassoci-
ated homolgues or sister chromatids. Regardless of whether the errors involve whole
chromosomes or sister chromatids, the outcome will be a monosomic or trisomic con-
ception. The error of relevance in this chapter is recombination failure (panel B, part
a), which results in two unpaired univalent chromosomes at meiosis I. Rowsey et al.
(2014) suggest that age-dependent loss of cohesin, leading to premature sister chro-
matid separation (panel B, part d), may be responsible for the maternal age effect on
aneuploidies. This figure was taken directly from Nagaoka et al. (2012).
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5.2 Methods

5.2.1 Cohorts

The cohorts used are detailed in Table 5.1, along with the chips on which they were
genotyped. The Queensland Twin Registry (QTR) and Netherlands Twin Registry
(NTR) cohorts were collected for a variety of studies on behavioural and medical
traits. In both cohorts, all families include one or more pairs of monozygotic (MZ)
and/or dizygotic (DZ) twins, as well as one or both parents and, in some cases,
additional siblings. For the analyses in this paper, one child of each MZ pair was
removed. Permission was received to use these data for studying recombination from
the Central University Research Ethics Committee of the University of Oxford, from
the Ethics Committee of the Queensland Institute of Medical Research, and from the
Central Ethics Committee on Research Involving Human Subjects of the VU Univer-

sity Medical Centre, Amsterdam.

The French Canadian cohort consists of 478 individuals from 89 overlapping nu-
clear families. This is the same cohort studied by Hussin et al. (2011). The remaining
cohorts were studied by O’Connell et al. (2014), and are composed of both unrelated
individuals and pedigrees of various sizes. These are from isolated populations: the
Orkney Islands (ORCADES (McQuillan et al., 2008)), the Dalmatian islands of Vis
and Korcula off Croatia (Vitart et al., 2010) (treated separately), and three Italian
populations, Val Borbera (VB) (Colonna et al., 2013), Friuli Venezia Giulia (FVG)
(Esko et al., 2013) and Carlantino (CARL) (Esko et al., 2013).

5.2.2 Auxiliary data on alternative reproductive technologies
and oral contraception

Some data on the use of alternative reproductive technologies (ART) were available for
a subset of families in the QTR. Specifically, some mothers had been surveyed during
clinic visits or online surveys about whether they had ever had hormone treatment,
in vitro fertilisation (IVF) or alternative or natural fertility treatments. However, the
questions either did not ask which children were conceived by ART, or only asked
about the twins. Additionally, it was often not possible to distinguish responses that
were negative versus absent. Thus, we designed a more comprehensive survey which

we conducted on several hundred QTR mothers.
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Table 5.1: Cohorts included in the study. The three rightmost columns show the
number of maternal meioses for which we had age data, followed by the number of
families in parentheses. *The total number analysed excludes the cohorts (or, for the
rightmost column, family configurations within a cohort) with fewer than 20 meioses.
The SNP chips used, number of SNPs, and sample sizes for paternal meioses are given

in Table 5.A.1.

Duos from

Number i f £ Informative Duos from
Cohort of rormative families with
nuclear duos .
samples o1e > 1 child
families
Carlantino, Italy
(CARL) 630 6 (2) 29 (11) 53 (23)
FrenCh(ggr)ladlanS 477 106 (29) 158 (50) 218 (80)
Friuli Venezia Giulia,

Ttaly (FVG) 1236 13 (4) 72 (26) 160 (70)
Korcula, Croatia 897 0 (0) 7(3) 34 (17)
Netherlands Twin
Registry (NTR) 2729 298 (96) 398 (130) 889 (379)

ORCADES, Orkney,
Seorlond 2215 48 (15) 118 (40) 252 (109)
Queensland Twin
Registry (QTR370) 3754 890 (239) 1310 (323) 1441 (389)
Queensland Twin
Registry (QTR610) 7364 1283 (403) 1337 (420) 2898 (1202)
Queensland Twin
Registry 4444 234 (75) 329 (106) 781 (332)
(QTRCoreExome)
Val BO{\?‘E;’ Italy 1664 30 (9) 72 (26) 266 (123)

Vis, Croatia 960 0 (0) 11 (4) 37 (17)

Total 3036 (910) 4253 (1268) 7688 (3003)

Total used* 2889 (866) 3823 (1132) 6011 (2305)
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Data on the use of ART were also available for a subset of families in the NTR and
ORCADES cohorts, as well as data on oral contraception. For the NTR, the mothers
had been asked whether each child was conceived spontaneously or not (e.g. using
hormones or IVF), whether they had ever taken oral contraception, and whether they
had taken it before the birth of the twins. For the ORCADES cohort, we had data

on whether each mother had ever taken oral contraception.

For some analyses, we stratified QTR, NTR and/or ORCADES mothers by ART

or oral contraceptive use before the birth of their children.

5.2.3 Preparation of genotype data

We first ran KING (Manichaikul et al., 2010) on each cohort to detect any pedigree
errors and find any cryptic first-degree relationships. In addition to the quality con-
trol performed on individual cohorts prior to this project, we also removed SNPs with
a minor allele frequency in the founders less than 5%, a p-value from a test of Hardy-
Weinberg equilibrium in the founders less than 0.01, or more than 1% Mendelian
errors. We set all remaining Mendelian errors to missing, as well as any genotypes
flagged as unlikely by Merlin’s error detection algorithm (Abecasis et al., 2002). SNPs
with more than 1% missingness were then removed. For the QTR, we split the sample
into three sets of families to maximise the intersection of the SNPs genotyped on all
family members: QTR610 - families in which all individuals had been genotyped on
the Illumina Human610 or Human660W chip; QTR370 - families in which at least
one individual had been genotyped on the Illumina CNV370 chip; QTRCoreExome

- families in which all individuals had been genotyped on the HumanCoreExome chip.

For ORCADES, individuals were genotyped on either the Illumina HumanHap300
or the Illumina Omni Express chip. Since most families had individuals genotyped on
different chips, for all families we used the intersection of the chips across the whole
cohort. The final number of SNPs used for all cohorts is shown in Table 5.A.1.

5.2.4 Calling crossovers

There are several different methods for calling crossovers using genotype data from
pedigrees (Kong et al., 2004; Coop et al., 2008; Hussin et al., 2011; Bleazard et al.,

2013). Essentially, these rely on inferring the transmission patterns of polymorphic
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markers from parents to their offspring. A key requirement is that they take into
account the possibility of genotype errors which can look like recombination events
over short intervals. We used two different methods for calling crossovers. The first,
NFTOOLS (Hussin et al., 2011), based on the approach of Coop et al. (2008), is
a heuristic method that phases the parental chromosomes using patterns of trans-
mission to the children, and then identifies positions at which a child’s chromosome
switches from copying one parental haplotype to the other. Following Hussin et al.
(2011), we removed double crossovers within 5 informative markers of each other,

since these were likely due to genotyping errors.

The second method, duoHMM (O’Connell et al., 2014) involves first phasing the
samples with SHAPEIT2 (Delaneau et al., 2013) ignoring family information, and
then running a Hidden Markov Model (HMM) on every parent-child duo. This HMM
corrects phasing errors inconsistent with the pedigree structure, detects genotyping
errors, and calls crossovers, assigning a posterior probability p to each. Following
O’Connell et al., we kept only the crossovers with p > 0.5. We found the number of
crossovers called at this threshold was somewhat higher than expected in some co-
horts (relative to established genetic maps). Hence we applied some further filtering,
excluding double crossovers within X SNPs of each other, where X was the average
number of SNPs per megabase for that cohort, given in Table 5.A.1. We also fitted
the hierarchical models described below on the raw counts, to verify that the results
were robust to this filtering (compare Table 5.1 to Table 5.A.2).

NFTOOLS requires families with both parents and more than two siblings geno-
typed in order to assign crossovers to particular children; we refer to these as “in-
formative nuclear families”. In contrast, duoHMM can, in theory, call crossovers in
any parent-child duo, because it uses all individuals in the cohort to phase the par-
ents rather than relying on having three offspring. However, it has reduced power
if there are insufficient first-degree relatives to phase the parents exactly. We refer
to duos/meioses from families with both parents and at least three children, or from
three-generation pedigrees, as “informative”, and all other duos/meioses as “partially

informative” (these were termed “uninformative” in O’Connell et al. (2014)).
We applied the hierarchical models presented below to either fully informative

meioses (Models 1 and 2), or to fully and partially informative meioses (Model 2*), in

both cases from families with at least two children. For Model 2*, we use the following
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six family configurations: families with at least three children and one or both par-
ents (configurations 1 and 2 respectively), families with two children and one or both
parents (configurations 3 and 4), and families with two children, the grandparents
(on the side of the relevant parent) and one or both parents (configurations 5 and 6).

Configurations 2 and 6 are fully informative, and the rest partially informative.

5.2.5 Linear mixed models and meta-analysis

To test the effect of parental age on the number of crossovers, while accounting for
differences in baseline recombination rates between individuals, we began by following
the approach of Hussin et al. (2011) and fitted a linear mixed model on the maternal

or paternal crossover counts:

Yg:j = M+ﬁage X ag€+aj +€i (51)

where Y ; is the number of crossovers for child ¢ of parent j, i1 is an intercept, 8,4 is
the effect of the age of parent j at the birth of child ¢ (in crossovers per year), a; is the
normally-distributed random effect of parent j, and ¢; is a normally-distributed error
term. Hussin et al. (2011) included the number of children as a covariate, but since,
for most cohorts, we only knew the number of genotyped children, not the total, this
was not possible here. This model was fitted to the meioses from informative nuclear
families for every cohort separately using the nlme package in R (Pinheiro et al.,
2014). We then carried out a fixed-effect meta-analysis on the (.4 estimates using
the metafor package (Viechtbauer, 2010), weighting them by their inverse variances
(Cooper et al., 2009).

5.2.6 Bayesian hierarchical models

We next fitted a variety of hierarchical models to test the maternal age effect. These
accounted for differences between families and between cohorts. All models were fitted
on the paternal crossovers too, using the priors detailed at the end of this section.

The first model was a simple normal model on crossover counts:
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Yije ~N(Bage x age, ;. + je, 7))
Qjc ~ N (Mm 0(2;)
4e  ~N(41,100)

Model 1 (5.2)
02  ~ Inv-Gamma (2, 40)
ﬁage ~ N (07 1)
2 ~ Inv-Gamma (2, 70) )

where Y; ;. is the number of maternal crossovers for child i of mother j from cohort
¢, aj. is the effect of the mother, u. and o2 are the mean and variance respectively

of the mother effects for cohort ¢, and 72 is the residual variance.

We chose conjugate distributions for the priors and hyperpriors, and used an em-
pirical Bayes approach to choose some of the parameters for the prior on the residual
variance 72 and for the hyperpriors for p. and o2. We specified the mean value of the
prior for y, to match approximately the mean number of crossovers for females (41)
reported in Hussin et al. (2011), and we set the variance to be large (100) since we
found that a tight prior on u. influenced the estimates of Sy4.. The o2 prior was chosen
so that its 95% credible interval encompassed the empirical variances in the average
number of crossovers for a parent for each cohort. Given that the previous estimates
for (.4 had ranged between -0.49 and +0.19, we chose a N (0, 1) prior for this pa-
rameter. We chose the prior for 72 so that its mean would be approximately equal to

the variance in the number of maternal crossovers across all fully informative meioses.

We also fitted a more general model which allowed for heterogeneity in the age

effect between cohorts:

Yije ~ N (Bagee X 88,10 + Qje, T2))
5age,c ~ N (ﬁage,globala o 2ge,global)
Bage.giobal  ~ N (0,1)

~ Inv-Gamma(3,0.5)

s Model 1.2 (5.3)

2
Uage,global

2

where Bqgc is the age effect for cohort ¢, and Bqge giobar and T age.globa

, are the mean

and variance respectively for the age effects. We used the same hierarchy for «; . and

202



the same priors for 72, y. and o2 as in Model 1.

Although the normal model has an easy interpretation and seemed to fit the data
quite well in posterior predictive checks, it is not strictly appropriate for count data.
Rather than use a Poisson model, which constrains the variance to be equal to the

mean, we considered a negative binomial model, using the parameterisation:

X ~ NegBinom(a, b) when Pr(X = z) — (“ - 1) ( b ) ( ! ) (5.4)

a—1 14+ 1+0b

for a € RT, b € RT and x € N. This gives:

(1+b)a 1+b
o b

E(X) = % and Var(X) =

We fitted the following model:

E(X). (5.5)

Vige~ NegBinom (et )

Qjc ~ N(pe, 02)

fe ~N@3.7,02) Model 2 (5.6)
o? ~ Inv-Gamma(3, 0.05)

Bage ~ N(0,0.01)

< ~U(0,1). )

This gives E(Y; ;) = exp(Bage X age; .+ ;) and Var(Y; ;) = wE(Y; ;), where w is the

I so that w would

over-dispersion parameter. We put a uniform U(0,1) prior on w™
be constrained to the range (1,00). We used the exponential link function since the
shape parameter of the negative binomial distribution, a, needs to be strictly positive.
We adjusted the priors to account for the transformation of the parameters, so that

they would be similar to the priors for Model 1 e.g. E(u.) = log(41) ~ 3.7.

The models described so far were fitted to data from informative meioses from
families with at least two children (with only one child, it is not possible to estimate
a; ), excluding cohorts with fewer than 20 such meioses. Since including partially in-
formative meioses substantially increased the available sample size, but, as O’Connell
et al. (2014) showed, there was decreased power to call crossovers for these meioses,
we adapted Model 2 to account for this by simply drawing the mother effects, «, from
a distribution with a mean and variance that were specific to the family configuration

f from cohort c:
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Y; j.c ~ NegBinom <exp(ﬁagexigfiij,cmj,c,f)7 L ) )

U f ~ N(pte,f, 02 )

red ~ N(37,02) Model 2° (5.7)
ol ~ Inv-Gamma(3, 0.05)

Bage ~ N(0,0.01)

1 ~U(0,1). )

We fitted Model 2* to all meioses from families with at least two genotyped chil-
dren; we excluded a particular family configuration for a cohort if it included fewer

than 20 meioses. The family configurations used are explained in Section 5.2.4.

As for Model 1, we also fitted a more general version of Model 2 with cohort-

specific age effects. The following model was fitted to the informative meioses:

. exp(Bage,c Xage; ; 4oy, )
Y jc ~ NegBinom ( (PagecXagospetase) 1 )

w—1 » w1
age,c ~ N oba 70'2
o Byttt o) Model 2.2 (5.8)
/Bage,global ~ N(O, 001)
02 e global ~ Inv-Gamma(3,0.02).

with the hyperpriors on «;. and the other priors the same as for Model 2. For the
informative and partially informative meioses combined, we kept the p and o? pa-
rameters cohort- and family configuration-specific, but had a common B . for all

families in cohort c:

. exp(Bage,c Xage; ; .+ o
Y e ~ NegBinom ( (Page.oxoBer jotoges) 1 )

w—1 Y w—1
age,c ~ N obal s 2
Page. (Bytat; Ot Model 2.2* (5.9)
Bage,global ~ N(O, 001)
aﬁge,global ~ Inv-Gamma(3, 0.02) )

with the hyperpriors on «;. s and the other priors the same as for Model 2*.

To check the results were robust to the choice of priors, we set each parameter in

turn to have an uninformative prior, and fitted Model 2* again. Specifically, we used
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these priors:

He,f ™~ U(_OO’ OO) (510)
Oc.f ~ U(—00,00) (5.11)

w~ U(1,00) (5.12)
ﬁage ~ U( o0, OO) (513)

We chose a uniform prior on o, following the recommendation of Gelman et al.
(2006).

We fitted these models on the paternal crossovers too, using the same priors as
above, with the following exceptions:
e ~ N (27,64)
02 ~ Inv-Gamma (2, 15)

pe ~ N(3.2,0.2) for Model 2. (5.15)

} for Model 1 (5.14)

We fitted all models using a Markov Chain Monte Carlo (MCMC) method, specif-
ically the No U-Turn Sampler extension to Hamiltonian Monte Carlo (HMC), imple-
mented in RSTAN (Stan Development Team, 2014). HMC takes a series of steps
informed by the first-order gradient of the log-posterior in order to avoid the ran-
dom walk behaviour inherent in other MCMC methods such as Metropolis and Gibbs
sampling (Hoffman and Gelman, 2011).

We used 4 chains with 10,000 draws each, and discarded the first half as burn-in.
Convergence was assessed using the R statistic, which measures the between- versus
within-chain variance (Gelman et al., 2004). This should be close to 1 if conver-
gence has been reached. If R exceeded 1.05 for any parameter, the chains were run
for a further 10,000 draws or until R was less than 1.05. For some models, we also
tried running the MCMC for 100,000 draws, discarded the first half, and thinned
the remainder by taking every 100th draw. The 95% credible intervals were almost

identical, and so we report results from 10,000 draws here.
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5.2.7 Posterior predictive checks

To assess the fit of these hierarchical models, we carried out posterior predictive
checks to compare empirical properties of the observed data, Y, to data simulated
under a model with the estimated parameters, which we denote Y. For all pa-
rameters in all models, the draws were concentrated in a single mode, and we took
the draw with the highest posterior density as the Bayesian estimator. We denote
the parameter estimates from this draw as Bage, fi. etc. Using these estimated pa-
rameters, we simulated 1000 datasets of the same size as the actual dataset, starting
from the highest level of the hierarchy in the model. As an example, for Model 1,
we simulated ;. for each mother from N(fi, 57), then simulated Y;;% for each child
from N(Buge X age; ;. + «jc,7°). Then we compared these simulated datasets to
the observed data by examining the empirical cumulative distribution functions and
distributions of summary statistics that are ancillary to the inference. We also tried
simulating datasets using 1000 different sets of parameters drawn from the joint poste-
rior distribution and comparing these to the observed data. Results were very similar
to those from the simulations using the draw with the highest posterior density, so

we show only results for the latter.

5.2.8 Assessing the frequentist properties of the Bayesian
method

We wanted to assess the probability that, if 3,4 had some true non-zero value B,ge trye,
our Bayesian procedure would have estimated it well. We therefore estimated the
coverage and power of the credible intervals under the Bayesian model. Formally, the

95% credible interval has a 100v% coverage for a parameter 6 if
Pr(F~1(0.025) < 0 < F~(0.975)) =, (5.16)
and 1007% power if
Pr(F~1(0.025) < 0 < F~*(0.975)) = 1 — T, (5.17)

where F~1(n) is the 100n'® quantile of the cumulative distribution function of the

posterior of 6.

We selected 10 bins of .4 such that there were at least 1000 draws in each bin,

and then sampled, with replacement, 100 sets of parameters from among those draws.

206



Note that we did this rather then specifying a particular value of 3,4, to test, since
all the parameters in the model needed to be consistent. For each of those sets of
parameters, we simulated a dataset and fitted the model on it in RSTAN, using 4
chains with 10,000 draws. We then asked in what proportion of datasets the credible
interval, at different levels, overlapped 0 (1-power) or overlapped the value of B4

used for simulation (coverage).
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5.3 Results

5.3.1 Comparison of duoHMM to NFTOOLS

We applied two methods to call crossovers, NFTOOLS (Hussin et al., 2011) and
duoHMM (O’Connell et al., 2014) (Section 5.2.4). The number of crossovers called
by NFTOOLS agreed well with expectation (Figure 5.A.1), but duoHMM seemed to
be over-calling for several of the cohorts, notably those from more outbred popula-
tions (QTR, NTR and FC) (Figure 5.A.2; Tables 5.A.3, 5.A.4 and 5.A.5). It seemed
likely this was due to phasing errors, since one would expect the phasing to be better
in cohorts with more low-level relatedness. We found that removing double crossovers
within short intervals, which were probably due to switch or genotype errors, brought
the number in line with expectation for all cohorts (Figure 5.A.2). All duoHMM
results described below were based on these filtered calls, but we also obtained very
similar results using the raw calls (compare Table 5.1 and 5.A.2). There was good
agreement between the final NFTOOLS and duoHMM callsets on the same meioses
(i.e. from informative nuclear families) (Figure 5.A.3), with 96% of crossovers over-
lapping. We estimated that 70-76% of maternal crossovers occurred in HapMap 11
recombination hotspots, after correcting for the number expected by chance (Tables
5.A.6 and 5.A.7). This is similar to previous reports in non-African cohorts (Hussin
et al., 2011; Bleazard et al., 2013; Fledel-Alon et al., 2009).

5.3.2 Linear mixed models and meta-analysis

Exploratory analyses of fully informative meioses suggested a small increase in the
number of crossovers with maternal age (Figure 5.2), with some suggestion of a larger
increase in mothers over 35, as described by Coop et al. (2008) and Kong et al. (2004),
although not in mothers over 39, as described by Campbell et al. (2015). However,

Figure 5.1 (following page): Distribution of number of crossovers called by
duoHMM. QQ-plots for the observed versus expected number of crossovers called
by duoHMM, after filtering. The expected counts were generated from a Poisson
distribution using the genetic lengths from the deCODE 2002 map (Kong et al.,
2002). The number of crossovers called is in line with expectation for fully informative
meioses (green and yellow squares), but somewhat lower than expected for families
in which only one parent or fewer than three children were genotyped. The extent to
which this happens depends on the cohort, reflecting differences in sample size and in
the amount of low-level relatedness, since these factors affect the phasing accuracy.
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Figure 5.2: Plot of the number of crossovers as a function of binned parental
age. Ages are grouped into 5-year bins, relative to parents of between 20 and 25
years old. The number of meioses in each age bin is indicated along the top, in red
for maternal and blue for paternal. Note that age data were not always available
for both parents, so the total sample size differs for maternal and paternal meioses.
Points show means and error bars show 95% confidence intervals. This plot is based
on data from fully informative duos analysed with duoHMM.

this simple analysis does not account for differences in baseline recombination rates
between mothers. Thus, for each cohort separately, we fitted a linear mixed model to
the duoHMM counts from fully informative meioses, treating mothers as a random
effect (Table 5.A.8; see Table 5.A.9 for paternal crossovers), following Kong et al.
(2004) and Hussin et al. (2011). Estimates of the effect of maternal age on the num-
ber of crossovers, (4., varied between -0.26 for the FC cohort, to 0.34 for VB (Figure
5.3; Table 5.A.8), but only the three QTR cohorts were significantly different from 0
at the 0.05 level (QTR370: By = 0.09, p = 0.03, QTR610: SBuge = 0.15, p = 0.01,
QTRCoreExome: (.5 = 0.28, p = 0.01).

Combining the estimates from all cohorts in a fixed-effects meta-analysis, we found

that the effect of maternal age was small but significant (5.4 = 0.09,p = 0.002; Z-

test) (Table 5.A.10). Similar results were obtained using only informative nuclear
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Figure 5.3: Estimates of the maternal age effect from linear mixed models.
The length of the coloured boxes is proportional to sample size. The black lines
show 95% confidence intervals, and the line type indicates which dataset was used.
On the far right are estimates from the meta-analysis, indicated as points with their
confidence intervals.

families with both NFTOOLS and duoHMM data (Figure 5.3, Tables 5.A.8 and
5.A.10), but the effects for FC and VB were more extreme (Su = 0.49,p = 0.049
for VB; Buge = —0.42,p = 0.008 for FC, using duoHMM counts). It seems plausible
that these estimates were more affected by outliers, given the smaller sample size
imposed by restricting analysis to informative nuclear families (Figure 5.4), but we
discuss this further below. In the meta-analysis, there was significant heterogeneity

in the estimated maternal age effects between cohorts, as assessed by Cochran’s Q
test (Table 5.A.10).

5.3.3 Bayesian analysis of the maternal age effect

Hierarchical models that share information between cohorts, while allowing for dif-
ferences between them, may add power to discern an effect, and have a more natural
interpretation. We fitted a variety of such models in a Bayesian framework (see
Methods). We found very similar results for NFTOOLS and duoHMM counts on the
same set of meioses from informative nuclear families (Table 5.A.11; Figure 5.5 ver-
sus 5.A.4). Thus, we focus on the duoHMM results below, because this method also

allows us to include meioses from all families, not just informative nuclear families,
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Figure 5.4: Scatter plots of the number of crossovers versus maternal age
for each cohort. Counts are from duoHMM. Meioses from informative nuclear
families (as could be analysed by NFTOOLS) are shows as black dots, and those
from families with only two children but a third generation (fully informative for
duoHMM) as red crosses. The lines are from a linear mixed model on the number of
crossovers versus maternal age, fitted to either all fully informative meioses (solid line)
or only to meioses from informative nuclear families (dotted line). The corresponding
slopes and their p-values are indicated on the left for all fully informative meioses
(pan) and on the right for meioses from informative nuclear families (pys).
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and hence to substantially increase the number studied.

We began by analysing only the fully informative meioses (n=3823 maternal
meioses from 1132 families; 3558 paternal meioses from 1073 families). Figure 5.5
shows the posterior distribution of the age effect, 3,4¢, under a normal model for the
number of crossovers in which the mother (or father) effects for parent j in cohort c,
@ ¢, are drawn from a normal distribution with cohort-specific mean f, and variance
o2, with the cohort-specific means and variances being independently sampled from a
common distribution across cohorts. Posterior distributions for the other parameters
are shown in Figure 5.A.5. We fitted either a common (3,4 for all cohorts (Model 1;
Figure 5.5 top), or a different f,4 . for each cohort ¢, drawn from the same normal
distribution with mean Suge giobar and variance o2, o (Model 1.2; Figure 5.5 bot-
tom). The results for Model 1 fitted to maternal crossovers (Figure 5.5a) strongly
support a small positive effect (Table 5.1): the 95% credible interval was [0.0267,
0.1451], consistent with the effect found by Kong et al. (2004) using microsatellite
markers, and 99.8% of the posterior distribution for 3,4 was concentrated on posi-
tive values. The results are not consistent with the larger positive effect reported in
the Hutterites by Coop et al. (2008) or the negative effects reported in the original
analysis of the French Canadians by Hussin et al. (2011) or in the Asian cohort by

Bleazard et al. (2013).

Table 5.1: Summary of posteriors for [,, for different Bayesian models.
This table shows several quantiles of the posterior of 8,4 for Model 1 and of ePase
for Models 2 and 2*, as well as the posterior probability that f,,. is greater than
0. Models 1 and 2 were fitted to fully informative meioses, and Model 2* to fully
and partially informative meioses. Note that the interpretation of 3,4 is additive
for Model 1 and multiplicative for Models 2 and 2*. These results are for duoHMM
counts.

| Parent | Model | 2.5% | 25% | 50% | 75% |97.5% |Pr(Bug. >0)]

Maternal | Model 1 | 0.02672 | 0.06608 | 0.08582 | 0.10706 | 0.14513 0.99803
Maternal | Model 2 | 1.00081 | 1.00171 | 1.00217 | 1.00266 | 1.00367 0.99963
Maternal | Model 2* | 1.00098 | 1.00172 | 1.00213 | 1.00251 | 1.00333 0.99995
Paternal | Model 1 [-0.04766 |-0.02582 |-0.01492 | -0.00410 | 0.01769 0.17883
Paternal | Model 2 | 0.99820 | 0.99906 | 0.99951 | 0.99997 |1.00089 0.23465
Paternal | Model 2* | 0.99849 | 0.99925 | 0.99965 | 1.00006 | 1.00082 0.28315
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Figure 5.5: Bayesian posteriors for the age effect from normal models fitted
to fully informative meioses. These plots show the priors (dashed lines) and
posteriors (solid lines) for f,4. from a normal model fitted to the number of maternal
(left) or paternal (right) crossovers called in fully informative duos by duoHMM, with
either the same (top plots) or different (bottom plots) age effects for each cohort (see
Models 1 and 1.2 in Section 5.2.6). In the bottom plots, the posterior for Buge giobar 1
also indicated. The vertical lines show the estimates from previous studies, and the
shaded boxes the corresponding standard errors, if reported. Under this model, the
expected number of crossovers increases by Bq4. per year.

When we fitted a more general normal model with cohort-specific age effects
(Model 1.2) to maternal meioses, there was some evidence for heterogeneity of ef-
fects, with FC showing the strongest evidence for a negative effect (Pr(fuge,rc < 0)
= 0.95), and QTR610 the strongest for a positive effect (Pr(Bage.0rre10 > 0) = 0.98)
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(Figure 5.5¢). Since it seemed more appropriate for count data, we also fitted a neg-
ative binomial model with a common age effect, in which the number of crossovers
increased multiplicatively by a factor of e%se per year (Model 2). The evidence in
favour of a positive effect was very similar to that under the normal model (Figure
5.6; Figure 5.A.6): 99.96% of the posterior distribution for (3,4, was concentrated on
positive values (Table 5.1).

The results presented thus far have all been based on data from 3823 fully infor-
mative maternal meioses from 1132 families. However, duoHMM can call crossovers
in any duo, since it uses all individuals in the cohort for phasing. Its performance
depends on the amount of low-level relatedness in the cohort, which affects phasing
accuracy. Figure 5.1 shows that duoHMM is under-calling crossovers in meioses that
are only partially informative, but to a different extent in each cohort, consistent
with the results of O’Connell et al. (2014). We adapted the negative binomial model
to allow for this effect by instead drawing the mother (or father) effects, ;. r, from
a normal distribution with mean p. ¢ and variance 03 s corresponding to the family
configuration f in cohort ¢ (see Section 5.2.6 for a description of Model 2* and the
family configurations). We fitted this to the 6011 maternal meioses from families with
at least two children, requiring multiple children so that the mother effect could be
estimated. With this increased sample size, the results were broadly similar (Figure
5.7; Figure 5.A.7), though the posterior on S5 (0r Buge.c) Was tighter than when

using only the fully informative meioses (compare Figure 5.6 to 5.7).
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Figure 5.6: Bayesian posteriors from a negative binomial model fitted to
fully informative meioses. These plots show the priors and posteriors for efase
from a negative binomial model fitted to the number of crossovers called by duoHMM
in informative duos, with either the same (Model 2) or different (Model 2.2) age
effects for each cohort (see Section 5.2.6). We have plotted efes since, under the
negative binomial model, the expected number of crossovers increases by this factor
per year. The axes have been chosen to facilitate comparison with the normal model
shown in Figure 5.5, assuming a baseline of 38. i.e. the bounds [0.985,1.013] on
ePuse under the negative binomial model are approximately equivalent to the bounds
[38 x 1og(0.985), 38 x log(1.013)] = [-0.57,0.49] on f,4 under the normal model.
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Figure 5.7: Bayesian posteriors from a negative binomial model fitted to
fully and partially informative meioses. These plots show the priors and pos-
teriors for efase from a negative binomial model fitted to the number of crossovers
called by duoHMM in both informative and partially informative duos, with either
the same (Model 2*) or different (Model 2.2*) age effects for each cohort (see Section
5.2.6 and legend to Figure 5.6).

It is important to emphasise that the interpretation of 3,4 is different for the
negative binomial models versus the normal model. In the normal model (Model 1),
the number of crossovers is expected to increase linearly from the baseline by g
per year, whereas in the negative binomial models (Models 2 and 2*), it increases
multiplicatively by a factor of e®ssc per year. In practice, because fBu4. is so small,

this makes very little difference. For our estimated B,4 values, the multiplicative
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ease_fold increase is close to a linear increase by (Bage X baseline) per year, at least

over a relatively small number of years.

To check that these results were robust to the choice of priors, we fitted Model 2*
with an uninformative prior placed in turn on each parameter (see Methods). The
inference about (., was not substantially changed: in each model, at least 99% of the
posterior density was concentrated on positive values (Figures 5.A.9, 5.A.10, 5.A.11
and 5.A.12).

All previous studies had found no significant effect of the father’s age at birth on
the number of paternal crossovers (Kong et al., 2004; Coop et al., 2008; Hussin et al.,
2011; Bleazard et al., 2013; Campbell et al., 2015). Our results are consistent with
this (Table 5.1; Figures 5.5, 5.6 and 5.7; Figures 5.A.4, 5.A.5, 5.A.6 and 5.A.8), but it
is notable that there is some heterogeneity of estimated paternal age effects between
cohorts. For example, for Model 1.2 (Figure 5.5d), we find Pr(f., > 0) = 0.94 for
NTR, and 0.09 for FC. We discuss possible explanations for and implications of this

heterogeneity later.

5.3.4 Posterior predictive checks

We conducted posterior predictive checks to assess how well these hierarchical mod-
els fitted the data, by comparing the distribution of the observed crossover counts to
data simulated under a model with the estimated parameters (Figures 5.A.13, 5.A.14,
5.A.15, 5.A.16, 5.A.17). The median number of crossovers was similar between the
observed and simulated data for all models. The minimum tended to be too low in
data simulated under the normal model (Model 1), which is expected given that it
has no lower bound. There was an asymmetry in the distribution of the observed data
(Figure 5.A.13, red histograms), and, for the fully informative meioses, the negative
binomial model (Model 2) captured this better than the normal model (Model 1)
(Figure 5.A.17).

5.4 Discussion

We have investigated the maternal age effect on recombination in data from over 6000

meioses from nine cohorts. This is by far the largest SNP-based sample analysed for
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this question. Kong et al. (2004) studied a much larger sample of over 14,000 meioses,

using 1000 microsatellite markers, and had age data rounded to the nearest 5 years.

To estimate the age effect, we first applied the same statistical approach as Kong
et al. (2004) and Hussin et al. (2011), namely a linear mixed model (Figure 5.3; Table
5.A.8). We found significant effects in some cohorts (positive in VB and the QTR
cohorts, negative in FC), and a meta-analysis of all cohorts combined showed a small
and significant positive effect (Table 5.A.10).

In addition to the approach of earlier authors, we also fitted various hierarchical
models that accounted for differences between mothers and cohorts, fitting these in
a Bayesian statistical framework. Model 2* allowed us to account for the uncalled
crossovers in partially informative meioses, so we could increase the sample size by in-
cluding these. These hierarchical models had good frequentist properties (see Section
5.2.8), including low type I error, and there was good power to detect a multiplica-
tive effect greater than about 1.0015 crossovers per year with the informative meioses
(Figure 5.A.18).

Our results on 3823 fully informative meioses (posterior mean for [, = 0.0862
crossovers/year) were very similar to the small positive maternal age effect reported
by Kong et al. (2004) (0.082 crossovers/year). They are also in line with the estimate
reported recently by Campbell et al. (2015) (Sage = 0.067 crossovers/year), although,
notably, this effect became nonsignificant when they restricted the analysis to the
families in which crossovers could be assigned to children (2184 meioses). There was
extremely strong support for a positive maternal age effect: 99.96% of the posterior
density was concentrated on positive values (Model 2 fitted to informative meioses).
When we included partially informative meioses (Model 2%), increasing the sample
size to 6011 meioses, this gave a tighter posterior on the age effect, and we estimated,
using the posterior mean of 3,4, that the expected number of crossovers increases by
2% over 10 years (95% credible interval [1.1%,3.0%]). Translation between parame-
ters in this multiplicative model and the additive model used here and by others for
fully informative meioses is not immediate. Nonetheless, assuming a baseline number
of crossovers of 38, as inferred from the data (Figure 5.A.7), shows the multiplica-
tive parameter estimate to be in good agreement with the additive change of ~ 0.08

crossovers/year inferred here and by Kong et al. (2004).
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Following previous studies (Coop et al., 2008; Hussin et al., 2011), we removed
double crossovers over short intervals since these were likely to be due to genotyp-
ing or, for duoHMM, switch errors. This brought the distribution of the number of
crossovers closer to expectation for the QTR, NTR and FC cohorts. If, however, some
of these double crossover events were real, this would lead to underestimation of the
number of crossovers, and if their frequency changed with age, as might be expected
given the recent report by Campbell et al. (2015), this could be a confounding factor
in the analysis presented here. We thus fitted the hierarchical models again using the
raw duoHMM data. The 95% credible intervals for f,,. were very similar to those
obtained using the filtered data (compare Table 5.A.2 to Table 5.1), demonstrating
that the filtering did not greatly affect the results.

Although we applied the same methods to all cohorts, there was still substantial
heterogeneity between cohorts in the magnitude and direction of the maternal age
effect. There were differences between cohorts in the number of SNPs (Table 5.A.1),
but although this does affect ., the mean of the mother effects for cohort ¢ (Figures
5.A.5, 5.A.6, and 5.A.7), it is unlikely to affect the estimate of f,4. ., since, within a
cohort, there is no association between maternal age at birth and the number of SNPs.
There could also be inter-cohort differences in family size, which has previously been
found to be associated with recombination rate (Kong et al., 2004; Coop et al., 2008).
If women with higher baseline recombination rates have more children later in life,
the number of recombinations will appear to be higher in older mothers. We could
not explicitly include family size as a covariate in the analyses, since we did not have
that information, but the model should, in theory, be capturing this effect with the
mother effect, a. Since the a for each mother is drawn from the same distribution
as the other mothers in the cohort, one might expect some shrinkage towards the
mean mother effect. This could potentially, for example, reduce the estimate of « for
high-recombining mothers and thus inflate 8,4 .. However, it is not clear how such
a phenomenon could cause the negative (3,4 . estimates in some cohorts, notably in
the French Canadians. Notably, there was still heterogeneity when fitting the linear
mixed model to each cohort separately (Figure 5.3), in which the mother effects are
independent of one another, so it seems unlikely differences in family size can account
for this.

There is information about the levels of between-cohort heterogeneity expected
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under the null from analyses of paternal meioses. All previous studies (and the anal-
yses presented here) have suggested that there is no paternal age effect on numbers
of crossovers. Further, the explanations proposed for the maternal age effect on ane-
uploidies (i.e. the production line model (Henderson and Edwards, 1968), or loss of
cohesin during the long meiotic arrest (Chiang et al., 2010)) are not relevant to males.
There is clearly still some heterogeneity between cohorts for paternal age effect esti-
mates (Figures 5.5d, 5.6d and 5.7d), which must just reflect variation under the null
hypothesis.

The number of crossovers was more over-dispersed in females than in males, rel-
ative to the mean: in Models 2 and 2%, the posteriors for w, the over-dispersion pa-
rameter, put more weight on smaller values for males versus females (Figures 5.A.6,
5.A.7 and 5.A.8). One should thus expect more variation, and less precise estima-
tion, in females than in males, and indeed this is the case in our data: the posteriors
for Bug. are tighter for fathers than for mothers (e.g. compare Figure 5.5¢ to 5.5d).
Taken together, this suggests that the differences in 3,4 seen between cohorts may
simply reflect chance effects. Notably, the large negative effect reported by Hussin
et al. (2011) in informative nuclear families from the French Canadians was attenu-
ated when the sample was expanded from 106 to 158 to include all fully informative
meioses (i.e. adding families with only 2 children, but with a third generation; see
Figure 5.4).

It is possible that the heterogeneity in effects between cohorts is due, at least
in part, to biological differences or to confounders. If the relationship between ma-
ternal age and recombination rate were nonlinear, and if the cohorts had different
maternal age distributions, this might explain why they show varying directions and
magnitudes of effect. The age distributions do differ between cohorts (Figure 5.A.19),
but there was no evidence for nonlinearity with age in the residuals (Figures 5.A.20,
5.A.21 and 5.A.22), so this not a likely explanation.

There are at least two possible confounders that may be contributing to the hetero-
geneity. The first is the use of assisted reproductive technologies (ART), which might
interfere with normal recombination processes (e.g. in vitro fertilisation might select
for eggs with more crossovers). These are not uncommon in mothers of twins, who
make up a substantial fraction of our sample (the QTR and NTR cohorts). About
27% and 10% of the mothers of informative duos in the QTR and the NTR reported
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they had had some form of ART. Stratifying QTR and NTR mothers by ART use in
the hierarchical models did not reveal any clear differences in the age effect (Figure

5.A.23A), although we had limited power for these smaller sample sizes.

A second possible confounder is oral contraception. This suppresses ovulation,
and so, if eggs are released in the order they are produced during foetal development,
as happens in mice (Polani and Crolla, 1991), the age of eggs released at a certain
point in a woman’s lifetime will differ depending on whether and for how long she
has taken oral contraception. If there is an association between meiotic entry and
recombination, as in the production line model suggested by Henderson and Edwards
(1968), oral contraceptive use could confound the measured effect of maternal age on
the number of crossovers. Importantly, a recent study argued that the production line
model could not explain the maternal age effect on aneuploidies, because it found no
evidence of a difference in recombination levels between oocytes entering meiosis early
versus late in foetal life (Rowsey et al., 2014). However, there is evidence that moth-
ers over 40 who have taken oral contraception for longer have a significantly lower
risk of having a foetus with a common trisomy (Nagy et al., 2013), suggesting that
suppressing ovulation could somehow affect the recombination levels of the eggs sub-
sequently released. It is notable that the largest positive estimate of 3,4 previously
reported was in the Hutterites (Coop et al., 2008), most of whom probably do not
use any birth control. There were some data on oral contraceptive use for the NTR
and ORCADES cohorts. There were no clear difference in 3,4 between those who
had taken oral contraception before the birth of their children and those who had not
(Figure 5.A.23B). Nonetheless, there was reduced power for these smaller samples,
and thus, the effects of oral contraception on recombination levels and aneuploidy
risk merit further investigations in much larger samples for which more detailed data,

for example on the length of oral contraceptive use, are available.

In conclusion, we analysed over 6000 meioses from across nine cohorts, and found
that the maternal age effect on the number of crossovers was small and positive.
These results rule out the larger positive and negative effects previously reported,
and do not replicate the larger increase in number of crossovers for mothers over
39 described by Campbell et al. (2015) (Figure 1). Neither the results presented
here nor those of other studies apply directly to either maternal recombination rates
nor to the maternal age effect on aneuploidies because all studies count crossovers

in live births. Since the chance of foetal survival may increase with the amount of
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recombination, observed effects on numbers of crossovers may not reflect changes in
the recombination rate in oocytes. Nonetheless, these results are still of inherent
biological interest, and further insights into the recombination process could shed
light on factors affecting aneuploidy rates. The positive effect observed can probably
be explained by the selection hypothesis proposed by Kong et al. (2004): because the
factors that cause aneuploidies increase with maternal age, eggs with more crossovers
are more likely to be able to overcome these and give rise to a live birth in older
mothers. There was some evidence for heterogeneity between cohorts, and we can
exclude differences in crossover-calling methodology or in statistical approaches as
explanations for this. It may instead be attributable to hidden confounders, possibly
including, but not limited to, assisted reproductive technologies or oral contraception,
or simply to chance effects in smaller samples. Thus, these findings also emphasise

that care should be taken in interpreting results from any specific cohort.
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5.A.1 Supplementary Figures
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Figure 5.A.1: Distribution of number of crossovers called by NFTOOLS. QQ-
plots for the observed versus expected number of crossovers called by NFTOOLS for
paternal and maternal meioses in each cohort. The expected counts were generated
from a Poisson distribution using the genetic lengths from the deCODE 2002 map
(Kong et al., 2002). Note that the points have been jittered to aid visualisation, so
the counts do not always appear to be strictly increasing.
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Figure 5.A.2: Distribution of number of crossovers called by duoHMM, be-
fore and after filtering. The qqg-plots were constructed as for Figure 5.A.1, but
using data from informative meioses called with duoHMM. Red points show the raw
counts before filtering, and green points the filtered counts (see Section 5.2.4).
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Figure 5.A.4: Bayesian posteriors for the age effect, with NFTOOLS data.
These plots show the priors and posteriors for f,5. from Models 1 and 1.2 fitted to
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Model 1.2, the posterior for Buge giobar is also indicated. The vertical lines show the
estimates from previous studies, and the shaded boxes the corresponding standard
errors, if reported. Note that these results are based on meioses from informative
nuclear families, whereas Figure 5.5 is based on all informative meioses.
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Figure 5.A.5: Bayesian posteriors for parameters from Models 1 and 1.2, for
duoHMM data. We fitted a normal model on the number of crossovers called in
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Figure 5.A.6: Bayesian posteriors from a negative binomial model fitted
to fully informative meioses. These plots show results from Model 2, described
in the Methods, fitted to duoHMM counts from informative duos. Parameters are
as described for Figure 5.7 and Figure 5.A.5, except that w is the over-dispersion
parameter, replacing 72 from the normal model. Note that the expected number of
crossovers increases by e’ese-fold per year.
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Figure 5.A.7: Bayesian posteriors from a negative binomial model fitted
to fully and partially informative maternal meioses. This is from Model 2*
(see Methods) fitted to maternal crossovers from all families with more than one
child. Parameters are as described for Model 2 in Figure 5.A.6, except that there are
different p and o for each family type-cohort combination. As for Model 2, note that
the expected number of crossovers increases by efwsc-fold per year.
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Figure 5.A.8: Bayesian posteriors from a negative binomial model fitted to

fully and partially informative paternal meioses. As for Figure 5.A.7 but for
paternal meioses.
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Figure 5.A.9: Bayesian posteriors from a negative binomial model fitted
to fully and partially informative meioses (Model 2*), with uninformative

prior on [,4.
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Figure 5.A.10: Bayesian posteriors from a negative binomial model fitted
to fully and partially informative meioses (Model 2*), with uninformative
prior on .
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Figure 5.A.13: Replications of the maternal crossover counts from the pos-
terior predictive distributions, compared to observed data. We took the
parameter estimates from the draw with the highest log probability, and simulated,
from the highest level of the hierarchy, 1000 datasets of the same size as the ac-
tual dataset under the model. Panels A-C show histograms of the observed data
(duoHMM counts for fully informative meioses) and a randomly selected simulated
dataset. Panels D-F show empirical cumulative distribution functions for 100 ran-
domly selected datasets (grey lines), compared to the observed data (red line). The
simulated datasets clearly match the observed data well.
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Figure 5.A.14: Empirical cumulative distribution functions for 100 poste-
rior predictive datasets simulated from Model 1, by cohort. As for Figure
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Figure 5.A.15: Empirical cumulative distribution functions for 100 posterior
predictive datasets simulated from Model 2, by cohort. As for Figure 5.A.13E,
but with the samples stratified by cohort.
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Figure 5.A.17: Distributions of summary statistics for datasets simulated
from posterior predictive distributions. Histograms of an asymmetry statistic
and the maximum, minimum and median crossover counts for the simulated datasets
shown in Figure 5.A.13D-F. The asymmetry is defined as |yoo — ys0| — |10 — Y50,
where y; is the ¢th percentile of the distribution of the number of crossovers. Thus,
it should be 0 for a symmetric distribution. The red line indicates the value from the
observed data, and p is the proportion of simulated datasets with a statistic greater

than or equal to this.
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Figure 5.A.18: Frequentist properties of the Bayesian procedure. We divided
Bage into 10 bins based on the posterior, sampled 100 draws from each bin, and
used those parameters to simulate datasets on which we then refitted the Bayesian
model. The left-hand plots show the coverage, or percentage of simulations in which
the indicated credible interval overlapped the value of 3,4 used for simulation. The
coverage for the bin centred on 0 is equivalent to the Type I error. The right-hand
plots show the power, or percentage of simulations in which the interval did not
overlap 0.
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Figure 5.A.19: Distributions of parental age at birth by cohort.
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Figure 5.A.20: Residuals from Model 1 vs. maternal age. The residuals were
calculated by subtracting the number of crossovers expected (given the parameters
for the draw with the highest likelihood) from the observed number of crossovers.
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Figure 5.A.21: Residuals from Model 2 vs. maternal age. See legend of Figure
5.A.20.
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Figure 5.A.23: Bayesian posteriors for (,, from Model 1.2, with mothers
stratified by usage of alternative reproductive technologies (ART) or by
oral contraceptive (OC) usage. A) QTR and NTR mothers are stratified into
those who used ART, those who did not, and those with missing data, or who had
given conflicting answers at different times. B) NTR and ORCADES mothers are
stratified into those who had taken oral contraception before the birth of their children
(OC), those who had not (no OC) and those for whom this information was not
available (unknown OC). Parameters are as defined in Figure 5.5 and Figures 5.A.5

T
-04 0.2

and 5.A.6. We fitted the model to the duoHMM data.
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Table 5.A.11: Comparison of results from Model 1 fitted to NFTOOLS

versus duoHMM data. As for Table 5.1, but for meioses from informative nuclear
families.

Parent Method 2.50% 25% 50% 75% 97.50% Pr(f.. > 0)

NFTOOLS-0.0081 0.0389 0.0641 0.0884 0.1363 0.9597
duoHMM -0.0283 0.0243 0.0513 0.0774 0.1228 0.8990

NFTOOLS-0.0543 -0.0333 -0.0210 -0.0096 0.0121 0.1079
duoHMM -0.0540 -0.0295 -0.0172 -0.0049 0.0187 0.1729

Maternal

Paternal
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Chapter 6

Conclusion

In this thesis, we have presented results from three different applications of genomic
technologies. The first was the use of WGS in the study of rare disease, as part of
the WGS500 project. In Chapter 2, we described findings from case studies of several
Mendelian neurological diseases. Sequencing of six trios with early-onset epilepsy
led to the discovery of two new genes for Ohtahara syndrome, KCNT1 and PIGQ),
and two candidate genes for nonsyndromic epilepsy, CBL and CSNK1G1. This case
study emphasises the efficiency of WGS for detecting causal mutations in geneti-
cally heterogeneous Mendelian disorders. Our discovery of the GRIAS mutation in
the brothers with severe sleep disturbance suggests a role for this gene in circadian
rhythm, which we hope will be better understood through ongoing studies in a knock-
in mouse strain. Our experience also illustrates the difficulty that can be encountered
in finding a causal mutation in a consanguineous family, even when there is a well-
defined linkage region (as in the family with the novel learning disability /spasticity
syndrome), and if the inheritance mode is not clear (as in the sisters with mental re-
tardation and epileptic encephalopathy). Our successes also support the notion that
WES is more cost-effective than WGS for families with severe Mendelian disorders.
On the other hand, having WGS data on more patients would give us more power
to start identifying causal noncoding variants, if these do account for some of the

unsolved Mendelian phenotypes.

The analyses in Chapter 3 demonstrate some important points about optimal de-
sign of clinical sequencing studies. We showed that sequencing trios greatly reduces
the number of candidates to consider for patients with a sporadic disease, as has been
reported in other large studies (Wright et al., 2015). Additionally, we showed that
a large number of artefacts of the mapping and calling pipeline can be ruled out by

screening against locally sequenced controls, but would otherwise be considered as
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candidates if only public databases are consulted. Our results also suggest that the
strategy of focusing on candidate genes generated through high-throughput database
searches is prone to both false positives and false negatives, and that filtering based on
family information first is more effective. In addition to pinpointing pathogenic non-
coding mutations, homing in on causal genes quickly through sensitive, specific and
automated literature searches remains the biggest challenge for future large clinical se-
quencing projects such as Genomics England, in which laborious and time-consuming

manual review of multiple candidates will not be feasible.

In Chapter 4, we described the first population sequencing study of the platypus.
Much of our effort in this project was devoted to trying to improve the highly frag-
mented reference genome, and this is ongoing. We managed to fix some of the errors,
but many remain, and the assembly still contains a large number of small scaffolds.
Despite this, we demonstrated that our SNP callset had a low false positive rate and
accurate genotypes, as assessed by the Mendelian error rate and discordant genotype
rate between two duplicates. We therefore considered this a reasonable substrate
for our population genetic analyses. These confirmed the strong population struc-
ture that had previously been noted in microsatellite and mitochondrial DNA studies
(Kolomyjec et al., 2009; Gongora et al., 2012; Furlan et al., 2013), and also revealed
unexpected similarities between platypus from different river systems several hundred
kilometres apart, which may be explained by overland travel or historical connections
between the basins. Analysis of historical effective population sizes showed the dis-
tinct histories of the different populations, and suggested a different tree from that
previously reported based on mitochondrial sequences. Our results suggest that the
North Queensland population should be a particular priority for conservation, since
it appears quite distinct from populations further south and has low nucleotide diver-
sity resulting from a bottleneck. We also discovered some apparently recently-formed
strata on the platypus sex chromosomes, which were not reported in an earlier study
(Cortez et al., 2014). These appear to be at PAR boundaries, and in one case, there
seems to have been a crossover between the X and the Y that has led to the extension
of the PAR by 600kb in one individual. Our observations support the notion that the
platypus sex chromosomes are still undergoing the transformation from autosomes to
fully-fledged sex chromosomes. We hope that further reference genome improvements
will allow us to assemble the full sequences of the sex chromosomes, which will help

to understand how (and possibly even why) they formed.
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Finally, in Chapter 5, we investigated patterns of meiotic recombination in human
pedigrees using genome-wide SNP data. Our analysis of nine different cohorts using
Bayesian hierarchical models revealed a small positive effect of maternal age on the
number of crossovers (an increase of 2% over ten years). However, despite standar-
dising the data cleaning and crossover calling as far as possible between cohorts, we
still saw substantial inter-cohort heterogeneity. We think this is most likely to be
sampling noise, but there may also be confounding factors at play. Our results may
not be relevant to the maternal age effect on aneuploidies since our approach only
considers live births, but future studies using single-cell genotyping or sequencing of
meiotic products (Handyside et al., 2010; Hou et al., 2013; Ottolini et al., 2015) may

further our understanding of this.

Over the next few years, falling costs will undoubtedly lead to the sequencing
of millions of genomes of clinical cases and healthy people. This will give us much
greater power to uncover the genetic causes of many more rare and common diseases,
leading to an increased understanding of aetiology and ultimately, it is hoped, better
treatments. For rare diseases, this will be greatly facilitated if genotype and pheno-
type information can be securely shared between studies. For common diseases and
clinically relevant quantitative traits, international collaborations and biobanks will
allow the collection of larger and larger samples, increasing our power to find vari-
ants of smaller effect sizes. The integration of data from projects such as ENCODE
and the Epigenomics Roadmap may help identify pathogenic noncoding variants, but
(ideally high-throughput) experimental approaches for determining the function of
such variants in the relevant tissue type will also be required. Furthermore, lower
costs will spearhead the sequencing of population samples from many other species,
giving rise to a better understanding of their biology, as well as improving agricul-
tural practices (e.g. Daetwyler et al., 2014; Brozynska et al., 2015) and identifying
conservation priorities (e.g. Li et al., 2014; Perdiguero et al., 2015). “Third gener-
ation” long-read sequencing technologies such as PacBio and Oxford Nanopore will
greatly facilitate de novo assembly of new genomes, and if the error rates decrease
dramatically, they will also be useful for phasing, which has applications in the study

of disease, of recombination, and of demographic history.
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