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ABSTRACT 

The ability to read is critical to access wider learning and achieve qualifications, for 

accessing employment, and for adult life skills. Approximately one in ten individuals 

are affected by dyslexia, a learning difficulty which primarily impacts word reading and 

spelling. Specifically, phonological processing (the ability to decode phonemes) is 

impaired in dyslexia. Whilst some believe dyslexia represents the extreme end of a 

continuum of reading ability, others have suggested it is a distinct trait. 

Variation in reading ability is a highly heritable (possibly 70%) complex trait caused by 

many genetic variants with a small effect size. However, the genetic architecture of 

reading ability and dyslexia is largely unknown due to a lack of quantitative genetic 

studies with sufficient statistical power to detect such small effect sizes. Previously, 

most genetic studies of reading ability have been conducted using samples of children 

with dyslexia, which tend to be modest in size. Whilst large samples of genotyped 

unselected adults have been collected (for example UK Biobank), phenotypic data on 

reading or language skills is rarely prioritised. 

The overall aim of this thesis is to discover genetic variants associated with dyslexia 

and variation in reading skill in order to better understand the aetiology of reading 

difficulties, which in turn, may inform prediction, identification and intervention 

strategies in the future. Firstly, I will conduct a genome-wide association (GWA) study 

of over 50,000 adults with a self-reported dyslexia diagnosis and over 1 million controls 

to identify associated single nucleotide polymorphisms (SNPs). I will also explore ways 

to improve power for discovering genetic factors associated with reading ability. To do 

this, I will first investigate whether unselected adult samples are valid as a means to 

identify genetic factors associated with reading skill through a candidate gene 
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approach. Secondly, I will investigate whether proxy reading phenotypes are also a 

means to gain power through large cohorts that have no quantitative measure of 

reading ability. Such samples may be informative for future GWA meta-analysis of 

quantitative reading ability. 

In Chapter 1, I will first introduce reading ability and dyslexia. I will discuss how reading 

ability is a quantitative trait and how it can be measured before discussing how 

dyslexia is identified. Then, I will consider how dyslexia may relate to reading ability: 

whether it represents the extreme end of a continuum of reading or whether it is a 

distinct trait. I will then introduce the known causes of variation in reading ability and 

dyslexia, which includes both environmental and genetic factors. Next, I will present 

the history of genetic studies of reading ability and dyslexia and their limitations. 

Finally, I will discuss the current state of genetic research into reading ability and 

introduce the aims of my thesis in detail. 

Chapter 2 is a publication in Nature Genetics entitled ‘Discovery of 42 genome-wide 

significant loci associated with dyslexia’ which includes GWA analysis of over 1 million 

23andMe, Inc participants reporting on dyslexia diagnosis. I identify 42 independent 

genome-wide significant loci, 15 of which are in genes previously linked to cognitive 

ability and/or educational attainment, and 27 of which are novel and may be more 

specific to dyslexia. Extensive downstream biological analysis is performed alongside 

genetic correlations with other traits and dyslexia polygenic score prediction of 

quantitative reading scores. 

Chapter 3 is a publication in Twin Research and Human Genetics on ‘The association 

of dyslexia and developmental speech and language disorder candidate genes with 

reading and language abilities in adults’ which analyses an adult population cohort 
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with quantitative measures of reading and language ability to replicate previous 

associations of candidate genes and biological pathways with dyslexia. I demonstrate 

that unselected adult populations are a valid means by which to identify genes which 

have previously been associated with dyslexia and/or speech and language disorder. 

Chapter 4 is a research chapter in which I construct a proxy reading phenotype from 

measures of reading frequency in an unselected adult sample for whom a quantitative 

measure of reading ability is not available. I find that a dyslexia polygenic score 

constructed from the dyslexia GWA analysis in Chapter 3 cannot explain variation in 

the proxy phenotype suggesting that book reading is not a sufficient substitute for 

reading ability. 

Finally, in Chapter 5, I integrate and discuss my research findings. I highlight the 

discovery of 42 variants associated with dyslexia through GWAS, in addition to the 

discovery of new genes and biological pathways which may form part of the biological 

basis of dyslexia. Following this, I consider what GWAS tells us about candidate gene 

findings. I discuss traits which are genetically correlated with dyslexia, including 

quantitative reading skills and ADHD. I consider the relationship between dyslexia and 

reading ability, and how genetic studies can help us to understand this better. I also 

consider the relationship between dyslexia and other developmental disorders, and 

how genetic studies can help us to understand this better. Lastly, I discuss methods 

to boost power for GWAS of reading ability.  
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LAY SUMMARY 

In modern society, the ability to read is critical. We need to read to progress through 

school and achieve qualifications that enable us to access employment as adults. We 

need to read to access services, such as healthcare and transport, and to understand 

financial and legal documents. Without the ability the read, we limit our access to the 

rich culture available through the books, newspapers, magazines, and the internet. 

How good we are at reading varies from person to person. Some find it harder than 

others and approximately one in ten individuals have a reading disability called 

dyslexia. Those with dyslexia find it difficult to read and spell words. Words are made 

up of individual units of sounds called phonemes. For example, the word ‘chip’ is made 

up of three phonemes, ‘ch’, ‘i’ and ‘p’. To read words, we need to identify the individual 

phonemes and put them together to make a whole word. This process is known as 

phonological awareness and it is impaired in dyslexia. Because of this, it takes longer 

for children with dyslexia to learn how to read and they need to rely more on 

memorising whole words than other children. 

How good we are at reading and whether or not we have dyslexia depends on our 

genes and the environment we grow up in. It is thought that up to 70% of the 

differences between people in their reading ability is determined by genes. However, 

reading ability and dyslexia are not controlled by a single gene like some inherited 

traits. They are controlled by many thousands of genes which each have a very small 

effect on our reading ability. Because of this, it is challenging for genetic scientists to 

identify which genes are responsible. 

Understanding which genes are responsible for reading ability and dyslexia is 

important for two reasons. Firstly, because each gene has a unique function in the 
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body, this information helps neuroscientists to understand how the brain functions to 

enable us to read, and which parts of the brain are involved. Secondly, once we know 

which genes are responsible, we could develop a genetic test for infants, based on a 

polygenic score (PGS), which predicts how likely they are to develop dyslexia. 

Currently, dyslexia is not usually identified until years after children have begun 

learning to read, and sometimes not even until teenage years or adulthood. If we can 

identify children who are at risk from birth, we can provide far greater support from the 

start. 

To find out which genes cause a particular trait, geneticists use a method called a 

genome-wide association study (GWAS). This method uses a computer to analyse the 

complete set of DNA code, called the genome, of every person in a large group. They 

look for pieces of DNA code which are more similar in one set of people than in 

another. In this case, geneticists are looking for pieces of DNA code which are more 

common in people with dyslexia, or with a lower reading ability, than in people without 

dyslexia, or those with a higher reading ability. These pieces of DNA code are likely to 

be responsible for how good we are at reading or whether we have dyslexia. 

Groups of people who volunteer to have their information collected for such studies 

are called cohorts. GWAS is very effective when cohorts are very large or when just a 

few genes have a big impact on the trait being investigated. Most of the existing 

cohorts with information about reading ability are formed of small groups of children 

or adolescents identified as having dyslexia, which are unfortunately not big enough 

for GWAS to be very effective. Cohorts of adults from the general population tend to 

be much bigger because it is easier to recruit adult volunteers to donate their DNA. 

Unfortunately, very few adult cohorts have information about participants’ reading 

ability. However, most fortunately, the personal genetics company 23andMe asked 
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their customers (over 1 million people) whether they had been diagnosed with 

dyslexia. 

In my research, I had the opportunity to use 23andMe Inc.’s data. I aimed to discover 

new genetic factors that are responsible for dyslexia. To do this, I analysed the 

genomes of their customers, which included over 50,000 adults with dyslexia, 

compared with over 1 million adults without dyslexia. This is the largest cohort of its 

kind and the largest genetic study of dyslexia to date. I used GWAS to identify parts 

of the DNA code that are more common in those with dyslexia, finding 42 new genetic 

factors. From this, I could create a PGS for dyslexia, which can be used to test whether 

individuals in other cohorts have similar DNA, by comparing their genomes with the 

dyslexia PGS. 

An additional aim of my research was to investigate ways to improve our ability to find 

genes that are responsible for reading ability. It is important to investigate the genetics 

of reading ability to better understand how dyslexia works, because the two are 

thought to have a closely related biological basis. Very large cohorts like 23andMe Inc. 

are not available with proper reading tests administered. Therefore, firstly, I 

investigated whether we can make more use of adult cohorts from the general 

population, since these are more readily available in greater numbers than cohorts of 

children. Using a new cohort of adults called the Brisbane Adult Reading Study, tested 

on psychometric measures of reading and spelling, I replicated genes that have 

previously been linked to dyslexia and/or reading and language ability. This was a 

positive indicator that adult cohorts are a valuable untapped resource for genetic 

studies of reading ability. 
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Secondly, I investigated whether it is possible to use alternative traits to represent 

reading ability in cohorts that have no measure of reading ability. Some traits, such as 

how often we read books, are closely related to our reading ability. These can be used 

instead of the original trait and are called proxies. Many cohorts that have no measure 

of reading ability do have other closely related information that could be used a proxy. 

This would enable geneticists to make use of many large cohorts and potentially 

discover new genes responsible for reading ability. I used a cohort of adults from the 

general population called the Health & Retirement Study (HRS) to investigate this. In 

this cohort, information is available on how much time participants spend reading. I 

created a dyslexia PGS for each individual in the HRS cohort and tested whether this 

PGS could predict their reading proxy score. In this case, the proxy was not a valid 

replacement for reading ability, however, the use of proxies should be refined and 

further investigated due to the benefits they could bring. 
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CHAPTER 1: INTRODUCTION 

Language and literacy 

Language is a uniquely human ability that evolved in the lineage leading to humans 

(Tallerman & Gibson, 2011). By 50,000 to 150,000 years ago, Homo sapiens had 

developed distinct cognitive and social abilities (Tilot et al., 2020). Writing is a recent 

cultural invention that draws on our capacity for spoken language (Corballis, 2017). It 

was first invented over 4000 years ago by the Sumerians, and was independently 

invented by several other civilisations before the Common Era (Yushu, 2010). Writing 

gave structure to trade, finances, governance, law, medicine, and religion. With 

writing, came reading, the ability to interpret symbols by sight or touch.  

In today’s society, the ability to write and read words is an essential skill known as 

literacy. Functional literacy expands upon this and refers to, “The capacity of a person 

to engage in all those activities in which literacy is required for effective function of his 

or her group and community and also for enabling him or her to continue to use 

reading, writing and calculation for his or her own and the community’s development.” 

(UNESCO Institute of Statistics, 2020, webpage). Functional literacy can be further 

classified into sub-types, for example: digital literacy (the ability to access, evaluate 

and create digital information including websites) (UNESCO Institute of Statistics, 

2018), health literacy (the ability to retrieve and evaluate healthcare information to 

make informed health-related decisions) (Chenxi Liu et al., 2020), or financial literacy 

(the ability to retrieve, interpret, and organise financial information to make sound 

financial decisions) (OECD, 2022). A lack of these capacities, known as functional 

illiteracy, impacts social, economic and physical wellbeing. It prohibits wider learning, 

educational achievement, access to employment, access to services and health, 
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financial, and legal information, and access to cultural texts and social 

communications. Further, the lower academic achievement and higher unemployment 

rates that can result from poor literacy skill affect self-esteem and increase the 

likelihood of individuals being subject to discrimination (Schumacher et al., 2007). 

Individuals with lower literacy skill are also therefore more susceptible to  internalising 

problems such as anxiety and depression (Francis et al., 2019). 

Reading ability and dyslexia 

Introduction to reading ability and dyslexia 

The process of reading requires a combination of cognitive functions. Phonological 

awareness is required to identify individual graphemes (the written units of words) and 

their corresponding phonemes (the sound units), in order to recognise whole words 

(APA, 2023). Language comprehension is required to understand the meaning of the 

words and sentences. Also required is morphological awareness, the recognition and 

interpretation of morphemes (units of words that affect meaning such as ‘ex’ or ‘ful’), 

and vocabulary knowledge. The ability to read varies largely between individuals, and 

individuals can be poorer at some aspects of reading than others. 

The Simple View of Reading (SVR) theory proposes that reading ability (R) is the 

product of decoding (D) and comprehension (C), that R = D x C (Gough & Tunmer, 

1986). Thus, according to this theory, an individual who can decode but not 

comprehend cannot read, and an individual who can comprehend but cannot decode 

cannot read. This can also be visualised as a plot of two dimensions in which 

individuals can exist anywhere in the four quadrants (Figure 1). Whilst both decoding 

and comprehension are integral to reading, the model fails to account for other aspects 

of reading including morphological awareness, vocabulary and fluency. Further, this 
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model assumes decoding and comprehension are distinct processes, however 

evidence shows they are bridged by important sub-processes. For example, 

morphological awareness and vocabulary awareness affect both word recognition and 

language comprehension (Kearns & Al Ghanem, 2019). 

 

Figure 1. The Simple View of Reading (adapted from Rose, 2009) 

In comparison, the Dual Route Cascaded (DRC) model of reading (Figure 2) proposes 

that the process of reading occurs via two routes: nonlexical and lexical (Coltheart et 

al., 2001). The nonlexical route is comparable to decoding within the SVR, relying on 

grapheme-phoneme correspondence rules to decode regular words and nonwords. 

The lexical route involves retrieving a word from a mental lexicon, and is used to read 

irregular words which cannot be decoded via the nonlexical route. The lexical route 

may be a direct path from written word to speech, or it may incorporate semantic 

processing, for example, interpreting morphemes within words (units that affect 

meaning such as ‘s’ or ‘ed’). The DRC model offers a more comprehensive explanation 
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of reading than the SVR and computational modelling has comparable outcomes to 

human testing. 

 

Figure 2. The Dual Route Cascaded Model of Reading (adapted from Coltheart et al. 

2001) 

The reading disability dyslexia was first described in Germany in 1877 as wordblindheit 

(word blindness), a difficulty of reading words despite being able to see them clearly. 

In the early 1900s, word blindness was described in literature, particularly by 

Hinshelwood, both as a condition that was acquired in adulthood following brain injury 

or disease (Hinshelwood, 1895, 1902) and as a condition affecting healthy children 

who were otherwise intelligent (Hinshelwood, 1900). Hinshelwood proposed that word 
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blindness was caused by a defective visual memory for letters and words. He 

hypothesised that the region of the brain responsible for visual memory was the 

angular and supra-marginal gyri on the left-side of right-handed individuals, because 

this was the region that was damaged in the adults with acquired word blindness. 

As a result of Hinshelwood and others’ case studies of ‘bright and intelligent’ children 

with dyslexia, for many decades, dyslexia was only diagnosed when an individual’s 

reading skill was markedly discrepant from what would be expected based on their 

general cognitive ability (Critchley, 1970), known as the discrepancy diagnostic model. 

Now, in a widely accepted definition of dyslexia in the UK, dyslexia is defined as a 

learning difficulty that occurs across a range of intellectual abilities which affects 

accurate word reading and spelling (Rose, 2009), specifically, the phonological 

awareness aspect of reading. The American Diagnostic and Statistical Manual of 

Mental Disorders 5 (DSM-5) similarly defines dyslexia as a neurocognitive disorder of 

impaired word reading and spelling that is not a result of other cognitive impairments 

or an adverse environment (American Psychiatric Association, 2013). Similarly, within 

the DRC model of reading, components of the nonlexical route are impaired in those 

with dyslexia, explaining the difficulty in reading nonwords (The Science of Reading, 

2005). Whilst the lexical route remains intact, enabling individuals with dyslexia to 

store regular and irregular words in their lexicon, this route is slower than the nonlexical 

route. As a result, children with dyslexia have difficulty with letter recognition, 

identifying phonemes, and rapid naming of familiar symbols (Hulme & Snowling, 

2016). Dyslexia also affects verbal memory and verbal processing speed. In the Rose 

definition, dyslexia is considered a continuum as opposed to a distinct category, in 

which individuals can exhibit a range of reading skill scores below an arbitrary cut-off. 

However, dyslexia is identified categorically based on a specified threshold. In addition 
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to impaired reading and spelling, individuals with dyslexia may also have difficulties 

with language, motor coordination and mental mathematics. Depending on the 

diagnostic criteria, dyslexia may affect five to 15% of the population (Katusic et al., 

2001; Shaywitz et al., 1990). 

Measuring reading ability and identifying dyslexia 

Reading ability is measured using standardised tests which can include assessing 

reading of regular words (those which follow phoneme-correspondence rules), 

nonwords (made up words that follow regular phoneme-grapheme correspondence 

rules, e.g., swad) and irregular words (words which do not follow regular phoneme-

grapheme correspondence rules), as well as comprehension. In line with the DRC 

model of reading, irregular words, also known as sight words, are learned by 

memorisation, stored in lexical memory, and recalled as a whole word, and therefore 

do not require phonological awareness. Regular words can either be decoded or 

stored in lexical memory. Only nonwords specifically test phonological processing 

because they have not previously been stored in the lexicon. Assessment of reading 

comprehension is broader and can take into account word meaning, grammar, and 

integrating new information in a text with existing knowledge. Reading ability can be 

measured in terms of standard deviations above or below the population mean for a 

given age. 

Dyslexia is usually identified through reading and spelling tests, particularly, letter 

recognition (in young children), phoneme awareness, rapid naming, nonword reading, 

and single word spelling (Simpson & Everatt, 2005). Children with language difficulties 

upon school entry are at greater risk of developing dyslexia (Thompson et al., 2015), 

as are children with a parent or sibling with dyslexia. Further, dyslexia is often 

comorbid with speech/language disorder (Snowling et al., 2020) and attention deficit 
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hyperactivity disorder (ADHD). Specific language impairment (SLI), now known as 

developmental language delay, occurs in less than 10% of children (Tomblin et al., 

1997), however studies have estimated that over 50% of children with SLI meet criteria 

for dyslexia (summarised by Adlof, 2017). ADHD also occurs in less than 10% of the 

general population but an estimated 25-40% of children with either a reading disability 

or ADHD meet the criteria for both disorders (e.g., August & Garfinkel, 1990; Willcutt 

& Pennington, 2000). 

The relationship of dyslexia to reading ability 

There are different theories as to how dyslexia relates to reading ability. Reading ability 

is a quantitative trait that is measured as a continuous variable and can include a range 

of skills including phonological awareness and comprehension. Dyslexia is a 

dichotomous categorisation usually based upon an agreed threshold, for example, a 

reading accuracy score of 1.5 standard deviations or more below the population mean 

for a given age (Peterson & Pennington, 2012). 

Some argue that dyslexia is distinct phenotype from the lower end of a continuum of 

reading ability. Influentially, Rutter & Yule (1975) distinguished ‘specific reading 

retardation’ from ‘general reading backwardness’. The former group’s reading ability 

was discrepant from general cognitive ability whilst the latter represented those at the 

lower end of a continuum of reading ability and poor general cognitive ability. In line 

with this view, the SVR originally proposed that individuals with dyslexia (those in the 

specific retardation group) were specifically poor at decoding, but not comprehension 

(Hoover & Gough, 1990). It is now recognised that individuals with poor decoding 

ability and any comprehension ability may have dyslexia (those in either left quadrant 

in the SVR (Figure 1, Rose, 2009). Further, the National Health Service definition of 

dyslexia in the UK states that dyslexia can occur across a range of intellectual abilities 
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(NHS, 2018), indicating the irrelevance of the discrepancy diagnostic model today and 

broadening the net of dyslexia to include those who would have formally be identified 

as simply poor readers. Further, functional magnetic resonance imaging has 

demonstrated that the neurobiological basis of dyslexia is independent of IQ (Tanaka 

et al., 2011). 

Others argue that dyslexia is the extreme end of a continuum of reading ability, which 

can be quantified using a normal distribution model (Rodgers, 1983; Shaywitz et al., 

1992). They argue that any threshold along the continuum can be used to categorise 

disability and the cut-off is therefore arbitrary. This aligns with how dyslexia is 

commonly assessed as a specific agreed upon deviation from mean score in 

quantitative tests of ability. In the multiple deficit model of developmental disorders, 

environmental and genetic risk factors interact to alter development and determine the 

variation in performance on such quantitative tests (Pennington, 2006). The model 

was derived from a drive to understand the aforementioned high comorbidity of 

developmental disorders, including dyslexia and ADHD. These disorders share 

aetiological risk resulting from a combination of multiple factors. This model is in 

contrast to the prevailing cognitive understanding of dyslexia: that it is caused by a 

single phonological deficit, because it suggests no single aetiological factor is 

sufficient. Instead, the liability distribution is continuous amongst the population and 

influenced by additive and interactive effects. 

The causes of variation in reading ability and dyslexia 

Variation in reading ability is caused by multiple factors. Dyslexia has substantial 

familial transmission and heritability of dyslexia (e.g., DeFries et al., 1987; Olson et 

al., 1989) and reading ability (e.g., Bates et al., 2007; Harlaar et al., 2005; Hayiou-

Thomas et al., 2010) has been estimated at 30-80%. Heritability is the proportion of 
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phenotypic variation in a population that is due to genetic factors (W. G. Hill, 2013). In 

the case of dyslexia, a categorical trait, it indicates that a considerable proportion of 

an individual’s propensity for developing dyslexia is a result of their genes. It is 

important to note, however, that heritability estimates are specific to the population in 

which they have been estimated, hence the wide range in findings. The environment 

also has influence over individuals’ reading skill and propensity for developing 

dyslexia. I will first discuss the environmental factors which influence reading, then 

discuss our understanding of the genetic mechanisms. 

Both peri-natal and childhood factors influence reading ability. Pre-term birth 

(Soleimani et al., 2014) and very low birthweight (Liu et al., 2016; Samuelsson et al., 

2006) are risk factors for reading disability due to adverse neurodevelopment. 

Additionally, male sex is a higher risk factor for reading difficulties than female sex. 

The ratio of low reading scores/dyslexia in boys to girls has been demonstrated to 

range from 1.6:1 to 3:1 (e.g., Arnett et al., 2017; Harlaar et al., 2005; Liu et al., 2016; 

Quinn & Wagner, 2015; Rutter et al., 2004). It is unclear with the sex difference has 

biological or environmental origins or a combination of the two (Granocchio et al., 

2023). Neurological differences in dyslexia between the sexes have been investigated 

with mixed results (Krafnick & Evans, 2019), whilst a likely environmental factor is that 

boys’ reading performance is more susceptible to disadvantaged socioeconomic 

backgrounds than girls’ (OECD, 2019). 

Of early-childhood factors, socio-economic status (SES) and home literacy 

environment (Hamilton et al., 2016) are predictive of reading skill. Home literacy 

environment encompasses multiple factors including availability of books, family 

reading habits and parental literacy (Mascheretti et al., 2018). However, home literacy 

environments are primarily created by parents, each of whom are differently equipped 
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to create an advantageous environment for learning to read depending on factors 

including intelligence and SES, which have a strong genetic influence (Deary et al., 

2006; W. D. Hill et al., 2019). Therefore, the correlation between home literacy 

environment and reading skill is likely in part due to the shared genes of parents and 

children.  

Parental age at birth and level of parental education are also associated with reading 

ability (Mascheretti et al., 2015). This may be in part because higher maternal age is 

associated with a more verbally stimulating environment (Fergusson & Woodward, 

1999) and similarly, more educated mothers are more likely to talk to their children in 

ways which are positively associated with language development (Hoff & Tian, 2005). 

This aligns with the finding that language skill in early childhood effects later 

phonological awareness and is a risk factor for dyslexia (NICHD Early Child Care 

Research Network, 2005). Again, gene-environment correlations are likely to 

contribute here. Indeed, reading ability, which is highly heritable, correlates with level 

of education (M. C. Smith, 1990). 

Understanding environmental risk factors can improve prediction and inform 

intervention strategies. Factors such as pre-term birth and SES could inform prediction 

of those who are more likely to develop dyslexia. Intervention strategies can enhance 

known protective factors such an advantageous home literacy environment in early 

childhood. For example, the Scottish Government targets vulnerable families with their 

Play Talk Read early years literacy and language programme (Scottish Government, 

2010). Additionally, since the environment can moderate genetic effects (Friend et al., 

2008; Kremen et al., 2005; Rosenberg et al., 2012), it is important to understand 

environmental risk factors in order to untangle gene by environment interactions. 

Importantly, understanding the genetic mechanisms underlying reading ability and 
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dyslexia will help us to understand the biological processes involved and could inform 

predictive tests in the future. Additionally, it may inform a more refined definition of 

dyslexia to enable more accurate identification and perhaps even subtypes that may 

result from subtly different neurocognitive pathways. 

Genetic research of reading ability and dyslexia 

Introduction to the genetics of reading ability and dyslexia 

It was first proposed that dyslexia has a genetic basis in 1907, when observations of 

‘word-blindness’ occurring in the same families were recorded (Hinshelwood, 1907; 

Stephenson, 1907). Since then, twin and adoption studies have demonstrated that 

genetic factors have a stronger influence on both reading ability (Stevenson et al., 

1987; Wadsworth et al., 2002) and propensity for dyslexia (DeFries et al., 1987; Olson 

et al., 1989) than a shared environment. These studies reported high heritability, with 

findings indicating continuity between disability and the normal distribution (Harlaar et 

al., 2005). Further, variation in reading ability has been shown to be genetically 

influenced across different languages and cultures (e.g., Christopher et al., 2013).  

The high heritability of dyslexia led to a drive to seek the causative gene(s). Originally, 

it was thought that just a few genes had large effects on phenotypes. Before genome-

wide association technology became widely available, linkage analysis was used in 

an attempt to identify a specific locus or loci that were linked to individuals with dyslexia 

in multiple generation pedigrees using DNA markers that segregate with the trait. 

Linkage analysis has a low resolution and low sensitivity. Therefore, the regions 

identified tend to be quite broad, as opposed to a specific gene or section of a gene, 

and the technique is only sensitive to genetic factors with large effect sizes. However, 

given the lack of significant linkage findings, it became apparent that dyslexia was 
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more likely to be a complex trait caused by many genetic variations very small effect 

sizes. Despite the limitations of linkage analysis, nine genetic loci reported to be 

associated with dyslexia in early linkage analyses were named by the Human Gene 

Nomenclature Committee (Seal et al., 2023) as DYX1 to DYX9 (Table 1). For example, 

a locus at 15q15-21, which became known as DYX1, was linked to reading disability 

in several studies (Cardon et al., 1994; Chapman et al., 2004; Grigorenko et al., 1997; 

Nöthen et al., 1999; Schumacher et al., 2008). Additionally, in the first successful 

linkage analysis of a cognitive trait, a quantitative trait locus (QTL) on chromosome 6 

was associated with reading performance in sibling pairs (Cardon et al., 1994). An 

attempt was made to replicate these loci in independent samples in a range of 

languages, however the results were inconsistent.  For example, despite linkage of 

the DYX1 locus being reported in several studies, many more were unable to replicate 

the association (Bisgaard et al., 1987; de Kovel et al., 2004; Fagerheim et al., 1999; 

Grigorenko et al., 2001; Kaminen et al., 2003; Kaplan et al., 2002; Marlow et al., 2003; 

Nopola-Hemmi et al., 2001). Similarly inconsistent findings were reported for the other 

candidate loci (Table 1). Linkage analyses tend to be limited in size, and findings could 

be a type one error, producing inflated effect sizes, which would explain the difficulty 

in reproducing results (Button et al., 2013). However, linkage analyses studies did 

reveal the polygenic nature of dyslexia and the need for more refined, higher-powered 

genetic analysis of reading ability and dyslexia. 

 

 

 

Table 1 
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Summary of studies investigating loci associated with dyslexia and/or reading 

phenotypes 

Locus Region 
Studies which support 

the association 

Studies which do not 

support the association 

Candidate 

genes 

DYX1 15q21 (Fulker et al., 1991) 

(S. D. Smith et al., 1991) 

(Grigorenko et al., 1997) 

(Schulte-Körne et al., 

1998) 

(Nöthen et al., 1999) 

(Morris et al., 2000) 

(Chapman et al., 2004) 

(Marino et al., 2004) 

(Schumacher et al., 2008) 

 

(Bisgaard et al., 1987) 

(Rabin et al., 1993) 

(Sawyer et al., 1998) 

(Fagerheim et al., 1999) 

(Norton et al., 2000) 

(Nopola-Hemmi et al., 2001) 

(Fisher et al., 2002) 

(Kaminen et al., 2003) 

(Marlow et al., 2003) 

(de Kovel et al., 2004) 

DYX1C1 

DYX2 6p21-22 (S. D. Smith et al., 1991) 

(Cardon et al., 1994) 

(Grigorenko et al., 1997) 

(Fisher et al., 1999) 

(Gayán et al., 1999) 

(Grigorenko et al., 2000) 

(Fisher et al., 2002) 

(Kaplan et al., 2002) 

(Grigorenko et al., 2003) 

(Marlow et al., 2003) 

(Turic et al., 2003) 

(Field & Kaplan, 1998) 

(Sawyer et al., 1998) 

(Schulte-Körne et al., 1998) 

(Fagerheim et al., 1999) 

(Nöthen et al., 1999) 

(Fagerheim et al., 2000) 

(Norton et al., 2000) 

(Petryshen et al., 2000) 

(Nopola-Hemmi et al., 2001) 

(Fagerheim et al., 2002) 

(Kaminen et al., 2003) 

(Chapman et al., 2004) 

(de Kovel et al., 2004) 

(Raskind et al., 2005) 

DCDC2 

KIAA0319 
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(Igo et al., 2006) 

DYX3 2p15-16 (Fagerheim et al., 1999) 

(Fagerheim et al., 2000) 

(Fagerheim et al., 2002) 

(Fisher et al., 2002) 

(Francks et al., 2002) 

(Petryshen et al., 2002) 

(Marlow et al., 2003) 

(Norton et al., 2000) 

(Nopola-Hemmi et al., 2001) 

(Chapman et al., 2004) 

(de Kovel et al., 2004) 

(Raskind et al., 2005) 

(Igo et al., 2006) 

MRPL19 

C2ORF3 

DYX4 6q11-12 (Petryshen et al., 2001) (Fagerheim et al., 1999) 

(Norton et al., 2000) 

(Nopola-Hemmi et al., 2001) 

(Fisher et al., 2002) 

(Kaminen et al., 2003) 

(Marlow et al., 2003) 

(de Kovel et al., 2004) 

(Raskind et al., 2005) 

(Igo et al., 2006) 

 

DYX5 3p12-12 (Nopola-Hemmi et al., 

2001) 

(Fisher et al., 2002) 

(Hannula-Jouppi et al., 

2005) 

 

(Fagerheim et al., 1999) 

(Norton et al., 2000) 

(Kaminen et al., 2003) 

(de Kovel et al., 2004) 

(Raskind et al., 2005) 

(Igo et al., 2006) 

ROBO1 

DYX6 18p11 (Fisher et al., 2002) 

(Marlow et al., 2003) 

(Fagerheim et al., 1999) 

(Norton et al., 2000) 

(Nopola-Hemmi et al., 2001) 

(Kaminen et al., 2003) 

(Chapman et al., 2004) 

(de Kovel et al., 2004) 

(Raskind et al., 2005) 
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(Igo et al., 2006) 

(Schumacher et al., 2006) 

DYX7 11p15 (Hsiung et al., 2004) (Fagerheim et al., 1999) 

(Norton et al., 2000) 

(Nopola-Hemmi et al., 2001) 

(Fisher et al., 2002) 

(Kaminen et al., 2003) 

(de Kovel et al., 2004) 

(Raskind et al., 2005) 

(Igo et al., 2006) 

 

DYX8 1p34-36 (Rabin et al., 1993) 

(Grigorenko et al., 2001) 

(Tzenova et al., 2004) 

(Sawyer et al., 1998) 

(Fagerheim et al., 1999) 

(Fagerheim et al., 2000) 

(Norton et al., 2000) 

(Nopola-Hemmi et al., 2001) 

(Fagerheim et al., 2002) 

(Fisher et al., 2002) 

(Kaminen et al., 2003) 

(Marlow et al., 2003) 

(de Kovel et al., 2004) 

(Raskind et al., 2005) 

(Igo et al., 2006) 

KIA0319L 

DYX9 Xq27-28 (de Kovel et al., 2004) 

 

(Norton et al., 2000) 

(Nopola-Hemmi et al., 2001) 

(Fisher et al., 2002) 

(Kaminen et al., 2003) 

(de Kovel et al., 2004) 

 

Note. Adapted from Scerri & Schulte-Korne (2010) 



 
 

43 
 

Hypothesis-driven association analyses 

As genetic sequencing technology improved, fine mapping of the proposed dyslexia 

loci and hypothesis-driven candidate gene association analyses were conducted in 

attempt to verify candidate genes within the loci identified through linkage studies. In 

gene-based tests, genetic variation of pre-defined genomic regions is analysed in 

case-control cohorts. Many of these were small samples of children, adolescents and 

young adults. This led to identification of several dyslexia candidate genes including 

DYX1C1, DCDC2, KIAA0319, ROBO1, FOXP2 and CNTNAP2 (Deffenbacher et al., 

2004; Hannula-Jouppi et al., 2005; Morgan et al., 1993; Taipale et al., 2003; Vernes 

et al., 2008; Wilcke et al., 2012), but again, the findings proved difficult to replicate 

consistently in independent samples (Mascheretti et al., 2014; Tran et al., 2013). A 

major problem is the small sample sizes which are underpowered to detect the small 

individual effect of variants and may lead to Type 1 errors. In a GWA meta-analysis of 

over 30,000 individuals, which is well powered compared to previous studies, variation 

in DCDC2 was associated with nonword reading after correction for multiple testing 

(Eising et al., 2022), suggesting this gene may be a valid candidate. 

Similarly, studies have sought to replicate associations with biological pathways that 

have been suggested to be involved in reading and dyslexia through gene-set 

analyses. Gene-set tests for overrepresentation of significantly-associated SNPs 

within a specific set of genes. Biological pathways previously proposed for involvement 

in dyslexia include the axon guidance pathway (GO:0007411: ‘chemotaxis process 

that directs the migration of an axon growth cone to a specific target site’; 216 genes) 

and the neuron migration pathway (GO:0001764: ‘movement of an immature neuron 

from germinal zones to specific positions where they will reside as they mature’; 214 

genes) (Galaburda et al., 2006; Paracchini et al., 2007; Poelmans et al., 2011), 
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although these proposals have been criticised for a lack of robust evidence (Guidi et 

al., 2018). 

Genome-wide association analyses 

In recent years, advances in genotyping technology has enabled hypothesis-free 

genome-wide association (GWA) analyses in which single nucleotide polymorphisms 

(SNPs) which associate with the trait are identified. As with candidate gene association 

analysis, a large sample size is required to have sufficient statistical power to avoid 

generating Type 1 errors. Few samples have been collected with quantitative 

measures of reading ability or information on dyslexia diagnosis which are sufficiently 

powered for discovery of novel genetic factors. One approach to improve power is 

performing GWA meta-analyses, in which multiple samples are analysed together to 

boost statistical power for detecting SNPs of small effect size (e.g. Eising et al., 2022; 

Gialluisi et al., 2019). Eising et al. presented a well-powered GWA meta-analysis of 

quantitative reading and language abilities in tens of thousands of children and young 

adults from the international GenLang network. This incorporated 22 cohorts, 

identifying a genome-wide significant association of the rs11208009 SNP on 

chromosome 1 with word reading. All five reading and language traits used 

demonstrated robust SNP heritability which accounted for up to 26% of trait variation. 

This approach highlights the value of larger sample sizes and the need to re-evaluate 

candidate gene studies, in light of this more robust, systematic technique. However, 

whilst this study was reasonably well powered, sample sizes must increase further still 

to uncover the genetic factors underlying reading ability and dyslexia which are now 

know to be polygenic, that is, influenced by many genes of small effect. 

Complications of genetic studies of dyslexia 
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In addition to the limitation of sample size, several factors complicate the genetic study 

of dyslexia. Firstly, samples are likely to be heterogeneous and include individuals with 

other disorders with a genetic basis, because developmental disorder co-occur with 

each more frequently than in the general population (Gidziela et al., 2023). In fact, an 

estimated 40% to 60% of children with dyslexia have an additional disorder  (Moll et 

al., 2020). Studies have demonstrated genetic correlations between developmental 

disorders (Gialluisi et al., 2020; Wadsworth et al., 2015). Genetic correlation is the 

proportion of phenotypic variation that two traits share due to genetic causes, 

indicating shared biological pathways and/or causal relationships (van Rheenen et al., 

2019). In particular, language disorders share genetic variance with dyslexia, with twin 

studies demonstrating shared genetic aetiology of reading impairments with non-word 

repetition in children with SLI (Bishop, 2001). ADHD is also genetically correlated with 

dyslexia, with genetic factors accounting for 60% of the comorbidity of reading 

difficulties with inattention symptoms in a twin design (Wadsworth et al., 2015). 

Genetic factors account for significantly less of the comorbidity between reading 

difficulties and hyperactivity/impulsivity symptoms, however. These overlaps 

complicate both identification of developmental disorders and disentangling genetic 

aetiologies. To determine whether there are dyslexia-specific genes and which genetic 

variants are shared with other developmental disorders, genetic studies should 

contrast dyslexia only-samples with samples of dyslexia comorbid with other 

disorders. This would reveal which genetic factors are unique to dyslexia, and which 

overlap with SLI and/or ADHD and/or others. Genomic SEM is another approach by 

which genetic relationships between developmental disorders can be further 

elucidated (Grotzinger et al., 2019), which will be expanded on further in the 

discussion. Genomic SEM analyses genetic correlations and SNP heritability from 
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GWAS summary statistics from different complex traits whose overlap in genetic 

architecture is unknown (Grotzinger et al., 2019). 

Measurements of reading ability may differ between studies, although a multivariate 

twin study demonstrated that reading tests scores are genetically correlated (Byrne et 

al., 2013), and genomic structural equation modelling (SEM) has demonstrated the 

shared genetic architecture of reading skills (Eising et al., 2022). More problematically, 

as previously discussed, criteria for identifying dyslexia are often based on an arbitrary 

threshold on reading tests which can vary between different studies in different places. 

Studies conducted in different decades, or survey questions asking participants to self-

report a past diagnosis, may differ vastly in their diagnostic criteria. Historically, 

dyslexia was diagnosed when reading skill was discrepant from IQ, however the 

current diagnostic net for dyslexia is much broader. Thus, criteria for dyslexia 

identification are inconsistent both longitudinally and spatially (between different 

research groups in different countries).  
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Thesis aims 

The aim of this thesis is to discover novel genetic variants associated with dyslexia 

and variation in reading skill in order to better understand the aetiology of reading 

difficulties, which in turn, may inform prediction, identification and intervention 

strategies in the future. I will address this aim firstly by performing the largest GWAS 

of dyslexia to date, and secondly, by investigating methods to increase statistical 

power to detect genetic variants associated with reading ability, for which studies have 

historically been underpowered. It is important to uncover the genetic mechanisms 

underlying variation in specific reading skills to better understand the causes of 

reading difficulties. This will also help to address the question of whether dyslexia is a 

distinct phenotype or whether it represents the tail end of a continuum in reading 

ability. 

Through the GWAS, which is well powered to detect variants of small effect size, I 

hope to identify novel genetic variants and biological pathways associated with a self-

reported dyslexia diagnosis. I will also perform hypothesis-driven association analyses 

of candidate genes and biological pathways previously associated with dyslexia. 

Previous genetic studies of dyslexia and reading ability have been limited in power to 

detect variants of small effect size which are now known to comprise the polygenic 

architecture. We must re-evaluate previously proposed candidate genes and 

biological pathways for dyslexia/reading ability in the light of well-powered GWAS. I 

will also calculate the genetic correlations between dyslexia and a wide range of 

cognitive, psychiatric, physical and socioeconomic measures to increase our 

understanding of co-occurring traits and disorders. 
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Previously, genetic studies of reading ability have been underpowered to detect the 

variants of small effect size which contribute to variation in the population. To increase 

statistical power to detect genetic variants, larger sample sizes are required. Most 

genetic studies of reading ability, and especially dyslexia, have been conducted in 

affected children and adolescents. Such samples tend to be modest in size because 

it harder to recruit and genotype large numbers of children. In comparison, adult 

participants from the general population are easier to recruit and genotype in greater 

numbers. There is some support that the normal range of reading ability in older adults 

shares the same genetic aetiology as in childhood and adolescence (Luciano et al., 

2018). Therefore, it could be investigated further whether adult cohorts are a valid 

approach for gene discovery of reading ability generalizable to childhood. 

Currently, large genotyped samples are available (e.g., UK Biobank, Sudlow et al. 

(2015), typically in adults, however few have quantitative measures of reading ability, 

which take considerable time to collect. Meta-analysis of multiple smaller cohorts with 

measures of reading ability is one approach to obtaining larger samples which has 

proven fruitful (Eising et al., 2022; Gialluisi et al., 2019). However, in recent examples, 

power was still limited by sample size. GWAS sample sizes could be increased adding 

sample of adults who have been measured on validated reading tests. 

There may also be power gains by using large cohorts that have no quantitative 

measures of reading ability, but have collected data which have been shown to 

correlate with reading ability. For example, reading books is indicative of higher literacy 

skill, along with a diversity of reading practices (books, newspapers, magazines and 

documents) (M. C. Smith, 1996) and some studies have collected information on 

reading practices as part of lifestyle questionnaires. Another example is health literacy, 

which can be predicted by reading ability (Kripalani et al., 2006) and is assessed in 
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some studies. Such measures could be used as proxy phenotypes for reading ability, 

enabling the use of valuable genotyped samples for discovery of genetic factors 

associated with reading ability, which could be incorporated in GWAS meta-analyses. 

The aims of this thesis can be divided into the following objectives: 

1. To identify novel genetic markers associated with dyslexia. 

2. To investigate whether any of these occur in candidate genes and/or pathways 

for reading ability and/or dyslexia. 

3. To investigate which traits are genetically correlated with dyslexia. 

4. To investigate whether the following methods are valid for increasing power to 

detect variants associated with quantitative reading skill: 

a) Unselected adult cohorts 

b) Proxy measures of reading abilities 

Together, these will further our understanding of the genetics of reading ability and 

dyslexia. In the next chapter, I will perform a GWAS of dyslexia. 
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CHAPTER 2: DISCOVERING GENETIC FACTORS ASSOCIATED WITH 

DYSLEXIA 

Introduction 

Dyslexia is a developmental disorder which impacts accurate word reading and 

spelling in approximately one in 10 individuals (Katusic et al., 2001; Shaywitz et al., 

1990). Dyslexia is highly heritable (40-80%) (DeFries et al., 1987; Olson et al., 1989) 

but the underlying genetic mechanisms are poorly understood. Previous genetic 

studies of dyslexia have been underpowered to detect the genetic variants of small 

effect size which comprise the polygenic architecture. These have tended to be linkage 

analyses, candidate gene and biological pathway-based tests, and small genome-

wide association analyses in samples of affected children, adolescents and young 

adults. Whilst numerous loci and candidate genes and biological pathways have been 

proposed, attempts to replicate findings have been inconsistent. A recent relatively 

well-powered GWAS meta-analysis of over 30,000 individuals identified a genome-

wide significant association of rs11208009 with word reading (Eising et al., 2022). 

However, greater sample sizes are required to have sufficient statistical power for 

discovering further genetic factors. The overall aim of this thesis is discovery of genetic 

variants associated with dyslexia and variation in reading skill. In this chapter, I seek 

to address Objectives 1, 2 and 3, that are described at end of Chapter 1. To address 

Objective 1, I will carry out a GWAS of self-reported dyslexia diagnosis in 51,800 

individuals plus one million controls and discuss any novel variants associated with 

dyslexia. To address Objective 2, I will carry out gene-based association tests of 

candidate genes and biological pathways for dyslexia, to see if I can replicate the 

results of previous studies. I will also carry out non-hypothesis driven gene-based tests 

and compare the results. Finally, to address Objective 3, I will analyse the genetic 
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correlation between self-reported dyslexia and 98 other traits in order to determine 

which traits are most highly genetically correlated with dyslexia. The work for this 

chapter was published in the article which follows. My contribution was the analyses 

downstream of the GWAS, including the functional annotations, the partitioned 

heritability and the genetic correlation



 
 

52 
 



 
 

53 
 



 
 

54 
 



 
 

55 
 



 
 

56 
 



 
 

57 
 



 
 

58 
 



 
 

59 
 



 
 

60 
 



 
 

61 
 



 
 

62 
 



 
 

63 
 



 
 

64 
 

 

 



 
 

65 
 

Supplementary Methods 

23andMe Genotyping and Imputation 

Samples were genotyped on one of five genotyping platforms. The V1 and V2 

platforms were variants of the Illumina HumanHap550 + BeadChip, including about 

25,000 custom SNPs selected by 23andMe, with a total of about 560,000 SNPs. The 

V3 platform was based on the Illumina OmniExpress + BeadChip, with custom content 

to improve the overlap with our V2 array, with a total of ~950,000 SNPs. The V4 

platform is a fully custom array, including a lower redundancy subset of V2 and V3 

SNPs with additional coverage of lower-frequency coding variation, and ~570,000 

SNPs. The v5 platform, in current use, is an Illumina Infinium Global Screening Array 

(~640,000 SNPs) supplemented with ~50,000 SNPs of custom content. Samples that 

failed to reach 98.5% call rate were excluded from the study. 

Individuals were only included if they had > 97% European ancestry, as determined 

through an analysis of local ancestry (see 1 for further details on the methodology 

used). Briefly, this analysis first partitions phased genomic data into short windows of 

~100 SNPs. Within each window, a support vector machine is used to classify 

individual haplotypes into one of 31 reference populations. The support vector 

machine classifications are then fed into a Hidden Markov Model (HMM) that accounts 

for switch errors and incorrect assignments and gives probabilities for each reference 

population in each window. Finally, simulated admixed individuals are used to 

recalibrate the HMM probabilities so that the reported assignments are consistent with 

the simulated admixture proportions. The reference population data are derived from 

public data sets (the Human Genome Diversity Project, HapMap and 1000 Genomes) 

and from 23andMe research participants who have reported having four grandparents 

from the same country. 
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A maximal set of unrelated individuals was chosen for each analysis using a 

segmental identity-by-descent (IBD) estimation algorithm2. Individuals were defined 

as related if they shared more than 700 cM IBD, including regions where the two 

individuals share either one or both genomic segments identical-by-descent. This level 

of relatedness (roughly 20% of the genome) corresponds 6 approximately to the 

minimal expected sharing between first cousins in an outbred population. For the 

purposes of GWAS, if a case was found to be related to a control, the case was 

preferentially kept in the sample. 

Participant genotype data were imputed against a single unified imputation reference 

panel, combining the May 2015 release of the 1000 Genomes Phase 3 haplotypes 

and the UK10K imputation reference panel. Data for each genotyping platform were 

phased and imputed separately. Variants that were only genotyped on the ‘V1’ 

platform were flagged due to small sample size, and variants on chrM or chrY, because 

many of these are not currently called reliably. Using trio data, variants that failed a 

test for parent–offspring transmission were also flagged; specifically, the child’s allele 

count was regressed against the mean parental allele count and variants with fitted β 

< 0.6 and p < 10-20 for a test of β< 10-20 in Europeans, or a call rate of < 90%, were 

also flagged. Genotyped variants were also tested for batch effects and variants with 

p < 10-50 by analysis of variance of genotypes against a factor dividing genotyping 

date into 20 roughly equal-sized buckets were flagged. For imputed GWAS results, 

variants with average r 2 < 0.5 or minimum r 2 < 0.3 in any imputation batch were 

flagged, as well as SNPs that had strong evidence of an imputation batch effect, using 

an analysis of variance of the imputed dosages against a factor representing 

imputation batch; results with p < 10-50 were flagged. Each variant flagged by QC on 

genotyped or imputation data were excluded from the GWAS analysis. 
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Chinese Reading Study Sample 

Participants 

3,127 Grade 3 to Grade 6 primary students aged nine to 14 years were recruited from 

three cities and four districts in China (Xi’an-YT, Xi’an-CB, Qingyang, and Baotou). In 

total, 2,476 participants were eligible for subsequent genotyping and association 

analysis. Ethical approval was obtained for each cohort at the local level and written 

informed consent was obtained from all the participants’ parents. 

Phenotypic Measures 

Reading accuracy: A Chinese character recognition test was employed to measure 

each child’s reading accuracy3-5. The test consisted of 150 single Chinese characters 

selected from China’s Elementary School Textbooks (1996). The average frequency 

of the characters was 182 per million (ranging from 0 to 2,282), and the reliability of 

this test was 0.953. Each child was individually tested and was required to read aloud 

each character at a time. Reading fluency: A word list reading task 3 was used to 

measure each child’s reading fluency. In this task, children were asked to name a list 

of 180 two-character words as rapidly and accurately as possible. All these words were 

from primary school textbooks and have been learned before Grade 3, such as “我们 

(we)” and “太阳 (sun)”. The mean frequency of these words was 212.77 per million6. 

Since words included in this task were all simple, this task was administrated to test 

children’s reading fluency. The total time for naming the whole word list was recorded 

as the measurement of reading fluency. 

Genotype Quality Control, Imputation, and Analysis 

DNA was extracted from saliva samples, and individuals were genotyped using the 

Illumina Asian screening array (650K) by Beijing Compass Biotechnology. Quality 
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control was performed using standard quality control metrics. Eight samples were 

excluded as they had sex discrepancies between the records and the genetically 

inferred data7,8. Next, we removed 53 samples who had unexpected duplicates or 

probable relatives (PI-HAT > 0.20). Then, SNPs were filtered out if they showed a 

variant call rate < 0.95, a minor allele frequency (MAF) < 0.01, a missing genotype 

data (mind) < 0.90, or a Hardy-Weinberg Equilibrium (HWE) p < 10-5 within each 

dataset. For imputation, autosomal variants were aligned to the 1000G genomes 

phase 1v3 reference panel. Imputation was performed using the Michigan imputation 

Server 4.0 in 5Mb chunks with 500kb buffers, filtering out variants that were 

monomorphic in the Genome Asia Pilot (GAsP). Chunks with 51% genotyped variants 

or concordance rate < 0.92 were fused with neighbouring chunks and re-imputed. 

Finally, imputed variants were filtered out for r2 < 0.60, MAF < 0.02, mind < 0.1, HWE 

p < 10-8 5 using Plink (v1.90). After quality control procedures had been performed, 

2,415 children with 4,261,603 SNPs were included in the final analysis. Association 

analyses were performed using PLINK, fitting an additive model to the linear 

regression model with adjustment for sex, age, and the first two principal components8. 

Biological Annotations 

Genome-wide significant variants and the closest gene(s) were annotated using 

external reference data through FUMA v1.3.6a9 (unless otherwise specified) and 

evaluated for functional or regulatory impact. Specifically, we considered the following 

annotations of SNPs reaching genome-wide significance (p < 5 x 10-8) (Supplementary 

Table 10): 

• Gene context: 
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o Distance: The distance of the variant to the nearest gene in kb. Variants 

within the gene body or 1 kb up- or downstream of the transcription start 

site (TSS) or transcription end site (TES) have a value of zero. 

o Function: Whether a variant is intergenic or the functional region in 

which the variant is located within a gene or RNA locus (e.g., 5’ UTR). 

• Combined Annotation Dependent Depletion (CADD) score: A score of the 

deleteriousness of variants computed from 63 integrated annotations10. The 

higher the score, the more deleterious a variant is: 12.37 is the threshold 

indicated by the study of potentially actionable exonic pathogenic single-

nucleotide variants in European- and African ancestry patients11. 

• RegulomeDB category (RDB): A variant classification system in which 

variants are grouped according to evidence of having a functional consequence 

from Category 6 (minimal evidence) to Category 1a (likely to affect binding and 

linked to expression of a gene target)12. 

• Chromatin state: The minimum and the most common 15-core chromatin state 

across 127 tissue/cell types predicted by ChromHMM13 from 15 (quiescent/low) 

to 1 (active TSS). 

• GWAS Catalog: SNP-trait associations reported in the NHGRI-EBI Catalog of 

human GWAS14, including for each variant: the trait(s), the effect allele(s), the 

PubMed ID(s), the study title(s) and the study sample size(s) (Supplementary 

Table 2). 

And the following annotations of genes which were significant in genome-wide gene-

based tests (Supplementary Table 12): 

• Probability of Loss-of-function Intolerance (pLI) score: A score of 

intolerance to functional mutation from the ExAC database15 ranging from zero 
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to one. The closer the score is to one, the more intolerant the gene is to loss-

of-function mutations. The threshold suggested by Lek, et al.15 for likely 

disease-causing variants is ≥ 0.9. 

• Non-coding Residual Variation Intolerance Score (ncRVIS): A score of 

intolerance to mutation to non-coding variants16. Where ncRVIS is zero, the 

gene has the average number of noncoding variants given its total mutational 

burden; when ncRVIS is greater than zero, the gene has less non-coding 

variation than expected; when ncRVIS is less than zero, it has more. The 

ncRVIS percentile reflects the rank of the gene amongst all genes. The more 

negative the ncRVIS, or the lower the percentile, the more intolerant to non-

coding variation the gene is. 

• Residual Variation Intolerance Score (ncRVIS) percentile: As for ncRVIS 

score but the percentile of the average RVIS score for the whole gene 

sequence. 

• Non-coding Genomic Evolutionary Rate Profiling (ncGERP) score: 

Identifies constraint in non-coding regions by quantifying deficits in 

substitutions16. It is calculated by taking the average GERP++ score (see 

Davydov, et al.17) across the non-coding sequence. The higher the ncGERP 

score, the fewer substitutions are present than what would be expected as a 

result of a neutral rate of evolution, and thus the more conserved are the non-

coding regions of the gene. The ncGERP percentile reflects the rank of the 

gene amongst all genes. 

• Protein-coding Genomic Evolutionary Rate Profiling (pcGERP) percentile: 

As for ncGERP score but the percentile of the average GERP score for protein-

coding sequence16 . 
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• Non-coding Combined Annotation Dependent Depletion (ncCADD) score: 

As for CADD score but the average variant score across the non-coding 

sequence of the gene16. 

• Non-coding Genome-Wide Annotation of Variants (ncGWAVA) score: 

Predicts the combined functionality of non-coding variants across non-coding 

sequence16. It is the average GWAVA score (see Ritchie, et al.18) of variants in 

the non-coding sequence, ranging from zero to one. The closer ncGWAVA is 

to one, the more likely the variants in non-coding regions of the gene are 

functional. 

• Expression in the brain: Average log2 expression in transcripts per million 

(TPM) per tissue type per gene from the GTEx v8 dataset19 for 12 brain tissues: 

Amygdala, Anterior Cingulate Cortex, Caudate Basal Ganglia, Cerebellar 

Hemisphere, Cerebellum, Cortex, Frontal Cortex, Hippocampus, 

Hypothalamus, Nucleus Accumbens Basal Ganglia, Putamen Basal Ganglia, 

and Substantia Nigra (Supplementary Table 15). 

Partitioned Heritability 

Evolutionary Analysis 

Enrichment of heritability was estimated for the following evolutionary annotations (as 

described in Tilot, et al.20): 

• Human Gained Enhancers and Promoters: These regulatory regions were 

identified based on differential H3K27ac and H3K4me2 patterns in the adult 

and foetal brain tissues of humans, macaques and mice [19, 20], and shown to 

be present to a significantly lesser degree in macaques and mice. Thus, these 

regulatory elements were gained in the last 30 million years of human evolution 

and may be involved in the emergence of human-specific traits21,22. 
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• Ancient selective sweep regions: These consist of unusually long genomic 

regions that reached fixation in human populations possibly due to adaptive 

advantages in the last 250 650 thousand years23. 

• Neanderthal-introgressed SNPs: The genomic variants introduced into the 

human genome by the admixture of Homo sapiens and Neanderthal 

populations around 50-60,000 years ago24. 

• Neanderthal Depleted Regions: Large regions in the human genome that are 

depleted for Neanderthal ancestry, possibly due to the deleterious effect of the 

archaic sequences in hybrid individuals25. 
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Extended Data Figure 1. QQ plot of dyslexia GWAS results 

a-c, Quantile-quantile (Q-Q) plots of observed versus expected P values for 

associations of single nucleotide polymorphisms with self-reported dyslexia diagnosis 

in a genome-wide association analysis for all participants (n = 51,800 cases, 1,087,070 

controls) (a), female participants (n = 30,287 cases, 641,016 controls) (b), and male 

participants (n = 21,513 cases, 446,054 controls) (c). The solid red line represents the 

distribution of P values under the null hypothesis, and the dashed red line represent 

95% confidence intervals. The black circles represent the observed distribution 

of P values. 
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Extended Data Figure 2. Manhattan plot of dyslexia GWAS results for females 

The y-axis represents the -log10 P value for association of single nucleotide 

polymorphisms with self-reported dyslexia diagnosis from 30,287 female individuals 

and 641,016 female controls. The threshold for genome-wide significance (P < 5 × 

10−8) is represented by a horizontal grey line. Genome-wide significant variants in the 

17 genome-wide significant loci are red. Variants located within a distance of 250 kb 

of each other are considered as one locus. 
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Extended Data Figure 3. Manhattan plot of dyslexia GWAS results for males 

The y-axis represents the -log10 P value for association of single nucleotide 

polymorphisms with self-reported dyslexia diagnosis from 21,513 male individuals and 

446,054 male controls. The threshold for genome-wide significance (P < 5 × 10−8) is 

represented by a horizontal grey line. Genome-wide significant variants in the 6 

genome-wide significant loci are red. Variants located within a distance of 250 kb of 

each other are considered as one locus. 
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Extended Data Figure 4. Variant effect predictor summary for the credible set of 

variants significantly associated with dyslexia 

Summary information is output from the online variant effect predictor in ENSEMBL 

(release 104). All our variants were present in the 1000 Genomes reference panel so 

are considered existing, and no pre-filtering (for example, on MAF; consequence type) 

was done. 
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Extended Data Figure 5. Enrichment estimates for major functional annotations 

The 24 major functional annotations were defined by Finucane et al.39. Enrichment is 

the proportion of h2/proportion of SNPs. The horizontal dotted line indicates no 

enrichment (where proportion of h2/proportion of SNPs = 1). Error bars represent 

standard errors of the enrichment estimates. Asterisks indicate enrichment estimates 

are significant based on a Bonferroni-derived P value of < 2.08 × 10−3 (for 24 tests). 

Exact values of enrichment statistic, standard error, and P value can be found in 

Supplementary Table 16. 

https://www.nature.com/articles/s41588-022-01192-y#ref-CR39
https://www.nature.com/articles/s41588-022-01192-y#MOESM4
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Extended Data Figure 6. Heritability of dyslexia partitioned by brain tissue gene 

expression 

The -log10 P value of the enrichment estimates for heritability of dyslexia for genes 

expressed in 12 brain regions. The horizontal dotted line indicates significance after 

Bonferroni correction for 12 tests (P < 4.17 × 10−3). 
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Extended Data Figure 7. Heritability of dyslexia partitioned by brain cell type 

The -log10 P value of the enrichment estimates for heritability of dyslexia for brain cell 

types. The horizontal dotted line indicates significance after Bonferroni correction for 

three tests (P < 1.67 × 10−2). 
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Extended Data Figure 8. Heritability of dyslexia partitioned by cell-type specific 

H3K4me1 
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The -log10 P value of the enrichment estimates for heritability of dyslexia for variants 

located within H3K4me1 peaks of different tissues. Central nervous systems tissues 

are represented in dark green and other tissues are represented in light green. The 

vertical dotted line indicates significance after Bonferroni correction for 114 tests 

(P < 4.39 × 10−4). 
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Extended Data Figure 9. Heritability of dyslexia partitioned by cell-type specific 

H3K4me3 



 
 

100 
 

The -log10 P value of the enrichment estimates for heritability of dyslexia for variants 

located within H3K4me3 peaks of different tissues. Central nervous systems tissues 

are represented in dark blue and other tissues are represented in light blue. The 

vertical dotted line indicates significance after Bonferroni correction for 114 tests 

(P < 4.39 × 10−4). 

Further Supplementary Material available at: https://www.nature.com/articles/s41588-

022-01192-y - Sec31 and https://www.nature.com/articles/s41588-022-01192-y - 

Sec31.  

https://www.nature.com/articles/s41588-022-01192-y#Sec31
https://www.nature.com/articles/s41588-022-01192-y#Sec31
https://www.nature.com/articles/s41588-022-01192-y#Sec31
https://www.nature.com/articles/s41588-022-01192-y#Sec31
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Conclusion 

In this chapter, I presented the 42 genome-wide significant loci associated with 

dyslexia, many of which could be replicated in recent well-sized GWAS meta-analyses 

(Eising et al., 2022; Gialluisi et al., 2020; Wang et al., 2023). SNP heritability was 

similar to other GWAS (Gialluisi et al., 2020), but smaller than estimates from twin 

studies (DeFries et al., 1987; Olson et al., 1989). Whilst this GWAS was substantially 

larger than all previous genetic studies of dyslexia, even larger sample sizes will be 

required to uncover more of the genetic factors associated with dyslexia. Future 

studies should also seek to be sufficiently well-powered to conduct GWAS in non-

European ancestries, to ensure our understanding of the genetics of dyslexia is 

inclusive. Previous candidate genes and biological pathways did not reach genome-

wide significance, suggesting their importance should be re-evaluated. However, a 

number of genome-wide significant SNPs were located in other neurodevelopmental 

genes (AUTS2, TANC2, GGNBP2). Further, no candidate gene sets/biological 

pathways reached genome-wide significance (although the axon guidance pathway 

received replication-level support), whilst more than half of the most significant 

biological pathways were novel pathways involved in neuronal processes. Therefore, 

future candidate genes and biological pathways should be designated through the 

unbiased, systematic approach applied here. Lastly, self-reported dyslexia was shown 

to be highly genetically correlated with quantitative measures of reading and spelling, 

suggesting dyslexia is not a distinct trait to normal variation in reading ability. 

Additionally, we showed dyslexia and ADHD were genetically correlated, in line with 

the multiple deficit model of developmental disorders. 

In the next chapter, I will investigate the use of unselected adult cohorts for the 

discovery of genetic factors associated with reading ability. 
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CHAPTER 3: INVESTIGATING THE USE OF UNSELECTED ADULT SAMPLES 

FOR DISCOVERY OF GENETIC FACTORS ASSOCIATED WITH READING 

ABILITY 

Introduction 

In Chapter 2, I discovered novel genetic factors associated with dyslexia and 

demonstrated that dyslexia is highly genetically correlated with quantitative reading 

skills. To better understand the biological mechanisms that cause dyslexia, it is 

important to also uncover the genetics of normal variation in reading ability. 

Unfortunately, few very large genotyped samples, such as the one I used in Chapter 

2, are currently available. Most samples with quantitative measures of reading skills 

are insufficiently powered for gene discovery. Part of the aim of my thesis, therefore, 

is to investigate methods to increase power to detect the genetic variants of small 

effect size that are associated with variation in reading ability. This chapter addresses 

Objective 3: to investigate whether unselected adult samples can boost power for 

GWAS of reading ability. Previous genetic studies of reading ability have largely been 

conducted using small samples of affected children and adolescents. Recently, 

Luciano et al., (2018) suggested adult samples may be valid for genetic studies of 

developmental disorders, using a proxy reading measure. Here, I will perform GWAS 

with validated reading and spelling measures in a new cohort of Australian adults. 

Since the sample is modest in size (n = 1,505), I will aim to replicate candidate genes 

and biological pathways to determine whether adult samples are of value for future, 

larger GWAS. The work for this chapter was published in the article which follows. My 

contribution included the phenotypic analyses, the statistical analyses and the gene-

based tests.
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Conclusion 

In this chapter, I introduced a new cohort of unselected adults with quantitative 

measures of reading and language skill, with the aim of investigating whether such 

cohorts are valid for discovering genetic factors associated with reading ability. Whilst 

the sample was underpowered for GWA analysis (n = 1,505), I was able to perform 

gene-based association tests of 14 candidate genes previously associated with 

dyslexia, demonstrating a significant association of FOXP2 with a composite reading 

and spelling score, phonetic spelling and nonword repetition. This gene has previously 

been implicated in both speech/language disorders and dyslexia (Fisher & Scharff, 

2009; Peter et al., 2011; Wilcke et al., 2012), and the two disorders often co-occur 

(Snowling et al., 2020). No other gene candidate reached significance, but this may 

be because their effect size is lower than previously thought (see Chapter 5 for a more 

in-depth discussion of candidate gene studies in the light of GWAS).  Regardless, the 

FOXP2 result still suggests adult population cohorts may be valid for gene discovery 

of reading and language ability. Since adult population cohorts are easier to recruit, 

genotype, and measure reading skill in large numbers, they are presently a means to 

boost statistical power for genetic studies of reading. For example, by including adult 

cohorts, such as the one presented in this chapter, in GWAS meta-analysis, or by 

collecting reading measures in existing well-powered adult cohorts such as the UK 

Biobank (Sudlow et al., 2015). Given large GWAS of dyslexia and reading ability have 

become available since this work was published (Doust et al., 2022; Eising et al., 

2022), PGS analysis can be used as a more reliable indicator in future studies instead 

of candidate gene analysis. 

In the following chapter, I will investigate the use of a proxy reading phenotype for 

discovery of genetic factors associated with reading ability. 
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CHAPTER 4: INVESTIGATING THE USE OF A PROXY PHENOTYPE FOR 

DISCOVERY OF GENETIC FACTORS ASSOCIATED WITH READING ABILITY 

Introduction 

Reading is a fundamental skill in modern society required for learning, work, and 

everyday life. Reading ability varies between individuals and can be measured by 

standardised tests that assess reading of regular, irregular and nonwords, accuracy 

and fluency of reading a text aloud, and comprehension. Performance on such tests 

is distributed along a continuum and is largely distinct from general cognitive ability. 

Variation in reading ability is partly a result of individuals’ environment, but genetics 

studies of twins and population samples show that genetic factors may explain 

between 30% and 70% of the variation in reading ability (Bates et al., 2007; DeFries 

et al., 1987; Harlaar et al., 2005). This genetic variation is partly reading specific but 

does also overlap with general cognitive ability (Haworth et al., 2009). 

Like other quantitative traits, reading ability is a complex trait whose variation is likely 

a result of many additive genetic variants of small effect size. To detect such effects 

through GWA analyses, large sample sizes with sufficient statistical power are 

required. In the past, most data used in studies on the genetics of reading have come 

from samples of children with reading or language disability, which tend to be small 

and therefore insufficiently powered for GWA analyses. Unselected adult samples 

tend to be collected in larger sizes, however previously, it had not been directly 

demonstrated whether such samples were a valid means by which to discover genetic 

factors associated with reading ability. Evidence suggests they are, because cognitive 

abilities are stable throughout life (Deary et al., 2000). In fact, reading skill does not 

peak until individuals are in their mid-20s (McArdle et al., 2002), therefore adult 
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samples may be even more sensitive tests of genetic variation than samples of 

children. 

In Chapter 3, I demonstrated that unselected adults are indeed a valid means by which 

to discover genetic factors associated with reading ability (Doust et al., 2020). Whilst 

the study was underpowered to detect individual genetic variants associated with 

quantitative reading measures, in gene-based tests, candidate genes previously 

associated with dyslexia and/or speech/language disorders were associated with 

quantitative measures of reading and/or language skill.  This demonstrated the 

potential of using unselected adult samples for discovering genetic influences of 

reading ability. 

Many large samples of genotyped unselected adults have been collected (e.g., UK 

Biobank, Sudlow et al., 2015), however these rarely include quantitative reading ability 

phenotypes, which have only been collected in small samples with insufficient power 

to detect variants of small effect size. The power of large biobanks to discover variants 

associated with continuous reading ability could be harnessed by making use of proxy 

reading phenotypes. Biobanks often include forms of proxy literacy data for example 

survey completion time, digital literacy, health literacy, or data on hobbies that 

correlate with reading ability including reading books. Reading books is indicative of 

higher literacy skill  after accounting for age, as is having a diversity of reading 

practices (reading books, newspapers, magazines, and personal and work 

documents) (M. C. Smith, 1996). Indeed, in Chapter 3, we demonstrated that reading 

and spelling tests were correlated with how often individuals read books. 

The Health & Retirement Study (HRS) is an unselected adult sample which includes 

potential proxy reading variables. A longitudinal study of 20,000 older adults in the 
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United States of America, the HRS includes a number of measures indicative of 

general cognitive ability (such as numeracy skill and verbal memory) and data on how 

much time participants spend reading books and newspapers and/or magazines 

(Sonnega et al., 2014). The first aim of this chapter is to generate a proxy reading 

measure (that controls for general cognitive ability) which can be used in subsequent 

genetic analyses. 

The second aim of this study is to probe whether a dyslexia polygenic score (PGS) 

can explain variation in this proxy measure of reading ability in the HRS unselected 

adult sample. In Chapter 2, we performed a GWA analysis of 51,800 adults diagnosed 

with dyslexia (self-reported) and 1,087,070 controls who were participants of the 

personal genetics company 23andMe, Inc (Doust et al., 2022). We identified 42 

independent genome-wide significant loci, including 15 in genes previously linked to 

cognitive ability and/or educational attainment. We estimated genetic correlations 

between dyslexia and 98 traits including quantitative reading and spelling measures 

from the GenLang consortium (Eising et al., 2022), finding strong negative correlations 

including an rg of -0.75 for spelling, -0.70 for nonword reading, and -0.71 for word 

reading. This demonstrated the validity of the self-reported dyslexia diagnosis 

measure, and confirms shared genetic aetiology between dyslexia and quantitative 

reading skill.  

In Chapter 2, the 23andMe dyslexia PGS could explain up to 3.6% of variance in 

nonword reading (an index of phonological decoding) in two Australian population-

based samples (Brisbane adolescents/young adults, n = 1,640, 772 families; Brisbane 

older adults, n = 1,165, 966 families); and 5.6% of variance in word recognition in 

developmental cohorts enriched for reading difficulties (UKdys, n = 930, 595 families; 

Colorado Learning Disabilities Research Centre, CLDRC; n = 717, 336 families). I was 
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therefore interested in whether a dyslexia PGS generated from the largest genome-

wide association study (GWAS) of dyslexia to date could explain variance in the HRS 

proxy reading phenotype, and thus support its use in meta-analysis GWAS of 

quantitative reading ability. 

Materials and Methods 

Participants 

The sample comprised participants in the Health and Retirement Study (HRS), an 

ongoing longitudinal study of ageing in the United States (Health and Retirement Study 

(Public Survey Data; Genetic Data, restricted dataset). The HRS (Health and 

Retirement Study) is sponsored by the National Institute on Aging (grant number NIA 

U01AG009740) and is conducted by the University of Michigan. The HRS was initiated 

in 1992 (n = 12,652) and is repeated every two years with recruitment of additional 

participants. A sub-sample of participants (initial n = 5,000) were recruited to complete 

the Consumption and Activities Mail Survey (CAMS) in 2001, and then every two years 

following, with further participants recruited in subsequent waves. This study includes 

10,365 individuals who participated in both the core battery and the CAMS between 

2002 and 2018. Participants were aged from 51 to 100 years (mean = 67.8 years) and 

sex was 58% female, 42% male. The HRS study design includes ancestries 

representative of the modern North American population, including two ancestry-

related oversamples to increase the number of Black and Hispanic respondents from 

proportionate allocations of 10.0% and 5.0% respectively to 18.6% and 8.6% 

respectively (Heeringa & Connor, 1995). 
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Measures 

The HRS study includes a core battery of cognitive tests administered in person or 

over the phone. The following measures were selected from the HRS core battery 

(Table 1):  

Immediate and delayed word recall 

Two linked tasks were used to assess episodic memory through immediate free recall 

and delayed free recall (Spreen & Strauss, 1998). Interviewers read a list of 20 nouns 

(specifically developed for the HRS) and respondents were immediately asked to 

recall as many of the nouns as possible, in any order. After approximately five minutes 

of answering of questions, the respondent was asked again to recall as many of the 

nouns as possible. The recall test is negatively associated with age (Schaie, 2005; 

Spreen & Strauss, 1998). For the purpose of my analysis, the mean score of 

immediate and delayed word recall was taken. 

Word meaning 

A vocabulary measure was used to test verbal comprehension (Spreen & Strauss, 

1998). Respondents were asked to define five words from one of two randomly 

assigned sets (Set 1: repair, fabric, domestic, remorse, plagiarize; Set 2: conceal, 

enormous, perimeter, compassion, audacious). The HRS adapted this measure from 

the vocabulary component of the verbal comprehension subtest of the Wechsler Adult 

Intelligence Scale (WAIS) IV (Holdnack, 2001). 

Everyday numeracy 

Three numeracy questions adapted were used to assess mental arithmetic. These 

were read to the respondent as follows: 
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1. “If the chance of getting a disease is 10 percent, how many people out of 1,000 

would be expected to get the disease?” 

2. “If five people all have the winning numbers in the lottery and the prize is two 

million dollars, how much will each of them get?" 

3. “Let’s say you have $200 in a savings account. The account earns ten percent 

interest per year. How much would you have in the account at the end of two 

years?” 

The first question was adapted from Lipkus et al.(2001) whilst the other two were from 

the ELSA survey (Banks et al., 2021). 

Subtraction number series 

A number series module abbreviated from the Woodcock-Johnson III Cognitive Ability 

Battery was used to test arithmetic and working memory (Schrank, 2010). 

Respondents were asked to subtract seven five times, starting from 100. 

Additionally, the following three variables were selected from the CAMS: 

Book reading 

Respondents were asked to write an answer to the question, ‘How many hours did 

you actually spend last week reading books?’. Respondents were requested to check 

a ‘0 hours’ box if they did not do this activity last week. Book reading is correlated with 

greater literacy skill (M. C. Smith, 1996). 

Newspaper and magazine reading 

Respondents were asked to write an answer to the question, ‘How many hours did 

you actually spend last week reading newspapers or magazines?’. Respondents were 

requested to check a ‘0 hours’ box if they did not do this activity last week. Smith 
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(1996) found reading newspaper and/or magazines specifically was unrelated to 

reading achievement, however they found that engaging in a variety of different 

reading practices (including books, documents, newspapers, and magazines) was 

associated with greater literacy skill. 

Years in education 

The number of years an individual spends in education is correlated with performance 

on reading tests (Garnier et al., 1997; Snowling et al., 2001) so its inclusion may help 

to better isolate a reading factor. 
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Table 1 

Variables Included from the Health and Retirement Study 

Variable HRS reference Description 

Age HRS X067 Age when participated 

Sex HRS X060 Male or female 

Word recall score 

(immediate) 

HRS D106 Participants recall as many words as possible 

from a list of 10  

Word recall score 

(delayed) 

HRS D148 Participants recall as many words as possible 

from a list of 10 after a delay (answering 12 

other questions in the survey) 

Word meaning 

HRS D161-169 Participants define five words (e.g. perimeter) 

from the Wechsler Adult Intelligence Scale 

(Holdnack, 2001) 
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Subtract seven number 

series 

HRS D142-146 Participant subtracts seven from 100, then 

subtracts seven from the answer a further four 

times 

Everyday maths 
HRS D178-D180 Participants asked three questions to assess 

everyday numeracy 

Years in education 

HRS B014 Highest grade of school or year of college 

completed by participant (up to post-graduate, 

17 or more years) 

Hours reading 

newspapers/magazines 

CAMS A2 Hours spent in the previous week reading 

newspapers or magazines 

Hours reading books 
CAMS A3 Hours spent in the previous week reading 

books 

Note. HRS = Health and Retirement Study; CAMS = Consumption and Activities Mail Survey
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Phenotypic analyses 

All phenotypic analysis was carried out on the complete sample prior to ancestry 

regression in order to use as large a dataset as possible for more robust results. The 

following variables were selected for use in a principal components analysis (PCA) to 

generate a unitary proxy reading measure: (1) word recall score, (2) subtract seven 

number series score, (3) word meaning score, (4) everyday maths scores, (5) years 

in education, (6) hours spent reading newspapers or magazines per week, and (7) 

hours spent reading books per week. These measures were chosen because they are 

have been demonstrated to be related to general cognitive ability (1-5) or reading 

ability (6 and 7) (see the section called Measures for further detail). 

First, descriptive statistics (sample size, mean, minimum, maximum, standard 

deviation and frequency) were generated for each variable in R v4.1.2 (R Core Team, 

2021).  Second, a correlation matrix was generated to explore the relationship of each 

variable with each other variable. Then, in order to adjust for the effect of age, the 

standardised residuals from a linear regression (variable ~ age) were obtained for 

each variable. This was important because many tests were completed at different 

testing waves over a 16-year period. 

Finally, to generate a unitary proxy reading measure which represents variation in 

reading ability specifically, rather than general cognitive ability, a PCA (with varimax 

rotation) was conducted using the Psych package in R (Revelle, 2023). PCA is used 

to transform multi-dimensional datasets into multiple dimensions; to obtain the 

maximal separation of reading specific variance an orthogonal rotation was used. The 

first PC represents the maximum amount of variance, the second PC represents the 

second most amount of variance, and so on. Here, it allowed for a reading ability 

component to be separated. Initially, multiple PCAs were performed with book reading 
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and/or newspaper reading included along with the five other variables. However, the 

final PCA included only six of the seven variables, excluding the newspaper/magazine 

reading variable, because variance in reading ability was better explained through a 

PCA which included book reading only. The reading ability component (PC2) was used 

in all subsequent analyses. 

Genotyping 

Genotyping was carried out by the HRS and the data was accessed through the NCBI 

Database of Genotypes and Phenotypes (dbGaP) (Mailman et al., 2007) under the 

approved project #20453: Genome-wide analysis of a reading skill phenotype. Salivary 

DNA was collected using a mouthwash collection method (prior to and in 2006) or the 

Oragene DNA collection kit (OGR-250) (after 2006). Genotyping was conducted using 

Illumina HumanOmni2.5-4v1 and HumanOmni2.5-8v1 arrays by the NIH Center for 

Inherited Disease Research, covering 2.5 million SNPs. See Weir (2012) for further 

details.  

Genetic analyses 

Quality control 

The HRS supplied genotype data had been subjected to basic quality control 

measures (Weir, 2012). The following describes how the data was checked for 

standard measures of quality plus additional quality control steps that are necessary 

for PGS calculation (including the removal of ambiguous SNPs). First, the sample was 

checked for duplicate SNPs (n = 0), which must be removed if present. Next, the 

sample was checked for ambiguous SNPs (n = 0) which cannot be paired-up and 

therefore must be removed if present. Following this, a number of further quality 

control measures were performed using PLINK v2.0. In the first of these, SNPs with a 



 
 

125 
 

minor allele frequency of < 0.01 were removed (n = 483,723) because genotyping 

errors disproportionately effect SNPs with a very low MAF. Then, SNPs with a Hardy-

Weinberg Equilibrium Fisher’s exact test (founders only) result of p < 1 x 10-6 were 

removed (n = 546,072) because these variants are disproportionately affected by 

genotyping erorrs. Deviations from HWE can also be caused by natural selection, non-

random mating and genetic drift. Additionally, the sample was checked for SNPs which 

are missing in a high proportion of individuals (0.01), which can be removed if present 

(n = 0). In the last of these steps, the sample was checked for individuals with a high 

rate (0.02) of missing genotype data (n = 0), which can be removed if present, because 

these data may have been subject to a DNA collection or processing error. Following 

these quality control steps, the dataset comprised 1,048,420 SNPs and 15,567 

individuals (9,114 females, 6,453 males). 

Next, samples with extremely low or extremely high rates of heterozygosity were 

removed because these may be present due to inbreeding or DNA contamination. 

Firstly, the ‘indep-pairwise’ function in PLINK v2.0 was used to perform pruning of 

variants with LD r2 > 0.25 (n = 746718), using a 200 variant window and a 50 variant 

step size. Then, the ‘het’ function in PLINK v1.0 (Purcell et al., 2007) was used to 

calculate the rate of heterozygosity (n = 0). Specifically, the function calculates F 

coefficient estimates for heterozygosity. Any individuals with F coefficient > 3 standard 

deviations from the population mean would have been excluded if present. 

Then, mismatching alleles between the two datasets were identified and resolved by 

recoding the HRS data as the complementary allele (i.e. strand flipping) based on an 

R script on GitHub (Choi et al., 2020). 
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Lastly, individuals with a first or second degree relative (π >0.125) in the same sample 

were removed (n = 2,009) (one is excluded from each pair at random) because this 

can lead to overfitted results which are less generalisable to the population. This 

quality control measure was performed using the ‘rel-cutoff’ function in PLINK v2.0. 

Population stratification analysis 

An ancestry PCA was performed in PLINK v2.0 (Chang et al., 2015) through which 

only individuals of European ancestry were retained to be consistent with the 23andMe 

dyslexia GWAS sample. Specifically, the –pca flag was used, and adjusted to extract 

the top ten principal components (Price et al., 2006; Weir, 2012) to be included as 

covariates in the PGS analysis (see below).This is standard practice when individuals 

of European ancestry are the majority in a sample because it avoids confounding, 

however, it is recognised that a lack diversity in genetic studies exacerbates inequality 

and efforts must be made to increase samples of different ancestries (Sirugo et al., 

2019).  

Polygenic score (PGS) analysis 

PGS analysis is used to estimate individuals’ likelihood of a disease or correlation with 

a continuous trait using GWA data from a separate sample (Choi et al., 2020). 

Polygenic score analysis was performed using PLINK v.20 and R v4.1.2. The PLINK 

v2.0 ‘score’ function was used to calculate a dyslexia polygenic score from 23andMe 

dyslexia GWA analysis SNPs (n = 108,088) and p-values. A p value threshold of 0.05 

was selected because this threshold was the most predictive in a PGS of quantitative 

reading measures in Chapter 2. 

In the standard approach to PGS analysis of continuous traits (Choi et al., 2020), 

association between the polygenic score and target trait is tested by a linear 
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regression which is adjusted for covariates (usually age, sex, and ancestry 

components). In this analysis, the phenotype has already been adjusted for age, 

therefore sex and the first ten ancestry components were included  in a linear 

regression of the target trait: the HRS proxy reading phenotype. The standardised 

residuals from this analysis were used as the dependent variable in a linear regression 

with the dyslexia polygenic score as the predictor. 

Results 

Phenotypic analyses 

Descriptive statistics 

Table 2 gives the sample size, minimum and maximum values, means, and standard 

deviations for each of these variables. Figure 1 gives the frequencies of the cognitive 

variables, years in education, reading-related variables, and participant age. Age and 

time spent reading books or newspapers/magazines was negatively skewed. Years in 

education was positively skewed. 
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Table 2 

Descriptive Statistics of the Variables 

Variable n Mean SD Min Max 

Age when participated in HRS core 

survey 8034 65.77 9.58 54 100 

Age when participated in CAMS 8706 65.80 9.52 54 99 

Word recall score 

1036

5 9.71 4.06 0 20 

Number series minus seven score 8363 3.37 1.85 0 5 

Word meaning score 7234 5.53 2.08 0 10 

Everyday maths score 6862 1.61 0.66 0 3 

Hours reading papers or 

magazines per week 

1021

0 4.90 6.01 0 100 

Hours reading books per week 

1017

4 3.45 6.15 0 100 

Highest year in education 6189 12.39 3.15 1 17 
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Figure 1. Frequency distribution of the variables. 
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Correlation between variables 

 

Table 3 shows a correlation matrix of the cognitive measures, time spent reading 

books or newspapers/magazines and years in education. Time spent reading books 

was most highly correlated with time spent reading newspapers/magazines (r = 0.26). 

Of the other variables, time spent reading books and time spent reading 

newspapers/magazines was most highly correlated with word meaning (r = 0.11 and 

r = 0.12 respectively) followed by years in education (r = 0.14 and r = 0.17 

respectively). The cognitive measures (word recall, word meaning, subtraction and 

everyday numeracy) and years in education, were more highly correlated with each 

other than with time spent reading books or with time spent reading 

newspapers/magazines (ranging from r = 0.19 to r = 0.36).
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Table 3 

Correlation Between Variables (Pearson’s r) 

 
Word recall 
(n = 10,365) 

Number 
series 

(n = 8,363) 

Word 
meaning 

(n = 7,234) 

Everyday 
maths 

(n = 6,862) 

Newspapers/ 

magazines  
(n = 10,210) 

Books       
(n = 10,174) 

Years in 
education   
(n = 6,189) 

Word recall -       

Number series 0.19* -      

Word meaning 0.29* 0.22* -     

Everyday maths 0.20* 0.27* 0.25* -    

Newspapers/magazines -0.01 0.06* 0.11* 0.03* -   

Books 0.07* 0.03* 0.12* 0.03* 0.26* -  

Years in education 0.29* 0.21* 0.36* 0.29* 0.17* 0.14* - 

 * p < .05
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Age-adjusted linear regressions 

In linear regressions performed for each dependent variable with age as a predictor, 

the results demonstrate that for all variables, significant correlations existed with 

variance explained ranging from .004% (vocabulary) to 6% (word recall) (Table 4). 

Therefore, in this sample, age had a very low effect on most cognitive measures, but 

did have an effect on memory (word recall score, R2 = 0.06) and time spent reading 

newspapers and magazines (R2 = 0.05). Given the significant age effects, the 

subsequent standardised residuals were used in all further analyses. 

Table 4 

Linear Regression Parameters for Age-Adjusted Variables (n = 5,106) 

 R2 Regression 

coefficient 

SE p 

Number series 0.0001 0.0004 0.002 < 0.001 

Numeracy 0.008 -0.006 0.00009 < 0.001 

Word recall score 0.06 -0.11 0.005 < 0.001 

Word meaning score 4.76 x 10-5 0.003 0.003 < 0.001 

Reading books 0.003 0.04 0.007 < 0.001 

Reading 

newspapers/magazines  

0.05 0.12 0.007 < 0.001 

Years in education 0.014 -0.04 0.005 < 0.001 

 

Principal components analysis 

The final PCA excluded the reading newspapers/magazines variable (see Materials 

and Methods for an explanation). A scree plot of the eigenvalues shows the first and 
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second PCs together explained a large proportion of the variation (29% and 19% 

respectively) (Figure 2). The cognitive variables and years in education were 

moderately to highly loaded onto the first PC (ranging from 0.37 to 0.75, Figure 3 and 

Table 5). Time spent reading was highly loaded onto the second PC (0.93 for book 

reading) and word meaning score (0.28) and years in education (0.34) were also 

moderately loaded onto this PC (Figure 3 and Table 5). The second PC was thus used 

in subsequent genetic analyses as a unitary proxy measure of reading ability. 

Figure 2. Scree plot of eigenvalues of the components from a principal components 

analysis. 
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Figure 3. Component loadings (>.20) of the first two rotated components from the PCA 

Table 5 

Standardised Loadings of the Variables from the Principal Components Analysis (n = 

5106) 

  RC1 RC2 RC3 h2 u2 com 

Word recall score 0.37 0.19 0.49 0.42 0.58 2.2 

Number series score 0.68 -0.13 0.07 0.49 0.51 1.1 

Word meaning score 0.47 0.28 0.42 0.47 0.53 2.6 

Numeracy score 
0.75 0.02 

-
0.05 

0.57 0.43 1.0 

Years in education 0.52 0.34 0.32 0.49 0.51 2.5 

Hours reading books 
per week 

-0.05 0.93 0.00 0.86 0.14 1.0 

Note. PC = principal component; h2 = communality; u2 = uniqueness; and com = 

complexity 
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Genetic analyses 

The dyslexia polygenic score constructed from the 23andMe self-reported dyslexia 

GWAS was not associated with the proxy reading measure (regression coefficient = -

1.20, SE =0.05, p = 0.26 Table 6) as visualised in a scatter plot (Figure 4). It was 

adjusted for sex and ten ancestry principal components. Sex did not have a substantial 

effect on the proxy reading measure (regression coefficient = -0.04, SE = 0.04). The 

variables were adjusted for age prior to genetic analysis. Individuals were excluded (n 

= 3,284) due to unavailability of genetic data or failing quality control (see Materials 

and Methods). 

Table 6 

Dyslexia Polygenic Score Prediction of Proxy Reading Measure in 1822 Unselected 

Adults 

p < .05 

Regression coefficient SE p R2 

-1.20 0.05 0.26 6.98 x 10-4 
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Figure 4. Scatter plot of the self-reported dyslexia PGS against the HRS proxy reading 

ability measure. 

Discussion 

In this chapter, I aimed to construct a proxy measure of reading ability from variables 

previously shown to correlate with reading ability. Using a proxy enabled me to make 

use of a large sample of unselected adults for whom standardised measures of 

reading ability were unavailable. I demonstrated the potential of such samples for 

discovering genetic factors associated with reading skill in Chapter 3 (Doust et al., 

2020). Here, I probed whether a dyslexia PGS from the GWAS of dyslexia (Doust et 

al., 2022) performed in Chapter 4 can explain variation in this proxy measure of 

reading ability, to confirm its validity as a reading ability measure that could be used 

to boost meta-analysis GWAS of reading ability. 
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The main finding was that there was no association between a dyslexia PGS and this 

proxy reading measure. This is at odds with our finding (part of Chapter 4) that the 

dyslexia PGS was able to explain variation in a quantitative measure of reading ability, 

thus suggesting that the proxy score is not a good indicator of reading ability, which 

will be discussed further on. 

Firstly, I found that age had a negligible effect on vocabulary and time spent reading 

books, despite the older age of participants, but did affect memory, consistent with 

previous findings (Deary et al., 2000; Salthouse, 2010).  This demonstrates the validity 

of older adult samples for investigating verbal abilities, assuming individuals with 

cognitive disease, such as dementia, are accounted for. 

The correlations between the variables were modest at best (r < 0.36), although the 

cognitive variables were more correlated with each other than with time spent reading, 

and time spent reading books was most highly correlated with time spent reading 

newspapers/magazines. The PCA generated two distinct components onto which 

cognitive and reading measures were distinctly loaded. The two components only 

explain 48% of the total variance, therefore a large proportion of the variance is 

unexplained. A cognitive factor explained 29% of the total variance and a reading 

factor explained a further 19% of the total variance. Alongside time spent reading 

books, word meaning score and years in education were moderately loaded onto the 

second component. Spending more time reading is associated with a greater 

vocabulary (Pfost et al., 2013; Stanovich et al., 1995). Higher achievement in 

education has also previously been associated with reading ability (Garnier et al., 

1997), and further, genetic  correlations have been demonstrated between reading 

ability and educational attainment (Eising et al., 2022). 
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The reading component used as a proxy measure of reading ability may have been 

weak because it was largely based on time spent reading books. Whilst I 

demonstrated that book reading correlated with reading and spelling test performance 

in Chapter 3 (in corroboration with Smith (1996), who found that reading books is 

associated with higher literacy proficiency), the correlation was moderate at best (up 

to r = 0.26). Variation in time spent reading is likely to be influenced by many other 

factors in addition to reading ability. For example, participants may have impaired 

eyesight which limits how much time they can spend reading, if at all; participants may 

have obligations which reduce the time they have available for reading (e.g., caring 

for a partner or relative); participants may lack access to books due to barriers such 

as poor mobility or poverty; or participants may simply enjoy other hobbies which use 

their time instead of reading. Therefore, the proxy reading ability score may be 

influenced by socio-economic and health factors, for example. 

The PGS analysis which investigated whether the dyslexia PGS could explain 

variance in the proxy reading ability phenotype produced a null result. This may be 

because the target proxy reading measure may not be capturing true variance in 

reading ability, as discussed above. Whilst a common problem with PGS is that they 

are often poor proxies of actual genetic liability, and they can therefore only explain a 

small portion of phenotypic variance (Choi et al., 2020), in this case, the dyslexia PGS 

could predict quantitative reading scores in an independent sample (Chapter 2), 

indicating the null result is not due to a poor PGS. 

Future studies where a proxy reading phenotype is used due to a lack of quantitative 

measures of reading ability should ideally generate a unitary proxy score from multiple 

reading ability related variables that are as highly correlated with quantitative reading 

ability as possible. These might include existing data on frequency of book reading or 
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other types of reading, number of books possessed, health literacy, legal literacy or 

digital literacy. Additionally, a single self-report item, in which participants are asked 

how good a reader or speller they consider themselves against a Likert scale, could 

reasonably be included in future surveys for large biobanks. For example, self-

reported developmental language and literacy problems have previously been used to 

study phonological processing deficits in autism (Bishop et al., 2004). The correlation 

of a self-report measure with quantitative reading/spelling tests could first be 

investigated in smaller existing cohorts with measured reading ability such as the 

Brisbane adults introduced in Chapter 3. 

Conclusion 

In summary, I generated a proxy phenotype for reading ability in a moderately-sized 

unselected adult sample using a measure of time spent reading books. However, a 

dyslexia PGS was unable to explain variance in the proxy reading ability phenotype in 

this case, despite previously explaining variance in quantitative reading ability in a 

separate adult sample. This may be due to time spent reading books being too weak 

a proxy for quantitative reading ability. Future studies should look to refine the use of 

proxy reading measures for the discovery of genetic factors associated with reading 

ability in order to harness the statistical power which large biobanks of unselected 

adults (which often lack quantitative measures of reading abilities) can offer. 
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CHAPTER 5: DISCUSSION 

Dyslexia affects roughly one in ten people, yet we understand little of its biological 

basis. The aim of this thesis was to discover genetic factors associated with dyslexia 

and variation in reading ability in order to better understand the aetiology of reading 

difficulties. This understanding is vital to inform prediction, identification and 

intervention strategies. In this thesis, I firstly analysed the largest GWAS of dyslexia 

to date, identifying 42 novel genome-wide significant loci and demonstrating genetic 

correlation with many traits including quantitative reading skills and ADHD. Secondly, 

I sought to investigate methods to increase power of GWAS of reading ability, which 

are historically underpowered to detect genetic variants of small effect size which 

underlie this polygenic trait. I first demonstrated that unselected adult samples are 

valid for GWAS of reading ability, and therefore adult cohorts, which tend to be larger 

than those of children, can increase power for gene discovery. I then tested whether 

proxy measures of reading ability may enable use of large cohorts for which 

quantitative measures of reading ability are unavailable, concluding that the use of 

proxy measures requires further investigation. In this discussion, I will address each 

of the four objectives set out in my thesis aims in Chapter 1, before discussing how 

my findings contribute to answering major questions about the genetics of dyslexia 

and reading ability. 

Objective 1: To identify novel genetic markers associated with dyslexia 

In Chapter 2, through performing the largest GWAS of dyslexia to date, 42 genome-

wide significant independent loci were associated with a self-reported dyslexia 

diagnosis. More than half (27) were novel associations that have never before been 

reported in GWAS of dyslexia or related cognitive traits. Of these, 12 were validated 
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in a moderately well-powered GWAS meta-analysis of quantitative reading and 

spelling measures in the GenLang consortium (Eising et al., 2022), and 1 in the 

Chinese Reading Study (Wang et al., 2023). Approximately one third of the 42 

significant SNPs were also identified in a GWAS of general cognitive ability, aligning 

with the finding that genetic variation in reading disability overlaps with general 

cognitive ability (Haworth et al., 2009). This is because constituent processes of 

general cognitive ability such as working memory contribute to reading acquisition 

(Ne’eman & Shaul, 2021). Further, general cognitive ability may be advantaged by 

high reading ability, allowing more information to be obtained from text and enhanced 

comprehension. 

The effect size of every significant SNP was low (odds ratios ranged from 1.04 to 1.12), 

which is consistent with the high polygenicity seen for other complex traits (e.g., 

Demontis et al., 2017). SNP heritability was 19%, which is lower than estimates from 

twin studies of 40-80% (DeFries et al., 1987; Olson et al., 1989), but similar to GWAS 

(Eising et al., 2022; Gialluisi et al., 2020). This may be in part because rare variants 

may contribute to heritability. For example, it is thought that a specific rare haplotype 

of the ROBO1 gene, which prevents or attenuates its expression, may contribute to 

dyslexia in specific families (Hannula-Jouppi et al., 2005). Such variants are likely to 

contribute to the heritability estimates of dyslexia in family studies. 

Whilst this GWAS was the largest to date and discovered substantially more genome-

wide significant loci than any prior study, it is likely that there are many thousands of 

other genetic loci which contribute to dyslexia (Erbeli et al., 2022), based on examples 

of GWAS of other complex traits. For example, the largest known GWAS to date, which 

was performed on height of 5.4 million individuals, identified 12,000 genetic variants 

associated with variation in height (Yengo et al., 2022). Future studies should aim for 
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equivalent, if not larger, sample sizes in order to uncover more of the genetic 

architecture. 

Additionally, our dyslexia GWAS only included individuals with European ancestry 

because population stratification can produce spurious associations (Price et al., 

2010). However, this standard practice means individuals of all non-European 

ancestries are under-represented in genetic studies (Sirugo et al., 2019) and future 

studies should aim to be well powered to analyse non-European ancestries, so that 

our understanding of the genetics of dyslexia is inclusive of all ethnicities.  Identifying 

individual SNPs which are associated with dyslexia is important because they could 

contribute to a predictive genetic profile of dyslexia in the future (Lewis & Vassos, 

2020), and importantly, because they indicate which genes, and by extension, which 

biological pathways, may be functionally relevant in dyslexia, which in turn informs our 

understanding of the neurobiology of dyslexia. 

Objective 2: To investigate whether any of the novel genetic markers for 

dyslexia occur in candidate genes and/or pathways for reading ability and/or 

dyslexia 

In Chapter 2, gene and gene set association analyses were conducted to test whether 

previously implicated candidate genes and biological pathways for dyslexia could be 

replicated. Hypothesis-free gene and gene set based tests were also performed to 

identify novel candidate genes and biological pathways. None of the most prominent 

candidate dyslexia genes reached genome-wide significance. Considering the power 

of this analysis compared to all those prior, this null finding prompts a re-evaluation of 

the previously implicated dyslexia genes of whether they are in fact important 

contributors in the general population, or rather Type I errors (Button et al., 2013), or 
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rare variants found in specific families (e.g., (Hannula-Jouppi et al., 2005; Taipale et 

al., 2003) (see the implications section below for a more in-depth discussion of these 

points). 

Significant SNPs within several other genes related to neurodevelopment were 

observed through a discovery approach to gene-based tests. For example, rs3735260 

in the Autism Susceptibility Candidate 2 (AUTS2) gene was identified. Not only did this 

SNP reach genome-wide significance, but it was the strongest association with a 

neurodevelopmental trait to date. The AUTS2 gene has previously been associated 

autism (Oksenberg et al., 2013), intellectual disability (Beunders et al., 2015) and 

dyslexia (Girirajan et al., 2011). The protein acts in the Polycomb Repressive Complex 

1 (PRC1) to activate transcription. Disruption of the gene in mice leads to 

developmental defects in the central nervous system (CNS) (Gao et al., 2014). 

Through functional annotations, we noted that the rs3735260 variant had a combined 

annotation dependent depletion (CADD) score of 17.5 which suggested 

deleteriousness to gene function (Kircher et al., 2014). Further, the chromatin state 

indicated location at an active transcription start site (Ernst & Kellis, 2012). Altogether, 

evidence suggests rs3735260 may impair AUTS2 transcription and thereby impact 

CNS development with potentially broad effects on cognition. 

Also, rs72841395 in the TANC2 (Tetratricopeptide Repeat, Ankyrin Repeat And 

Coiled-Coil Containing 2) gene was identified and has previously been implicated in 

language delay (Wessel et al., 2017), intellectual disability, delayed motor 

development, autism, and psychiatric disorders (Guo et al., 2019). The TANC2 protein 

is involved in dendritic spine and excitatory synapse formation during embryonic 

development (Han et al., 2010; Stucchi et al., 2018). The fact that multiple 

neurodevelopmental disorders have been associated with disruption in this gene is 
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consistent with the comorbidity of, and genetic correlation between, these disorders 

(Gidziela et al., 2023). 

A further association with rs34349354 in the Gametogenetin Binding Protein 2 

(GGNBP2) gene was validated in the GenLang Consortium GWAS meta-analysis of 

quantitative reading measures (Eising et al., 2022), the NeuroDys GWAS meta-

analysis of dyslexia cases (Gialluisi et al., 2020), and the Chinese Ready Study (CRS) 

GWAS meta-analyses of reading accuracy and fluency (Wang et al., 2023). This gene 

has also previously been associated with neurodevelopmental delay (Pasmant et al., 

2008) and autism (Takata et al., 2018) however understanding of its function is limited. 

Takata et al. showed GGNBP2 is co-expressed with well-established autism genes 

which function in pathways implicated in autism (including synaptic signalling). This 

promising evidence and the fact that this variant was validated in three independent 

samples warrants further investigation of the function of GGNBP2 and its potential role 

within neurodevelopmental disorders. 

A targeted gene set analysis of two candidate biological pathways for dyslexia (axon 

guidance and neuronal migration, based on support from Poelmans et al., (2011) and 

a set of transcriptional targets of FOXP2 (Ayub et al., 2013)) was conducted. This 

hypothesis-driven approach is commonly used in an attempt to replicate prior findings, 

and is judged upon a lower significance threshold than discovery-based analyses 

because the smaller number of tests reduces the degree of Bonferroni correction. 

Here, replication-level significant enrichments were observed only for the axon 

guidance pathway. The axon guidance pathway is a set of 216 genes whose function 

is defined as a ‘chemotaxis process that directs the migration of an axon growth cone 

to a specific target site’ (GO:0007411). The neuronal migration hypothesis originated 

when post-mortem examinations of brains identified abnormal neuronal migration in 
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brains of individuals with dyslexia (Galaburda, 1993). Early genetic studies then 

identified candidate genes which molecular genetic studies showed to be involved in 

neuronal migration and axon guidance, such as DCDC2 (Meng et al., 2005) and 

ROBO1 (Hannula-Jouppi et al., 2005). Based on the understanding of the genetics at 

the time, Poelmans et al. (2011) supported a theoretical molecular network for dyslexia 

implicating the neuronal migration and axon guidance pathways. However, with 

increased understanding of the polygenicity of neurodevelopmental disorders and 

advancing technology in genome-wide sequence,  Guidi et al., (2018) critically 

evaluated the hypothesis, proposing a more likely scenario that many different genes 

and therefore many different neurodevelopmental pathways are likely to be involved 

in dyslexia. In line with this, 11 of the top 20 most significant biological pathways (e.g., 

GO:0022008 neurogenesis and GO:0045664 regulation of neuron differentiation) 

associated with our dyslexia phenotype in a discovery-based approach were involved 

in nervous system development. The strength of this approach is that we included all 

GO terms (Ashburner et al., 2000; The Gene Ontology Consortium et al., 2023) and 

curated gene sets from the Molecular Signatures Database (MsigDB) (Subramanian 

et al., 2005), which enabled an unbiased perspective on potential neurobiological 

bases of dyslexia. 

Objective 3: To investigate which traits are genetically correlated with dyslexia 

In Chapter 2, to determine which traits are genetically correlated with dyslexia, we 

analysed the pairwise genetic correlation of 98 traits with our self-reported dyslexia 

diagnoses, identifying 63 which were significantly genetically correlated. The strong 

negative genetic correlation between self-reported dyslexia diagnosis and quantitative 

measures of reading and spelling ability (ranging from -0.7 to -0.75) aligns with the 

theory that normal variation in reading ability and dyslexia exist on a continuum as 
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opposed to being qualitatively distinct phenotypes (Rodgers, 1983; Shaywitz et al., 

1992). It could be argued that if the same genetic factors determine reading ability and 

dyslexia, then the genetic correlation should be closer to one. However, the difference 

may be explained by error in measurement of reading skill and by noise in the self-

reported dyslexia diagnosis. This dyslexia phenotype is imperfect because it is self-

reported, and because individuals will have been diagnosed in different decades and 

different places, therefore the diagnostic criteria will be variable. 

Dyslexia was genetically correlated with ADHD (0.53) but not autism (0.02). The 

former is in line with the high co-occurrence of ADHD and dyslexia (August & Garfinkel, 

1990; Willcutt & Pennington, 2000) and their genetic correlation as estimated from twin 

studies (Wadsworth et al., 2015). This supports the multiple deficit model of 

developmental disorders that they share aetiological risk from a combination of factors, 

including genetic mechanisms (Pennington, 2006). The lack of genetic correlation with 

autism is unexpected given reports that reading difficulties are more common in 

children with autism than in the general population (Brimo et al., 2021) and that genetic 

correlations that have been demonstrated between neurodevelopmental disorders in 

general, including between ADHD and autism (Gidziela et al., 2023). The GWAS of 

autism that we used was a meta-analysis including subgroups with varying general 

cognitive ability. Therefore, it may be that the genetics underlying some subgroups of 

autism overlap more with dyslexia than other subgroups and further more refined 

analysis of genetic correlations between the two disorders should be conducted. 

Objective 4a: To investigate whether unselected adult cohorts are valid for 

increasing power to detect variants associated with quantitative reading skill 
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To better understand dyslexia, is it also important to understanding the genetics 

underlying normal variation in reading ability. However, very large genotyped datasets, 

such as 23andMe Inc, rarely have quantitative measures of reading ability. Most 

genetic studies of reading ability have been conducted in small cohorts of affected 

children and adolescents, which are underpowered to detect variants of small effect 

size. Meta-analysis are one means by which to boost power. A recent large meta-

analysis of reading ability identified a novel genome-wide significant SNP associated 

with word reading (Eising et al., 2022), however this study was still limited in power, 

given the thousands of SNPs that are likely to contribute to reading ability that remain 

undetected. Therefore, a major aim of this thesis was to investigate further methods 

to increase power of GWAS of reading ability. 

In Chapter 3, we introduced a new sample of unselected genotyped adults from whom 

quantitative measures of reading and language ability were collected (Doust et al., 

2020). The aim was to determine whether such samples are a valid means to discover 

genetic markers of reading ability. If so, unselected adult samples can be used to boost 

power of GWAS, especially by including existing adult samples in meta-analyses. 

Further, adult population samples are easier to recruit, genotype, and obtain 

quantitative measures of reading ability from, compared to affected children. 

Firstly, we demonstrated that age did not affect phonological decoding scores 

assessed by nonword reading, even in older adults. This is important because it 

validates measuring reading ability in older adult samples. Further, through candidate 

gene analysis, we identified association of the FOXP2 gene, which has previously 

been linked to dyslexia (Peter et al., 2011; Wilcke et al., 2012) and speech/language 

disorders (Fisher & Scharff, 2009), with nonword repetition, phonetic spelling, and a 

reading and spelling composite score. This study was underpowered however, to 
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replicate individual SNPs, because of its modest size (n = 1,505). Further, this study 

was published prior to the release of large GWAS of dyslexia and reading ability (Doust 

et al., 2022; Eising et al., 2022), thus PGS analysis was not a reasonable approach at 

the time. Regardless, the findings suggest that genetic factors linked to reading and 

speech/language disability in children may also affect normal variation in adult ability. 

Again, this provides evidence in support of a continuous model of reading ability and 

dyslexia (Rodgers, 1983; Shaywitz et al., 1992), with shared genetic aetiology. 

Further, in Chapter 2, genetic correlation between younger and older adults with the 

self-reported dyslexia diagnosis was .97. This test was conducted to check whether 

the phenotype was noisier in older participants as a result of past approaches to 

dyslexia screening, when many individuals with dyslexia may not have been 

diagnosed and therefore treated as controls in our analyses, reducing power to detect 

genetic variants. The extremely high genetic correlation indicates the older participant 

phenotype is not a concern in this case.  Overall, unselected adult samples should be 

considered for future GWAS of reading ability, as a means to obtain larger sample 

sizes and boost statistical power to detect small genetic effects. 

Objective 4b: To investigate whether proxy measures of reading ability are 

valid for increasing power to detect variants associated with quantitative 

reading skill 

Another potential way of boosting statistical power for discovery of genetic markers of 

reading ability is to use proxy measures of reading ability that correlate with 

quantitative measures of reading ability (e.g., Luciano et al., 2018). Proxies may 

already be available in large cohorts or easily obtained by adding a single question 

(e.g., “How good are you at reading?”), thus enabling much larger GWAS of reading 

ability than before. In Chapter 4, I investigated the use of a proxy reading phenotype 
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in an unselected older adult sample generated from ‘hours spent reading books per 

week’ and ‘hours spent reading newspapers and magazines per week’ and controlled 

for cognitive measures. A dyslexia PGS constructed from the 23andMe GWAS 

(Chapter 2) was not able to explain any variation in the proxy phenotype. This was 

unexpected since Luciano et al., (2018) previously generated a proxy reading ability 

measure from word recognition tests and a book reading frequency question, 

controlled for general cognitive ability, with promising results. The finding here may be 

because this particular proxy would be too weak a correlate with reading ability, as a 

result of the influence of other factors on the amount of time that participants spent 

reading, such as eyesight, time commitments and other preferences, which were not 

controlled for. However, Luciano et al., (2018) did not control for such factors in a 

similar study, and were able to extract a viable reading proxy. The advantage of their 

study was a more appropriate range of cognitive tests, including an irregular word 

reading test that is a marker of premorbid IQ but from which they could extract reading 

specific variance when used alongside book reading. Here, I was limited by the 

cognitive tests available in the HRS, which did not include any form of quantitative 

reading test. Despite the null finding, since certain variables, including reading habits, 

are highly correlated with reading ability, the use of proxies warrants further 

investigation. Indeed, in Chapter 3, we demonstrated that book reading correlated with 

performance on reading and spelling tests (Doust et al., 2020), and a diversity of 

reading practices is correlated with higher literacy skill (M. C. Smith, 1996). 

Additionally, health literacy is dependent on reading ability (Lee, 1999), and therefore 

is another possible proxy. It will be important for future studies to control for potential 

confounders, where possible, to generate a proxy which is as strongly correlated with 
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reading ability as possible. Further, studies could compare the use of individual proxies 

with a combined multi-proxy of reading ability. 

Implications of the findings for our understanding of the genetics of dyslexia 

and reading ability 

What does GWAS tell us about candidate gene findings? 

The findings from recent large-scale GWAS suggest that prior genetic studies of 

reading and dyslexia should be re-evaluated in the light of this robust, systematic 

approach. Evidence comes from two moderately-sized GWAS meta-analysis (Eising 

et al., 2022; Gialluisi et al., 2020) and the GWAS we conducted in Chapter 2, which 

was the largest to date (Doust et al., 2022). All three studies found limited evidence 

for association of previously implicated candidate genes and biological pathways for 

dyslexia. The findings from the linkage and association analyses which first proposed 

gene candidates might result from three possible scenarios: 1) the association found 

is true, but is a rare variant found only in specific families; 2) the effects are context 

specific and may interact with other SNPs common in the particular population; 3) the 

association found is a Type I error. Evidence for the first scenario comes from reports 

of structural variants such as a translocation in DYX1C1 associated with dyslexia 

(Taipale et al., 2003). The third scenario can result because most genetic studies of 

dyslexia have been insufficiently powered to detect small effects. The result of small 

sample sizes is an overinflation of effect size and statistically significant results that 

are unlikely to reflect a true effect (Button et al., 2013). The inconsistent reproducibility 

of results is evidence for this (Chapter 1, Table 1). However, we demonstrated in 

Chapter 2 that some previously-reported SNPs (Supplementary Table 25) and 

candidate genes (Supplementary Table 26)/biological pathways (Supplementary 

Table 27) were significant at a replication level in our GWAS of dyslexia (including 
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KIAA0319L, ROBO1 and CNTNAP2 genes and the axon guidance pathway). It may 

be that such effects are valid, but much smaller than previously suggested. Overall, 

we should designate new candidate genes for dyslexia based on a genome-wide 

discovery-based approach conducted in sufficiently powered samples. From these, 

we can start afresh in seeking an unbiased understanding of the biological 

mechanisms of dyslexia. 

What do the genetic findings tell us about the relationship between reading 

ability and dyslexia? 

Whilst some have proposed dyslexia represents the lower end of a continuum of 

population variation in reading ability (Rodgers, 1983; Shaywitz et al., 1992), others 

have argued it is a qualitatively distinct phenotype (Hoover & Gough, 1990; Rutter & 

Yule, 1975). The high genetic correlation of our self-reported dyslexia phenotype with 

multiple validated quantitative measures of reading ability in the GenLang Consortium 

(Chapter 2, Doust et al., 2022) indicates a strongly shared genetic aetiology and 

therefore supports the theory that dyslexia is on a continuum with reading ability. 

Additionally, in Chapter 3, candidate gene tests demonstrated that a candidate gene 

for dyslexia was also associated with normal variation in reading ability, again 

indicating shared genetic mechanisms, albeit in a modestly-sized sample and not at 

genome-wide replication level. However, overall, our findings align with the liability 

threshold model, in which multiple variables which contribute to continuous variation 

in a trait are summed to produce a liability score, enabling a categorical outcome of 

case or control determined by whether an individual score exceeds a threshold (Hujoel 

et al., 2020). The liability threshold model is underpinned by a normal distribution, and 

further, in Fisher’s infinitesimal theory, normally distributed traits are polygenic, and 

caused by a large number of genes of a small effect size, in addition to environmental 
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factors (Fisher, 1919). However, the correlation we reported between dyslexia and 

reading ability did not exceed rg = -0.75. One reason for this may be that the dyslexia 

phenotype is imperfect, being self-reported and from participants ranging in age, 

therefore diagnostic criteria would have varied. Also, the dyslexia results do not take 

into account comorbidity of other neurodevelopmental disorders, which might skew 

the phenotype slightly away from purely reading difficulties. 

What more do we need to know to determine the relationship between reading 

ability and dyslexia? 

To better understand the relationship between normal variation in reading ability and 

dyslexia it will be important to fully elucidate the genetic architecture through well-

powered discovery-based quantitative genetic studies of both reading ability and 

dyslexia. We should continue to seek to uncover the specific genetic profiles of 

different skills within reading (e.g., Gialluisi et al., 2019; Wang et al., 2023), including 

phonological awareness. This will uncover whether genetic variants underlying 

dyslexia are the same as those underlying specific aspects of reading (e.g., 

comprehension or decoding) or whether some more closely overlap with dyslexia than 

others. Also, this will reveal whether there are any genetic factors that are not involved 

in reading ability. As discussed in the introduction to this thesis, definitions of dyslexia 

can be broad and include non-reading related features, for example, in the widely-

accepted Rose definition, individuals with dyslexia may have difficulties with language, 

mental mathematics and motor coordination (Rose, 2009). Indeed, there are reports 

of traits common in individuals with dyslexia which are not obviously linked to reading 

ability, for example, motor coordination (Habib, 2021). These may be the presence of 

other (undiagnosed) neurodevelopmental disorders (see further discussion on this 

below) or perhaps they are dyslexia-specific traits which are separate from reading 
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skill. Determining whether or not there are non-reading related genetic factors involved 

would help to clarify a definition of dyslexia. If non-reading related factors for dyslexia 

exist, they may be dyslexia specific, or more likely, they may represent an overlap with 

other developmental disorders such as speech and language disorders, dyscalculia, 

and dyspraxia, in line with the multiple deficit model of developmental disorders 

(Pennington, 2006). GWAS by subtraction would help to disentangle the genetic 

factors involved (e.g., Demange et al., 2021). Future studies should look to perform 

GWAS of dyslexia in which reading ability is removed. Any existing remainder should 

be analysed for correlation with other traits, particularly neurodevelopmental 

disorders. This understanding would enable us to determine the neurological 

processes that enable us to read, how these might be impaired in dyslexia, and further, 

whether or not this impairment impacts non-cognitive functions. The presence of non-

reading related dyslexia-specific traits could be circumstantial, that is arising in 

response to reading difficulties as a coping strategy, they could be innate, or they 

might not exist at all reflecting misdiagnosis. Fully understanding the genetic 

mechanisms at work would help to elucidate this. 

A criticism of the continuum model is that it takes a deficit-based view of dyslexia. 

Whilst it is highly important to understand the aetiology of reading difficulties to ensure 

we can best support all children and adults to achieve functional literacy, some argue 

that we should also investigate proposed strengths of individuals with dyslexia, such 

as creativity, and avoid terming dyslexia as a disorder (Taylor & Vestergaard, 2022). 

Investigating non-reading related traits of dyslexia, both those perceived as strengths 

and those perceived as deficits, whilst controlling for overlap with other 

neurodevelopmental disorders, would increase our understanding of the relationship 

between variation in reading ability and dyslexia. Further, since individuals with 
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reading difficulties are subject to discrimination (Schumacher et al., 2007) and 

increased internalising problems such as anxiety and depression (Francis et al., 2019), 

finding evidence of strengths associated with dyslexia could have a positive impact on 

individuals with dyslexia. 

What do the genetic findings tell us about the relationships between dyslexia 

and other developmental disorders? 

There are high rates of co-occurrence between developmental disorders, including 

dyslexia and SLI (Snowling et al., 2020) and dyslexia and ADHD (August & Garfinkel, 

1990; Willcutt & Pennington, 2000). The multiple deficit model of developmental 

disorders proposes that these disorders share aetiological risk from multiple factors, 

rather than each being caused by a single factor (Pennington, 2006). In Chapter 2, I 

demonstrated that dyslexia was highly genetically correlated with ADHD (rg = .53), in 

line with the multiple deficit model. We did not test the genetic correlation between 

ADHD and SLI because this data was unavailable. A similarly high genetic correlation 

between dyslexia and ADHD has been found (Wadsworth et al., 2015). Further, in 

another, albeit smaller, GWAS of dyslexia, Gialluisi et al., (2020) demonstrated that 

dyslexia PGS could explain a proportion of variation in ADHD. A genetic twin study of 

the aetiology of the co-occurrence of dyslexia and ADHD indicated that overlap of 

dyslexia with the inattention dimension of ADHD is largely a result of genetic factors, 

whereas genetic factors contribute substantially less to the overlap between dyslexia 

with the hyperactivity/impulsivity dimension of ADHD (Wadsworth et al., 2015). This 

suggests the genetic correlation between dyslexia and ADHD we identified in Chapter 

2 may be picking up genetic signal from the inattentive dimension. It may be that 

inattention negatively affects concentration required to attend to decoding principles 

for reading acquisition and for practising reading. 
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Genetic correlation indicates a number of possible mechanisms: a) a shared genetic 

aetiology and therefore a shared functional basis, and/or b) a causal relationship, in 

which the features of one disorder cause features of the other, and/or c) a third 

unmeasured variable (e.g., perinatal factors) affects both disorders. If the first 

mechanism is true, one might expect to see common features in the two disorders, 

resulting from the same impaired biological pathways. If the second mechanism is 

true, one might expect one disorder to exhibit traits than could be caused by traits of 

the other disorder. Both mechanisms provide evidence in favour of the multiple deficit 

model of developmental disorders because this theory proposes that conditions such 

as dyslexia and ADHD are heterogeneous disorders resulting from multiple additive 

and interacting factors (Pennington, 2006). Between language disorders and dyslexia, 

there are clear overlapping features. Oral language ability is the foundation of reading 

and both disorders are associated with reading difficulties, language disorders more 

with reading comprehension, and dyslexia more with decoding (Snowling et al., 2020). 

However, it is less clear whether there are common features between ADHD and 

dyslexia. In an investigation of shared cognitive deficits of ADHD and dyslexia, 

impaired processing speed was the only cognitive variable which correlated with both 

reading ability and inattention (McGrath et al., 2011). This study was limited to 

performing pairwise correlations of case-control samples, therefore was unable to 

answer these more nuanced questions about the relationship of dyslexia to other 

disorders. As discussed in the previous paragraph, it could be that inattention itself is 

a causative factor in dyslexia. 
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What more do we need to know to determine the relationship between dyslexia 

and other developmental disorders? 

Despite evidence of high comorbidity between developmental disorders, the causal 

mechanisms are yet to be clearly understood. Substantial genetic correlations 

between dyslexia and ADHD and dyslexia and SLI have been demonstrated but what 

underlies the unexplained remainder? Are there dyslexia-specific genetic factors, or 

does dyslexia result from a specific combination of additive and interactive factors 

which also contribute to other developmental disorders? 

One important approach to help answer these questions will be to conduct (sufficiently 

well-powered) GWAS of ‘pure’ samples of dyslexia that control for ADHD, SLI, and 

other developmental disorders, and compare these to comorbid samples. This will 

uncover any non-reading related or dyslexia-specific genetic factors, as discussed 

above.  

Another important approach is genomic structural equation modelling (SEM) of 

multiple developmental disorders to determine genetic correlations between many 

disorders, as opposed to pairwise correlations (Grotzinger et al., 2018). This creates 

a structural model in which disorders are clustered according to shared genetic liability 

and enables a wider perspective on the genetic links between them. Through genomic 

SEM of dyslexia, ADHD, autism, Tourette syndrome and six psychiatric disorders, five 

correlated genomic latent factors were generated (internalising disorders, psychotic 

disorders, compulsive disorders, neurodevelopmental conditions, and attention and 

learning difficulties (Ciulkinyte et al., 2023, unpublished). Dyslexia and ADHD were 

influenced by the attention and learning difficulties factor, which was moderately 

correlated with the internalising disorders factor, however, most of the genomic 

variance in dyslexia was unique. The authors also identified 49 genomic risk loci 
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associated with both dyslexia and ADHD, which were not previously indentified in 

GWAS of each individual disorder. This study demonstrates the value of genomic SEM 

in understanding the genetics of dyslexia and related disorders. 

How can understanding the genetics of reading ability and dyslexia help refine 

dyslexia identification criteria? 

By understanding the genetics of different aspects of reading skill we will gain a more 

nuanced understanding of dyslexia, for example, are the genes underlying 

phonological decoding skill impacted by variants in all individuals with dyslexia? Or do 

some groups of individuals with dyslexia have distinct genetic profiles implicating 

different biological pathways? For example, Castles & Coltheart (1993) distinguish 

surface dyslexia, in which there is greater difficulty reading irregular words, from 

phonological dyslexia, in which there is greater difficulty reading nonwords. If there are 

subtypes of dyslexia, understanding the genetic aetiology, and therefore the biological 

mechanisms, would help to define distinct identification criteria. Further, genetic 

studies can help to determine whether the discrepancy diagnostic model is valid. In 

Chapter 2, we demonstrated that dyslexia PGS prediction of reading ability was 

equivalent whether or not IQ was controlled for (Supplementary Table 24), supporting 

the case that dyslexia can occur with varying general cognitive ability.  

Identification of dyslexia is also currently complicated by comorbidity with other 

developmental disorders. As discussed above, disentangling the genetic aetiology of 

developmental disorders will help us to understand whether dyslexia is caused by 

unique biological mechanisms or whether the multiple deficit model applies. An 

understanding of the genetic mechanisms of developmental disorders, and how they 

may interact, will help us to understand the biological mechanisms of dyslexia and 

whether they overlap with the biological mechanisms causing other disorders such as 
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SLI and ADHD. Currently, children tend to be diagnosed with a single disorder 

(whichever presents the greatest difficulty), and additional disorders can be 

overlooked. A better understanding of the aetiology of developmental disorders as a 

whole can be used to more clearly define features of each condition, including which 

features are likely to overlap with other disorders, thus refining identification. 

With further discovery of the genetic factors underlying dyslexia, it will be feasible to 

construct a PGS for dyslexia which can predict whether infants are likely to develop 

dyslexia (Lewis & Vassos, 2020). This will enable interventions to be implemented 

before children even start school, as opposed to only following identification, which 

currently is often only in older primary children, or even later (Torppa et al., 2015). 

Interventions can therefore not only take the form of targeted reading instruction 

without delay, but they can also target early years’ risk factors. Particularly, language 

skill in early childhood affects later phonological awareness and is a risk factor for 

dyslexia, thus children likely to develop dyslexia could benefit from language 

intervention if they were identified earlier. Additionally, early identification would enable 

targeted intervention against environmental risk factors such as a poor home literacy 

environment (e.g., providing access to resources and opportunities for parents to 

engage in activities which promote language and reading development with their 

young children). 

Conclusion 

To summarise, in this thesis I presented 42 novel variants associated with dyslexia 

and identified new genes and biological pathways that may be part of its biological 

basis. I discussed how large-scale, systematic, genome-wide, discovery-based 

approaches are prompting a re-evaluation of previous candidate genes and biological 
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pathways for dyslexia. I identified numerous traits genetically correlated with dyslexia 

including quantitative reading skills, suggesting dyslexia and reading are not distinct 

phenotypes; and ADHD, in line with the multiple deficit model of developmental 

disorders. I also investigated methods to boost power for GWAS of reading ability, 

since previous studies have been underpowered for gene discovery, and an 

understanding of the genetics of normal variation in reading skills is important for our 

understanding of dyslexia. Whilst the use of proxy reading ability measures was 

inconclusive, unselected adult cohorts with validated reading measures proved a 

viable means by which to boost sample sizes and thereby increase statistical power 

to detect genetic variants of small effect size. Future studies should seek to perform 

high-powered GWAS of both dyslexia and specific reading skills, and multivariate 

GWAS of dyslexia and reading skill, in different ancestry groups, and consider 

controlling for multiple developmental disorders to better understand the genetics of 

dyslexia against the background of comorbidity. 
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