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determinants of autism spectrum disorder  

by 

Helena Rawsthorne-Manning 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder which is clinically characterised 

by core behavioural deficits including disruption to social behaviour. ASD has a clear genetic 

underpinning and hundreds of genes, with varying penetrance, have been implicated in its 

aetiology. Here I use the model organism C. elegans as an experimental platform to investigate 

the effect of genetic mutation on social behaviour.  

To do this I utilised a social paradigm in C. elegans that is based on observing a complex, 

sensory-integrative, food leaving behaviour. Adult worms increasingly leave an otherwise replete 

food source as the number of progeny populating the environment increases. This behaviour is 

mediated by a progeny-derived social cue and hence represent an inter-organismal social 

interaction. In this thesis I first designed a bioinformatic pipeline to filter high risk ASD-associated 

genes to select those that could be investigated using the progeny-induced food leaving assay. I 

identified several candidate human genes by defining C. elegans orthologues which when 

mutated result in selective deficits in social behaviour. This work highlights that genetic 

determinants within synaptic, cell signalling, epigenetic modification and phospholipid 

metabolism functional domains have a role in the co-ordination of C. elegans social behaviour. 

Using a null mutant, I show that C. elegans social behaviour is dependent on the nlg-1 gene. I 

refine this approach by generating a mutation in C. elegans which is synonymous to a highly 

penetrant ASD-associated variant identified in humans. In doing this I used and optimised a 

CRISPR/Cas9 technique to precisely edit C. elegans genes.  

Overall, the combined use of social behaviour analysis and genetic intervention in C. elegans 

provides a useful model to investigate the genetic determinants of autism. ASD is a complex 

disorder in which disruption within the biological system can influence different levels of 

biological organisation. Therefore, this thesis provides an avenue for future research to probe the 

effect of genetic disruption at different levels of the biological system to further understand the 

emergence of disrupted social behaviour. 
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Chapter 1 General introduction 

1.1 Autism spectrum disorder 

1.1.1 Introduction to autism spectrum disorder 

Autism spectrum disorder (ASD) is a neurodevelopmental behavioural disorder (Sharma, Gonda 

and Tarazi, 2018) that was first described in 1943 in children who lacked interest in others 

(Kanner, 1943). The umbrella term, ASD, encompasses a group of pervasive developmental 

disorders including Asperger’s syndrome. ASD is most often referred to as having a triad of 

behavioural phenotypes, these being impaired verbal communication including language delay, 

repetitive behaviours and impaired social interactions. More recently, in the latest version of the 

Diagnostic and Statistical Manual of Mental Disorders-5 (DSMV), ASD is defined as having two 

core domain deficits in social communication/interaction and repetitive behaviour. Before the 

DSMV nonverbal communication such as hand gestures, facial expressions and forms of social 

communication during play were being arbitrarily classified under either the social or 

communication domains (Lord and Jones, 2012). Also, it was shown that the majority of children 

with language delay don’t meet the other criteria of ASD, therefore in the DSMV the verbal 

communication domain was removed. Instead, nonverbal and social communication deficits were 

added under the social domain and repetitive language was added under the repetitive behaviour 

domain with the aim to improve the reliability of the DSM as a diagnostic tool of ASD (Lord and 

Jones, 2012; Lai et al., 2013).  

ASD is typically diagnosed before 3-4 years of age and in the last 10 years prevalence rates have 

steadily increased (Centers for Disease Control and Prevention, 2020). It was estimated that 1 in 

150 children had ASD in the year 2000 but increased awareness and understanding of the 

disorder is thought to have contributed to the increase in prevalence (Neggers, 2014), which is 

now thought to be as high as 1 in 36 children (Zablotsky, Black and Blumberg, 2017). As set out by 

the DSMV, for an individual to be diagnosed with ASD they must demonstrate at least three 

symptoms in the social domain and at least two symptoms in the repetitive behaviour domain. 

The social domain describes criteria that contribute to the persistent deficit in social 

communication and interaction. These criteria include failure to initiate and respond to social 

interaction and a lack of interest in sharing. Also, in terms of nonverbal communication, the 

criteria include a poor understanding of communication using gestures, body language and eye 

contact. Behaviours that make up the restricted behaviour domain include repetitive speech, 

motor movements or use of objects, for example lining up toys or turning on and off lights. Also, 
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individuals may often adhere to strict routines, finding change to routines difficult and may 

display fixation on certain interest or objects. Finally, the DSMV outlines the hyper or hypo-

sensitivity that may be displayed in response to sensory stimuli (American Psychiatric, 2002).  

ASD is a pervasive disorder meaning it effects an individual throughout their life. It also has a 

pervasive impact on caregivers, family and the wider community with estimates suggesting that 

85% of individuals diagnosed with ASD are unable to live completely independently (Karst and 

Van Hecke, 2012). In fact, the DSMV stresses the impact that ASD has on carers as it defines levels 

of ASD severity from level 1 defined as ‘requiring support’ through to level 3 which is defined as 

‘requiring very substantial support’ (American Psychiatric, 2002). It has also been estimated that 

the cost of supporting one individual with ASD over their lifespan is £1.5 million (Buescher et al., 

2014). Currently, there are no targeted therapeutics to treat the core symptoms of ASD. Overall, 

the high incidence rate, economic burden and poor prognosis of ASD highlights the need for a 

better understanding of this disorder in order to improve the quality of life of individuals living 

with ASD.  

1.1.2 ASD as a brain disorder 

ASD is associated with abnormalities in brain development, neuroanatomy, function and 

connectivity compared to neurotypical individuals who have typical development and cognitive 

abilities (Park et al., 2016; Maximo, Cadena and Kana, 2014). Soon after ASD was first described it 

was observed that autistic behaviours were similar to the behaviour of patients with brain 

damage to the frontal lobe (Damasio and Maurer, 1978). Early studies also suggested that brain 

activity may be altered (Horwitz et al., 1988) and macrocephaly (enlargement of the brain) is 

associated with autism (Shen and Piven, 2017). Since then neuroimaging studies have identified 

multiple brain regions that control high-order cognition and social processing (Wood and 

Grafman, 2003). Task based neuroimaging studies, where brain function is monitored during 

memory, social and emotional tasks, have identified both abnormally strong and weak 

connectivity between brain regions in ASD patients and have correlated this with changes in 

behavioural output (Maximo, Cadena and Kana, 2014). Post mortem analysis has shown 

differences in neuron size and axon lengths in ASD brains suggesting that neuron physiology is 

likely a key contributing factor in ASD (Hashem et al., 2020).  

The human brain is made up of 100 billion neurons. Together they control information processing 

and ultimately underpin higher-order processes such as memory, cognition and the co-ordination 

of behaviours (Purves et al., 2001). Clusters of neurons that carry out information processing in a 

given brain region are called microcircuits (Shepherd, 2011). Communication between 
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microcircuits form larger, more complex, neural circuits that integrate vast amounts of 

information across different regions of the brain (Tau and Peterson, 2010). It is understood how 

neural circuits control some simple motor reflexes (Purves et al., 2001) but how the nervous 

system controls more complex behavioural outputs is not as well defined. Human social 

behaviour is an example of a complex behaviour that involves the detection and response to 

many different cues, including speech and body language. Therefore, the detection, processing 

and regulation of behavioural outcome to coordinate behaviours like social behaviour is likely to 

be extremely complex, requiring crosstalk between multiple circuits in different brain regions. 

Some human social circuits are beginning to be put together, including aggression and parenting 

behaviours. However, to date this includes only the identification of important brain regions for 

these behaviours whilst the understanding of the microcircuits which may underpin behaviour are 

not clear (Chen and Hong, 2018). In the case of ASD, where it has been shown that neuronal 

physiology and brain connectivity is atypical, it is hypothesised that abnormalities in the brain’s 

ability to process information may result in dysregulation of circuits that underpin behaviours and 

that this can then emerge as a behavioural phenotype presented by a patient (Maximo, Cadena 

and Kana, 2014).  

1.1.3 Sensory processing impairment in ASD 

A clinical feature of ASD is hyper- or hypo-reactivity to sensory input which includes indifference 

to pain and temperature and adverse response to certain sounds and textures (American 

Psychiatric, 2002). Sensory processing is the recognition and organisation of information that 

allows a person to interact with their environment (Blanche and Gunter, 2020). During complex 

behaviours, like social interaction, a person is required to integrate information from multiple 

sensory channels, including visual, auditory and chemical social cues (Chen and Hong, 2018). 

Social communication by pheromone signalling in mammals is a good example of a chemo-

sensory cue that can modify another animals behavioural output to promote mating and 

aggression (Chen and Hong, 2018). Recently it has been shown that individuals with ASD produce 

altered responses to social chemo-signals in comparison to controls (Endevelt-Shapira et al., 

2018). Also, it has been shown that multisensory processing impairments exist in ASD with a study 

showing that individuals with ASD have an impaired ability to integrate audio and visual cues into 

a perceptual whole (Stevenson et al., 2014b). Interestingly, the literature suggests that sensory 

processing impairments correlate with ASD symptom severity (Brandwein et al., 2015; Mayer, 

2017; Horder et al., 2014). This has been used to theorise that suboptimal processing of sensory 

information could have cascading effects that converge on neural circuits that control behavioural 
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output (Robertson and Baron-Cohen, 2017), the consequence of this being the production of 

atypical behaviour. 

1.1.4 Excitatory/Inhibitory imbalance in ASD 

Activity of neural circuits is primarily controlled by the activity of excitatory glutamatergic and 

inhibitory GABAergic neurotransmission in the brain (Purves et al., 2001). Decreased GABAergic 

signalling has been identified as a common feature of the ASD brain (Hussman, 2001). This led to 

the excitatory/inhibitory imbalance theory of ASD which is now widely accepted as a model in the 

aetiology of autism (Rubenstein and Merzenich, 2003; Sohal and Rubenstein, 2019). As well as 

decreased inhibitory signalling, increased levels of glutamate in the blood plasma of ASD patients 

(Zheng et al., 2016) and increased expression of glutamate receptors have been observed (Fatemi 

et al., 2011). Both increased excitation and decreased inhibition contribute to the 

hyperexcitability of neural circuits. This has been suggested to create an imbalance in the signal to 

noise ratio in the brain and ultimately impede the function of circuits which process information 

and control behaviour (Dinstein et al., 2012; Robertson and Baron-Cohen, 2017; Rubenstein and 

Merzenich, 2003). Interestingly, experiments of excitatory/inhibitory imbalance in mice have 

shown that increased excitatory signalling in the brain results in behaviour impairment, including 

in the social domain (Yizhar et al., 2011). This provides key insight into the circuit level dysfunction 

that may be underpinning alterations in human social behaviour.   

1.1.5 Comorbidity in ASD 

The complex circuit disruption identified in ASD likely underpins a range of comorbidities. The 

simultaneous presentation of two or more disorders occurs in 70% of ASD cases (Sztainberg and 

Zoghbi, 2016). Epilepsy is more common in individuals with ASD than it is in the general 

population (Giovanardi Rossi, Posar and Parmeggiani, 2000; Besag, 2017). Like ASD, epilepsy is 

associated with excitatory/inhibitory imbalance of signalling in the brain which leads to 

hyperexcitability of neural circuits and therefore the increased probability of seizures (Frye et al., 

2016). Comorbidities with autism also include gastrointestinal disorders. The gut-brain axis 

describes the bidirectional communication between the two organs and new research suggests a 

link between gut microbiota and ASD behavioural phenotypes (Wasilewska and Klukowski, 2015). 

Although the mechanism by which this occurs is not known it is hypothesised that the gut 

microbiome can influence the composition of immune cells and metabolites in the body and that 

this may contribute to brain dysfunction (Wasilewska and Klukowski, 2015; Srikantha and 

Mohajeri, 2019). As well as this, psychiatric disorders which are often comorbid with ASD include 

intellectual disability (Bilder et al., 2013) attention deficit hyperactivity disorder (ADHD), 
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obsessive-compulsive disorder (OCD), anxiety (Zaboski and Storch, 2018) and schizophrenia (SCZ) 

(Stahlberg et al., 2004). These disorders share some clinical features with ASD, for example SCZ, 

another neurodevelopmental disorder (Owen et al., 2011), is also associated with language 

impairments and social deficits (Hommer and Swedo, 2015). The overlap of symptom 

presentation in ASD and other neuropsychiatric disorders makes the diagnosis of these disorders 

complicated (Trevisan et al., 2020; Eack et al., 2013).   

Although comorbidities complicate the diagnostic process, they can provide clues to the 

complexity of ASD and may help in the dissection of the neural basis of autism. The psychiatric 

disorders which often co-occur with autism are also associated with abnormalities in brain 

structure and function. Neuroimaging studies have highlighted various brain areas disrupted in 

these disorders (Martin et al., 2009; Mikita et al., 2016; Gehricke et al., 2017; Zhang et al., 2018; 

Huey et al., 2008; Karlsgodt, Sun and Cannon, 2010). It is becoming increasingly clear that the 

brain circuitries that underpin these disorders can be both distinct and shared between the 

disorders (Tye et al., 2019; Mikita et al., 2016; Taurines et al., 2012). Comparison of the circuitries 

that are thought to be involved in ASD and its comorbidities suggest that they are likely to be 

highly interconnected (Tye et al., 2019). This forms the basis of the theory that disruption within 

one circuit can have cascading effects through other shared pathways such that someone with a 

psychiatric illness is likely to have more than one disorder (Tye et al., 2019). A better 

understanding of how variability in neural networks can lead to different symptom profiles in ASD 

is needed. To facilitate this, further investigation of distinct circuits underling symptoms is needed 

to disentangle causal pathways (Albajara Sáenz et al., 2020). Equally, understanding common 

pathways that are shared between comorbid disorders will likely aid the development of 

therapeutics for individuals with complex diagnoses (Doshi-Velez, Ge and Kohane, 2014).    

1.2 Genetics in the aetiology of ASD 

ASD is a heterogeneous disorder with a strong genetic component and environmental risk factors 

in its aetiology (Chaste and Leboyer, 2012; Geschwind, 2011). Early genetic studies identified 

higher concordance rates of autism among monozygotic twins compared to dizygotic twins 

(Folstein and Rutter, 1977; Ritvo et al., 1985; Steffenburg et al., 1989; Bailey et al., 1995). Over 

the years numerous twin studies have been conducted, identifying monozygotic concordance 

rates between 36-93% (Ronald and Hoekstra, 2011). Additional family studies have shown that 

the closer in relation a sibling is to the affected proband the more at risk they are for having ASD. 

For example, full siblings are more at risk of both being diagnosed with ASD than half-siblings or 

cousins (Sandin et al., 2014). Overall, this early work provided strong evidence for the heritability 

of ASD.   
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Since the discovery of the genetic component of ASD there has been a lot of research 

investigating the genetic architecture of autism. ASD can be classified into syndromic and non-

syndromic autism. Syndromic ASD describes a genetic disorder in which ASD like symptoms are 

displayed along with other phenotypes associated with the given disorder. In most cases the 

aetiology of these syndromic disorders is known, for example Fragile X syndrome is a single gene 

disorder which is the most common monogenic form of syndromic ASD (Sztainberg and Zoghbi, 

2016). In contrast, non-syndromic or idiopathic autism has been shown to result from a single 

gene in less than 5% of cases (Jiang et al., 2014) pointing to the complex polygenic nature of 

idiopathic ASD. In fact there are currently over 1000 genes that have been associated with 

increasing the risk for autism (https://gene.sfari.org/) and different types of genetic variation can 

impact these genes. These genetic variants can be broadly split into two categories, these being 

rare, highly penetrant variants and common, low penetrant variants (Devlin and Scherer, 2012; 

Huguet, Ey and Bourgeron, 2013; Iakoucheva, Muotri and Sebat, 2019). The contribution of 

thousands of ASD-risk genes and various genetic variants makes for a complex genetic landscape 

in autism (Figure 1.1). 

 

Figure 1.1 Overview of the different categories of genetic variants associated with ASD. 

Monogenic risk for ASD like symptoms comes from single gene disorders that cause 

syndromic forms of autism. Polygenic risk in ASD is more complicated as it can be 

influenced by different types of genetic variants that can be broadly split into 

common, low penetrance, variants and rare, high penetrant variants. There is also a 

complex interplay that exists between common variants and various types of rare 

variants that contributes to the extreme heterogenic nature of autism.  
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1.2.1 Rare, highly penetrant, genetic variants in ASD 

1.2.1.1 Copy Number Variants  

Whole genome and exome sequencing has facilitated the understanding of the genetic landscape 

of ASD (Szego and Zawati, 2016). Comparing the genetic makeup of individuals with ASD to 

neurotypical controls allows for the identification of genetic variation that may underlie autism 

(Jiang et al., 2014; Devlin and Scherer, 2012). Sequencing studies have shown that the ASD 

genome is often enriched with rare copy number variants (CNVs) (Pinto et al., 2010; Sebat et al., 

2007). Copy number variants are regions of DNA sequence larger than 1kb that have a variable 

number compared to the human reference genome. These variants can be caused by 

duplications, deletions or more complex losses and gains of sequence within the genome (Redon 

et al., 2006).  Interestingly, whilst these variants are known to be enriched in ASD they are rare 

(Figure 1.1), occurring in less than 5% of the human population (Bourgeron, 2015). For example, it 

has been shown that in sporadic cases of ASD, in which neuro-atypical children are born into a 

family with no history of autism, 6.6% of children with ASD had at least one rare de novo CNV in 

comparison to 1.4% of unaffected siblings or 1.9% of control cases (Huguet, Ey and Bourgeron, 

2013).  

Understanding the enrichment of CNVs in ASD has facilitated the understanding of which 

chromosomal loci, and therefore which genes, may be risk factors for autism. A study of 17 

children with ASD identified that only 2 of the 17 carried a second CNV within their genome, 

providing evidence that single CNVs can be highly penetrant in ASD (Schaaf et al., 2012; Jiang et 

al., 2014). As well as being highly penetrant, CNVs in individuals with ASD can be large. In fact in 

comparison to controls, CNVs associated with ASD impact 16 times more genes therefore 

contributing to the large number of potential risk genes that have been identified (Sanders et al., 

2011).  

1.2.1.2 Rare de novo and inherited variants 

As well as CNVs, whole genome and exome sequencing studies have identified a number of 

protein coding sequence mutations, for example missense, splice site and frameshift variants that 

are associated with ASD (Huguet, Ey and Bourgeron, 2013). Like CNVs these coding sequence 

variants are rare within the population but enriched and highly penetrant in individuals with ASD 

(Figure 1.1) (Bourgeron, 2015). Both CNVs and coding sequence variants can be de novo or 

inherited from parents. A de novo mutation is a mutation that occurs in the germline of the 

parent, most often from the father, and are thought to occur in 30% of ASD cases (Iakoucheva, 

Muotri and Sebat, 2019). An inherited variant is one that is passed from the parent to the child. In 
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most cases the parent themselves has no or mild ASD symptoms whilst the child has diagnosed 

autism (Sebat et al., 2007). Incomplete penetrance describes a variant which is present in both 

affected and non-affected family members and suggests there must be an added level of 

complexity that contributes to the genetic vulnerability of ASD. Also contributing to the genetic 

complexity of autism is the fact that most rare gene mutations are specific to the individual, with 

a single ASD-associated gene mutation accounting for less than 1% of ASD cases suggesting the 

genetic makeup of each individual with ASD is highly variable (Huguet, Ey and Bourgeron, 2013; 

Yoo, 2015).  

1.2.2 Common, low penetrant variants in ASD 

A single nucleotide polymorphism (SNP) is a genetic variation involving a single DNA base pair 

(Robert and Pelletier, 2018). It is estimated that one individual in the general population carries, 

on average, three million SNPs when compared to the human reference genome (Bourgeron, 

2015). The majority of these variants are common to the human population, occurring in 5% or 

more of the population (Bourgeron, 2016). Genome wide association studies (GWAS) identify if a 

SNP is more frequently associated with a disorder relative to controls (Barešić et al., 2020). 

Various GWAS in ASD using this study design have identified over 1,000 SNPs associated with ASD. 

However, most GWAS to date have been too underpowered to conclude which SNPs are causative 

of ASD (Bourgeron, 2016). For example, GWAS of ~3,000 families was not enough to identify even 

a single variant with genome wide significance (Anney et al., 2012).  

The study of SNPs is complicated by the fact that each are usually of low penetrance, having weak 

effect on the heritability of ASD (Figure 1.1) (Anney et al., 2012). Therefore the contribution of 

different SNPs at multiple loci is thought to be additive (Dudbridge, 2013). Indeed, it has been 

shown that inheritance of common variants fits an additive heritability model where parents 

transmit many SNPs, each with small effect, that additively contribute to the liability of ASD in the 

child (Klei et al., 2012). Both the low penetrance and the low power of previous GWAS means that 

most of the understanding of the genetic underpinnings in ASD has come from the identification 

of rare de novo variants. In contrast, whilst common variants are now understood to make up 

part of the genetic landscape of ASD they are less well understood. However, recently a large 

genome wide association meta-analysis using 18,381 ASD cases and 27,969 controls identified five 

genome wide significant loci (Grove et al., 2019), paving the way for a more robust understanding 

of the polygenic risk that common variants attribute in ASD.  
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1.2.3 Complex interplay between rare and common variants  

The genetic landscape of ASD can range from monogenic risk from a single, rare de novo variant 

through to polygenic risk from various common variants (Figure 1.1) (Bourgeron, 2015). 

Interestingly, individuals with a rare de novo variant in ASD are more likely to have a high burden 

of common SNPs (Weiner et al., 2017; Niemi et al., 2018), suggesting that a combinatorial effect 

of rare and common variants can contribute to the polygenic risk of ASD (Figure 1.2). Common 

SNPs make up a person’s genetic background and therefore can influence their genetic buffering 

capability. A strong genetic buffer can compensate for the effect of a penetrant rare variant. Each 

person carries two copies of each autosomal gene meaning that when one is mutated the other 

may be able to compensate for its dysfunction or loss. Likewise, a gene with overlapping function 

may be able to buffer the effect of the mutation. In contrast, a weak genetic buffer can make a 

person more susceptible to the effects of a rare mutation (Bourgeron, 2015). The complex effects 

of genetic buffering on autism susceptibility might help to explain why a child with ASD can inherit 

a variant from a parent who themselves does not have autism (1.2.1.2) (Figure 1.2). Different 

combinations and different genetic burdens of rare and common variants means that the genetic 

makeup of any one individual with ASD is very diverse (Figure 1.2).  

Similarly, other neuropsychiatric disorders such as SCZ, OCD, ADHD, epilepsy, depression and 

anxiety are polygenic in nature. All of these disorders have a complex genetic landscape, often 

with hundreds of genes implicated as risk factors. For most of these disorders, both rare and 

common genetic variants have been, and are continuing to be, identified (Dunn et al., 2015; 

McIntosh, Sullivan and Lewis, 2019; Thapar, 2018; Koeleman, 2018; Purty et al., 2019; 

International Obsessive Compulsive Disorder Foundation Genetics and Studies, 2018; Purves et 

al., 2020; Gottschalk and Domschke, 2017; Avramopoulos, 2018) suggesting that these disorders 

have a similar architecture at the level of circuit dysfunction (1.1.5) and also genetic complexity. 

Whilst the genetic complexity is understood in these disorders, the complex genetic interplay that 
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can occur between different genes and different genetic variants is best well understood in ASD 

and SCZ (Bergen et al., 2019; Weiner et al., 2017; Niemi et al., 2018). 

 

Figure 1.2  Cartoon outlining the complex interplay between common and rare genetic variants 

in ASD. The cartoon depicts a range of paths for ASD transmission from monogenic 

risk from a single rare de novo variant through to polygenic risk from various 

common variants. It also illustrates how rare and common variants inherited from 

parents can combine in children with autism. Cartoon modified from (Bourgeron, 

2015). 

1.3 Convergence of ASD genes on biological domains 

1.3.1 Functional diversity of ASD-risk genes 

Identification of the different genetic variants that have been associated with ASD (1.2) has led to 

a large number of ASD-candidate genes. The largest database of ASD-risk genes called the Simons 

Foundation Autism Research Initiative (SFARI) currently houses over 1,000 genes associated with 

autism (https://gene.sfari.org/ version 3.0). It is clear from the gene function information collated 

by SFARI and from genetic studies that ASD-risk genes are functionally diverse (Pinto et al., 2014; 

De Rubeis et al., 2014). There is no single category of ASD-risk genes, instead they encode 

proteins which span a diverse range of biological functions. However, ASD-candidate genes seem 

to converge on two main biological processes, these being synaptic transmission and gene 

expression (Iakoucheva, Muotri and Sebat, 2019). The function of genes to control these 

processes and how they can impinge on autism is described below. 
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1.3.2 ASD-risk genes in interaction networks 

Analysis of protein-protein interactions between ASD-associated genes has predicted a high level 

of interconnectivity between risk genes by direct interaction (Corominas et al., 2014; Pinto et al., 

2014). This inferred molecular connectivity adds potential for another layer of complexity in the 

genetic aetiology of ASD because it means that ASD-risk genes, even if they are not directly 

mutated in an individual, can be dysregulated by an interconnected variant causing widespread 

disruption across the genome (Figure 1.3 A,B). The breadth of disruption becomes even more 

widespread if you consider the effect of multiple polygenic risk loci, that will have the ability to 

impact multiple interaction networks (Figure 1.3C) (Iakoucheva, Muotri and Sebat, 2019). 

Understanding how proteins interact in networks has helped to resolve common biological 

pathways that ASD susceptibility genes converge on. These studies have built on the analysis of 

interaction networks to build proteomic interactomes and have identified synaptic transmission, 

cell adhesion, cell signalling, transcriptional and translational regulation as important 

determinants within biological domains that mutated ASD genes converge (Pinto et al., 2014; De 

Rubeis et al., 2014; Berg and Geschwind, 2012; Iakoucheva, Muotri and Sebat, 2019). 
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Figure 1.3 Cartoon outlining the complex effects that genetic variants can have on genes within 

interaction networks. Red circles represent an ASD-risk gene affected by a genetic 

variant. Pink circles represent other ASD-risk genes that are not affected by a genetic 

variant but interact in a network with a gene that is. (A) A single risk variant in a gene 

can have effects that fan out through other ASD-risk genes within an interaction 

network. (B) Large CNVs can impact multiple genes on a chromosome meaning the 

variant will impact a wider range of networks within the genome. (C) Polygenic risk 

from common variants in multiple loci have very complex and widespread effects 

across the genome. Cartoon taken from (Iakoucheva, Muotri and Sebat, 2019). 
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1.3.3 Biological domains associated with ASD 

1.3.3.1 Synaptic and neuronal 

Synaptic signalling within neural circuits is fundamental for higher cognitive functions including 

the control of behavioural output (1.1.2). Of the genes implicated in ASD those that function at 

the synapse and in neurons are some of the most well studied (Guang et al., 2018; Zoghbi and 

Bear, 2012; Giovedi et al., 2014). This is consistent with the behavioural and neuronal dysfunction 

identified in ASD clinical cohorts (1.1). At the synapse, genes encoding cell adhesion molecules 

(CAMs), scaffold proteins, neurotransmitter receptors and ion channels have all been implicated 

in ASD (Sudhof, 2008; Chen et al., 2014; Koberstein et al., 2018; Daghsni et al., 2018) (Figure 1.4) 

(Table 1.1). CAMs are proteins that adhere to one another to bridge the synaptic cleft and are 

important for the stability, function and development of the nervous system (Missler, Südhof and 

Biederer, 2012). CAMs interact with scaffold proteins in the post synaptic density which interact 

directly and indirectly with receptors and ion channels to recruit the necessary components for 

synaptic transmission to the post-synaptic membrane (Meyer et al., 2004). Genetic variants 

identified in CAMs and scaffold proteins have been shown to cause alterations in synaptic 

signalling and alterations to the number and strength of synaptic connections (Baudouin et al., 

2012; Shcheglovitov et al., 2013; Sudhof, 2008; Culotta and Penzes, 2020). Also, changes to the 

regulation of ion flux has been associated with mutation in ion channels associated with ASD 

(Daghsni et al., 2018). In most cases, dysfunction in these classes of synaptic proteins are thought 

to contribute to the imbalance of synaptic signalling described by the excitatory/inhibitory 

imbalance theory of autism (1.1.4) and are likely to result in circuit dysfunction that underpins 

ASD behavioural characteristics (Nelson and Valakh, 2015).  
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Figure 1.4 Cartoon outlining some of the major functional categories of ASD-risk genes at the 

synapse.  Genes involved in synapse structure and function have been implicated in 

increasing the risk of autism. Synaptic cell adhesion molecules (yellow) bridge the gap 

between the pre- and post-synapse and are important for the stability, development 

and proper functioning of a synapse. Scaffolds and post-synaptic density proteins 

(green) are important for stabilising and anchoring receptors and ion channels (blue) 

which are required for synaptic transmission. The cartoon represents a simplified 

overview of some synaptic ASD-risk genes and is not a comprehensive list. 

1.3.3.2 Cell signalling 

Cell signalling pathways that have been associated with ASD include those that control aspects of 

brain development, synaptogenesis and synapse function (Ebert and Greenberg, 2013; Baranova 

et al., 2021; Doll and Broadie, 2014; Kumar et al., 2019). Many of the implicated pathways are 

synapse activity-dependent signalling cascades. Activation of a receptor or ion flux at the synaptic 
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membrane can initiate various signalling pathways that control gene expression; hence these 

pathways provide a route of communication between the synapse and the nucleus. Regulating 

the expression of genes that are crucial for synapse function means neural activity can shape the 

development and strength of neural circuits (Ebert and Greenberg, 2013). This allows circuits to 

respond dynamically to different stimuli and to be modified by experience. Experimental 

manipulation of a signalling pathway important for regulating synaptic plasticity showed that 

inhibition of the pathway led to alterations in the expression of a CAM and increased excitatory 

transmission (Gkogkas et al., 2013). Considering the hyperexcitability of neural circuits that has 

been associated with ASD it appears that dysregulation of signalling pathways may contribute to 

the pathogenesis of ASD (Table 1.1). 

1.3.3.3 Epigenetics 

Epigenetics is the modification of gene expression without changing the DNA sequence. 

Epigenetic modifications edited by mechanisms such as DNA methylation and histone acetylation 

impact how tightly DNA is packaged in the nucleus and therefore influences gene expression 

(Waye and Cheng, 2018). DNA methylation and histone acetylation patterns have been shown to 

differ in ASD epigenomes compared to neurotypical controls suggesting epigenetics may 

contribute to the pathogenesis of ASD (Ladd-Acosta et al., 2014; Waye and Cheng, 2018). Analysis 

of post mortem brain samples has indicated that ASD brains share common epigenetic signatures 

and that this likely affects the expression of genes involved in processes like synapse function and 

neuronal excitability (Sun et al., 2016). In support of this are gene expression studies from 

neuronal cells cultured from ASD cohorts that have shown that synaptic genes such as ion 

channels are differentially expressed (Marchetto et al., 2017). Many ASD-candidate genes have 

been identified to be involved in chromatin remodelling (Lasalle, 2013) (Table 1.1). It is possible 

that alterations to the epigenome are leading to disruptions within core biological domains, such 

as synapse function, and hence contributing to the aetiology of autism (Eshraghi et al., 2018; 

Loke, Hannan and Craig, 2015).  

1.3.3.4 Epigenetics and environmental risk factors 

Epigenetics provides a route by which environmental factors can influence autism. Environmental 

influences such as diet and stress have been linked to increasing the risk of ASD (Kubota and 

Mochizuki, 2016). Studies in mice have shown that protein restricted diet leads to decreased 

methylation of DNA in offspring (Lillycrop et al., 2008). Parental imprinting describes the 

maintenance of epigenetic modifications from parent to offspring (Fedoriw, Mugford and 

Magnuson, 2012). Investigation of this in rodents has shown that stress can alter the methylation 

pattern of DNA in germline cells and consequently alter the epigenetic markers that are passed 
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down to the next generation (Franklin et al., 2010). With this in mind, transgenerational 

epigenetic inheritance could be another reason for the high heritability of ASD and shows how 

environmental factors can influence the risk of autism (Choi et al., 2016; Eshraghi et al., 2018).  

1.3.3.5 Gene transcription 

Transcription factors which bind to DNA to facilitate the activation or repression of gene 

expression (Mitsis, 2020) have also been implicated in ASD (Ben-David and Shifman, 2013; De 

Rubeis et al., 2014). Knockdown of ASD-associated transcription factor genes in mice studies have 

shown that it can result in defective neuronal migration and development (Li et al., 2015). The 

mice model both brain and behavioural alterations seen in human cohorts as they display 

macrocephaly (Bernier et al., 2014), repetitive behaviours and impaired social interactions (Platt 

et al., 2017). Interestingly, knockdown of a single transcription factor can alter the expression of 

hundreds of genes, including other ASD-risk genes which has been shown to result in the 

up/downregulation of multiple ASD-candidate genes during development (Sugathan et al., 2014; 

Cotney et al., 2015; Wilkinson et al., 2015). Therefore, the disruption to a single transcription 

factor is thought to have wide reaching effects on numerous downstream networks that may 

converge on brain development and behavioural output (Ayhan and Konopka, 2019).   

1.3.3.6 Metabolic pathways  

A diverse range of metabolic pathways have been associated with ASD. Measuring the intensity of 

metabolites in the urine, blood and brain tissue of ASD patients identified differences compared 

to controls (Yap et al., 2010; Kurochkin et al., 2019) suggesting alterations within metabolic 

pathways including those involved in oxidative stress, TCA cycle and metabolism of carbohydrates 

and sugars (Bitar et al., 2018). Emerging literature in this field also suggests an association 

between autism and abnormalities in the metabolism of cell membrane lipids and fatty acids 

(Table 1.1) (Wang et al., 2016a; Tamiji and Crawford, 2010; Wong and Crawford, 2014). ASD-risk 

genes identified as having a role in cell membrane metabolism are thought to disrupt the 

synthesis of fatty acids and the cycling of fatty acids in and out of the phospholipid bilayer 

(Johansen et al., 2016; Wong and Crawford, 2014; Tamiji and Crawford, 2010). Fatty acids are 

important for membrane integrity, brain development and function of the nervous system. Their 

composition in the membrane helps to modulate ion channels, enzyme and receptor activity 

(Tamiji and Crawford, 2010). It has also been shown that individuals with ASD can have an 

imbalance in the ratio of different classes of fatty acids (Thomas et al., 2010) and 

supplementation to remedy this has been shown to improve some ASD-associated behaviours 

(Meguid et al., 2008). This suggests that metabolic control of pathways that regulate nervous 

system function are an important factor in the pathology of autism.  
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1.3.4 Genetic overlap of ASD with other psychiatric disorders 

As the above illustrates disruption to different biological domains converges on the development, 

stability and functioning of the nervous system with circuit dysfunction and dysregulated 

electrical signalling at the synapse likely contributing to the emergence of ASD. Specificity in terms 

of disease outcome in the face of gene mutation is not clear and overlap between distinct 

psychiatric disorders seems to extend beyond comorbidity of clinical symptoms (1.1.5) to 

overlapping genetic underpinnings.  

Autism associated SNPs and CNVs have also been shown to confer risk for other psychiatric 

disorders including SCZ, ADHD, OCD, intellectual disability and anxiety (Doherty and Owen, 2014) 

(Table 1.1). Large genetic overlap has been identified between ASD and SCZ, with a meta-analysis 

of GWAS studies indicating that 40% of risk genes are enriched in both clinical cohorts (Autism 

Spectrum Disorders Working Group of The Psychiatric Genomics, 2017). Overlapping risk genes 

can be grouped into biological domains including neurodevelopment, chromatin remodelling, lipid 

metabolism and synapse function (McCarthy et al., 2014; Rylaarsdam and Guemez-Gamboa, 

2019; Doherty and Owen, 2014). This suggests that points of biological convergence in ASD are 

also likely to be disrupted in other disorders. Genetic similarities will likely help in the 

identification and investigation of common pathways across disorders to facilitate the 

understanding of the aetiology and development of treatment. However, the overlap of disorders 

at both a clinical and genetic level makes diagnosis of different disorders difficult. It has been 

suggested in the literature that the distinct categorisation of psychiatric disorders is arbitrary. 

Instead disorders might be better defined as a gradient where the severity and load of genetic 

and environmental factors act together to determine neuro-atypical trajectory through 

development which emerges as different groupings of clinical symptoms that are common to 

multiple psychiatric disorders (Doherty and Owen, 2014).   

1.3.5 SFARI gene database 

SFARI gene is a publicly available database which curates ASD-candidate genes 

(https://gene.sfari.org/). SFARI gene aims to compile a comprehensive list of the candidate genes 

that have been identified in published literature and reviewed by autism geneticists (Banerjee-

Basu and Packer, 2010). Within the database is the so called ‘gene scoring module’ which is a list 

of criteria that genes are reviewed against in order to evaluate the strength of evidence that 

associates a gene with autism (Abrahams et al., 2013). At the time of this project the gene scoring 

module had six categories for risk genes (1-6) https://gene-archive.sfari.org/, version 3.0, 

accessed October 2018). For genes to be ranked in category 1 that gene must have genome-wide 
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statistical significance and the evidence linking this gene to ASD must have been replicated in an 

independent genome-wide study. For genes in category 2 the gene must also have genome-wide 

statistical significance, but the evidence does not have to be independently replicated. For genes 

ranked 3-6 the ranking criteria included genes that had been identified in small, replicated human 

studies that had not produced genome-wide significance and animal model studies that 

implicated a gene without confirmation from human studies. In this project, genes in categories 1 

and 2 were selected to enter a bioinformatic filtering pipeline to select genes for investigation 

(Table 1.1). Interestingly, the genes in these categories contain representatives from the main 

biological domains implicated in autism, including synaptic and neuronal, cell signalling, 

epigenetics and metabolism. 

Table 1.1 Summary of the ASD-risk genes investigated in this project.  

Human 

gene 

Protein  

function 

 SFARI 

gene 

category 

Rare and/or 

common 

variants 

identified 

Associated 

psychiatric 

disorders 

References 

Synaptic 

GRIA1 Glutamate  

receptor 

2 Rare1  SCZ2  1 (De Rubeis et al., 2014) 

2 (Ripke et al., 2013) 

GRIN2B NMDA  

receptor 

1 Rare1 and 

common2  

SCZ3, 

ID4, EPS5 

1 (O'Roak et al., 2011) 

2 (Pan et al., 2015) 

3  (Myers et al., 2011) 

4 (Dimassi et al., 2013) 

5 (Platzer et al., 2017) 

NLGN3 Synaptic  

adhesion 

1 Rare1 and 

common2 

ID3, SCZ4 1 (Jamain et al., 2003) 

2 (Yu et al., 2011) 

3 (Redin et al., 2014) 

4 (Hu et al., 2020) 
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Human 

gene 

Protein  

function 

 SFARI 

gene 

category 

Rare and/or 

common 

variants 

identified 

Associated 

psychiatric 

disorders 

References 

NRXN1 Synaptic  

adhesion 

1 Rare1 and 

common2 

SCZ3, ID4, EP4, 

ADHD5 

1 (Feng et al., 2006) 

2 (Szatmari et al., 2007) 

3 (Voineskos et al., 2011) 

4 (Schaaf et al., 2012) 

5 (Viñas-Jornet et al., 

2014) 

PTCHD1 Synaptic  

receptor 

1 Rare1 and 

common2 

ID2, EP3, 

ADHD4 

1 (Marshall et al., 2008) 

2 (Torrico et al., 2015) 

3 (Rochtus et al., 2020) 

4 (Zarrei et al., 2019) 

SHANK2 Synaptic  

scaffold 

1 Rare1 and 

common2 

ID3, SCZ4, 

OCD5 

1 (Berkel et al., 2010) 

2 (Bai et al., 2018) 

3 (Leblond et al., 2012) 

4 (Peykov et al., 2015) 

5 (Lu et al., 2018) 

SHANK3 Synaptic  

scaffold 

1 Rare1 and 

common2 

ID3, SCZ4, ID5, 

GI5, EP5 

 

1 (Durand et al., 2007) 

2 (Boccuto et al., 2013) 

3(Hamdan et al., 2011b) 

4 (Gauthier et al., 2010) 

5 (Soorya et al., 2013) 
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Human 

gene 

Protein  

function 

 SFARI 

gene 

category 

Rare and/or 

common 

variants 

identified 

Associated 

psychiatric 

disorders 

References 

SLC6A1 GABA  

transporter 

1 Rare1 and 

common2 

ADHD2, EPS3, 

ID4, SCZ5 

1 (Sanders et al., 2012) 

2 (Yuan et al., 2017) 

3 (Carvill et al., 2015) 

4 (Borlot et al., 2019) 

5 (Rees et al., 2020) 

SYNGAP1 Ras GTPase 

activating  

protein 

1 Rare1 ID1, EP1 1 (Hamdan et al., 2011a) 

 

Neuronal 

CACNA1H Calcium  

channel 

2 Rare1 EP2, ADHD3, 

GI3 

1 (Splawski et al., 2006) 

2 (Heron et al., 2007) 

3 (Chourasia et al., 2019) 

CNTN4 Axonal  

adhesion 

2 Rare1 and 

common2 

DD3, SCZ4 1 (Roohi et al., 2009) 

2 (Liu et al., 2016) 

3 (Fernandez et al., 2004) 

4 (Fromer et al., 2016) 

Cell signalling 

DYRK1A Protein  

kinase 

1 Rare 1 ID2, EP2 1 (O’Roak et al., 2012) 

2 (Courcet et al., 2012) 
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Human 

gene 

Protein  

function 

 SFARI 

gene 

category 

Rare and/or 

common 

variants 

identified 

Associated 

psychiatric 

disorders 

References 

PTEN Protein 

phosphatase  

1 Rare1 EP2, DD3 1 (De Rubeis et al., 2014) 

2 (Epi et al., 2013) 

3 (McBride et al., 2010) 

Epigenetic modifiers 

CHD8 Transcription 

factor 

1 Rare1 ID2, ADHD2, 

GI2, SCZ3 

1 (O’Roak et al., 2012) 

2 (Bernier et al., 2014) 

3 (Merner et al., 2016) 

FOXP1 Transcription 

factor 

1 Rare1 and 

common2 

ID3, anxiety3, 

OCD3, GI3, EP4, 

SCZ5 

1 (O'Roak et al., 2011) 

2 (Pardiñas et al., 2018) 

3 (Siper et al., 2017) 

4 (Jay et al., 2019) 

5(Levchenko et al., 2021) 

IRF2BPL Transcription 

factor 

1 Rare1 EP2 1 (Sanders et al., 2015) 

2 (Tran Mau-Them et al., 

2019) 

KDM6A Histone 

demethylase 

2 Rare1 - 1 (C Yuen et al., 2017) 

KMT5B Transcription 

factor 

1 Rare1 EP2 1 (Sanders et al., 2012) 

2 (Faundes et al., 2018) 

SETD2 Transcriptional 

regulation 

1 Rare1 ID2, EP2 1 (O’Roak et al., 2012) 
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Human 

gene 

Protein  

function 

 SFARI 

gene 

category 

Rare and/or 

common 

variants 

identified 

Associated 

psychiatric 

disorders 

References 

2 (Lumish et al., 2015) 

SETD5 Transcriptional 

regulation 

1 Rare1 ID2, OCD2, 

ADHD3 

1 (De Rubeis et al., 2014) 

2 (Grozeva et al., 2014) 

3 (Powis et al., 2018) 

Phospholipid metabolism 

MBOAT7 Acyltransferase 1 Rare1 ID1, EP1, 

anxiety2, 

ADHD2 

1 (Johansen et al., 2016) 

2 (Jacher et al., 2019) 

The table groups the ASD-risk genes investigated in this project into five biological functional 

domains. Abbreviations are: SCZ – schizophrenia. EP – epilepsy. ID – intellectual disability. ADHD – 

attention deficit hyperactivity disorder. OCD – obsessive compulsive disorder. GI – gastrointestinal 

disorder. DD – developmental disorder. References are indicated using numbers. A 

comprehensive list of the rare and common variants identified for these genes and the references 

can be found at https://gene.sfari.org/database/human-gene/. A rare variant occurs in less than 

5% of the human population and a common variant occurs in 5% or more of the human 

population (Bourgeron, 2015). 

1.4 Pre-clinical investigation of ASD-candidate genes 

1.4.1 Mice as a model of autism 

In order to try to understand the genetic underpinnings of ASD symptoms such as impaired social 

behaviour, animal models can be used. Mice are the most prevalent model organism used in 

biomedical research (Ellenbroek and Youn, 2016). Mice lend themselves to the study of ASD 

because they can be genetically manipulated and they exhibit a number of social behaviours that 

can be investigated (Crawley, 2012). In this way, mice offer a translational tool to probe the 

biological mechanisms underlying behavioural phenotypes associated with autism. There is a high 
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conservation of genes in mice and human genomes (Chinwalla et al., 2002) meaning genetic 

orthologues of human ASD-associated genes can be investigated in this animal. Also, a number of 

different genetic techniques that are well developed in mice allow for various gene mutations to 

be created, including missense, frameshift, loss and gain-of-function mutations (Wang et al., 

2020; Jin et al., 2020; Tabuchi et al., 2007; Platt et al., 2017). Generating precise mutations such 

as these has allowed genetic variants that have been identified in human ASD to be modelled in 

mice to investigate their effect on the physiology and behaviour of the animal.  

The aim in any model organism is to investigate an animal that displays behaviours that closely 

relate to the symptoms of a human disorder (van der Staay, 2006). Mice display a number of 

social behaviours and behavioural assays have been developed and standardised to measure 

social interaction, social communication and repetitive behaviours that relate to ASD. Such tests 

include scoring social interaction when a mouse is introduced to a novel mouse by measuring 

parameters such as physical contact and nose-to-nose sniffing behaviours (Crawley, 2012). In this 

way it has been shown that in response to genetic manipulation of a number of ASD-associated 

genes mice can model impaired social behaviour (Silverman et al., 2010). Therefore, mice models 

of ASD have been used to elucidate which genes may co-ordinate social behaviours, how those 

genes may function in neural circuits that underpin social behaviours (Golden, Buxbaum and 

Rubeis, 2018) and possible therapeutic targets that could alleviate ASD-related symptoms 

(Kazdoba et al., 2016; Burket et al., 2011).  

At a circuit level, mice have been used to investigate morphological changes such as increased 

brain size (Clipperton-Allen and Page, 2014) and abnormalities in dendritic branching (Aceti et al., 

2015) that occur upon mutation to various ASD-risk genes. Electrophysiology and brain imaging 

techniques have also allowed neural activity to be measured in brain tissue samples and brain 

activity to be measured in euthanised animals. This has helped to identify hyperexcitability of 

circuits during development and also increased activity of circuits that may underpin 

hypersensitivity of the animal to sensory stimuli (Gonçalves et al., 2013; Rotschafer and Razak, 

2013; Gogolla et al., 2014). Understanding how mutations to risk genes may disrupt the activity of 

neural circuits has provided insights into the circuit level dysfunction in the aetiology of autism 

(Golden, Buxbaum and Rubeis, 2018). Methods utilising the implantation of electrodes into mice 

brains has been developed to monitor brain activity in freely moving animals and has identified 

circuits that are hyperactive during impaired social behaviours (Wang et al., 2016b). This 

facilitates the dissection of circuits that may be involved in the production of atypical behavioural 

output.  
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A limitation in the use of mouse models is the fact that there are a number of extraneous 

variables that are known to affect behavioural phenotypes. A handful of mice strains are 

commonly used for testing in the laboratory and their genetic background appears to influence 

behavioural differences between these strains (Sultana, Ogundele and Lee, 2019). In fact, the 

same genetic mutation made in different strains of mice can alter the behavioural readout 

suggesting that different genetic backgrounds can confound the assessment of behaviour 

(Paradee et al., 1999; Fertan et al., 2021). It has also been shown that differences in the 

laboratory environment, apparatus used and differences in test protocols can also impact the 

behaviour of mice (Crabbe, Wahlsten and Dudek, 1999). Whilst effort has been made to 

standardise behavioural analysis in mice, different strains used in different studies can make it 

difficult to properly interpret results across the field of literature.  

1.4.2 Rats as a model of autism 

Rats are another rodent model organism used in the study of autism. Similar to mice, rats are 

used to investigate human disease and disorders because of the anatomical, biochemical and 

physiological similarities between them and the human system (Crawley, 2012). Historically, mice 

have dominated as the model organism of choice for biomedical research because of the well-

established genetic toolbox that allows for the manipulation of mice genes (Ellenbroek and Youn, 

2016). However, advances in genome engineering in rats means they are now being utilised in 

ASD research (Hamilton et al., 2014). Rats have a similar social behaviour repertoire to mice; 

however rats are less stressed by human handling and they are more likely to engage in social 

interaction. Given that social interaction deficits are a core symptom of ASD it has been argued 

rats are a better model of this disorder (Ellenbroek and Youn, 2016). Unlike mice, rats display 

social play behaviours that includes play fighting and chasing. This behaviour is being used to try 

and understand the neurobiology that underpins the production of different types of social 

behaviours (Vanderschuren, Niesink and Van Ree, 1997; Vanderschuren, Achterberg and Trezza, 

2016). Also, rat models have contributed to the understanding of how prenatal drug exposure 

may impact the risk of autism and its influence on social behaviours (Schneider and Przewłocki, 

2005). However, similar to the disadvantages of mice models, it has been shown that extraneous 

variables such as the genetic background of the rat being investigated can influence behavioural 

outcome (Ku et al., 2016). 

1.4.3 Voles as a model of autism 

The prairie vole is another rodent model organism that can be easily reared in the lab and used to 

investigate social behaviours. An advantage of using the vole over other models like mice and rats 
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is the fact that they form long lasting monogamous social attachments between mates (McGraw 

and Young, 2010). This is therefore beneficial when trying to recapitulate complex social cognition 

in humans. Social attachment between voles can be quantified using partner preference assays in 

which partnered voles spend more time interacting with each other than a novel stranger vole 

(Williams, Catania and Carter, 1992). Interestingly, different species of vole do not show this social 

bonding behaviour meaning intraspecies comparisons can be made to try and understand the 

neurobiology and genetics that underpin social attachment (Young and Wang, 2004). In this way 

the vole has facilitated the understanding of the brain regions and circuitries involved in social 

cognition (McGraw and Young, 2010). In particular, the vole has been used to identify the 

importance of the neuropeptides, vasopressin and oxytocin, and the neurotransmitter, dopamine, 

in regulating social behaviour (Lee and Beery, 2019). Understanding how and where these 

signalling molecules act in the vole brain has advanced the understanding of how they could be 

used in therapeutic interventions (Modi and Young, 2012; Hammock and Young, 2006; Williams et 

al., 1994). Currently, the genomic tools available to investigate the vole are less advanced than 

those used in mice and rats (Lee and Beery, 2019). However, the vole has huge potential as a 

rodent model for understanding the neurobiological and genetic mechanisms underpinning social 

behaviour.  

1.4.4 Drosophila as a model of autism 

Drosophila melanogaster are a type of fruit fly that are commonly used as an invertebrate model 

organism. Although less anatomically conserved to humans than rodent models, Drosophila offer 

key similarities in neurobiological mechanisms such as nervous system formation and function 

(Tian, Zhang and Han, 2017). Similar to the benefits provided by rodent model organisms, 

Drosophila encode orthologues of 75% of human disease genes (Reiter et al., 2001) and an array 

of genome editing tools available in the fly means complex genetic disorder like ASD can be 

investigated (Coll-Tané et al., 2019). An advantage of Drosophila is that their nervous system 

contains only 100,000 neurons, far fewer than that of rodents and humans (Scheffer et al., 2020). 

Although simplified, their nervous system uses similar classes of neurotransmitters compared to 

the human system (Coll-Tané et al., 2019). This has been key in understanding structural and 

functional deficits in the nervous system of the fly following mutation to the gene that is 

responsible for Fragile X Syndrome (Drozd, Bardoni and Capovilla, 2018; Tessier and Broadie, 

2012). In fact, one of the main contributions that Drosophila have made in ASD research is on the 

understanding of the function of the genetic and neural underpinnings of Fragile X (1.2) (Tessier 

and Broadie, 2012). Drosophila have a short life cycle, produce many progeny and are cheap to 

culture. This makes them amenable to high throughput drug screens (Chang et al., 2008) which 
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has helped to elucidate pharmacological targets for treating Fragile X which have gone to clinical 

trial (Berry-Kravis et al., 2009).  

Drosophila display a range of behaviours such as circadian rhythms and learning and memory 

which have been widely used to investigate human disorders (Pandey and Nichols, 2011). In 

comparison, there is less literature using behavioural analysis to study neuropsychiatric disorders 

like ASD in the fly, likely because social assays only emerged around 10 years ago (Bolduc et al., 

2010; Simon et al., 2012). Drosophila do show social behaviours like courtship, aggregating in a 

group and collective feeding (Rooke et al., 2020). When in a group flies regulate their social space 

between themselves and other flies. This behaviour has been shown to be an adaptive and 

context dependent behaviour that when assayed can provide insight into social interaction and 

avoidance in flies (Simon et al., 2012). The social space assay has been used in a number of 

studies, which mainly focus on a single ASD-associated CAM (neuroligin), to investigate the 

genetic underpinnings of fly social behaviour (Chen et al., 2019; Yost et al., 2020; Hahn et al., 

2013; Corthals et al., 2017). Mutants where the CAM has been knocked down or knocked out 

show alterations to fly social interaction in the form of increased social space and suggests that 

this gene has a prominent role in regulating fly social behaviour (Yost et al., 2020).  

1.5 Caenorhabditis elegans 

1.5.1 Introduction to Caenorhabditis elegans 

Caenorhabditis elegans (C. elegans) are a species of nematode that belong to the Nematoda 

phylum (Blaxter et al., 1998). A C. elegans strain called ‘Bristol N2’ were originally isolated from 

soil and were defined as the wild type reference strain (Brenner, 1974). In the lab, C. elegans are 

cultured on agar plates and are provided with a bacterial food source. Adult C. elegans are 

approximately 1mm in length and are therefore observed under a microscope where they can be 

clearly seen to have a head and tail region and a sinusoidal body posture (Figure 1.5). C. elegans 

are transparent and at high magnification their main anatomical features can be observed (Figure 

1.6).    
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Figure 1.5 Representative image of C. elegans under a light microscope. Image of a one-day old 

adult N2 C. elegans. The head and tail of the worm are indicated as well as the 

anterior and posterior body bends giving the worm a sinusoidal body posture. Image 

taken at 30X magnification.  

 

Figure 1.6 A diagram of the gross anatomical features of C. elegans. A cartoon image 

highlighting the major anatomical features of C. elegans. Cartoon modified from 

WormAtlas, (Altun and Hall, 2009). 

1.5.2 C. elegans lifecycle and development 

Wild type C. elegans have a short lifecycle lasting approximately three days under optimal 

conditions. C. elegans exist as either self-fertilising hermaphrodites or males, which 

spontaneously occur infrequently within a population. After self-fertilisation or fertilisation by a 

male, embryonic development occurs first in utero before an egg is laid. Approximately 9 hours 

following the egg being laid a worm hatches in the L1 larval stage (Figure 1.7). Post embryonic 

development is triggered by feeding and in the presence of food worms develop through four 

larval stages (L1-L4) before reaching adulthood (Figure 1.7). At the end of each larval stage the 

animal moults in which it sheds its old cuticle and synthesises a new one. Before each moult 

worms show developmentally timed quiescent behaviour (Raizen et al., 2008). At each new larval 

stage the worm increases in size and therefore size is a good indicator of worm development. A 
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worm in the L4 larval stage has a white crescent moon shape that appears half way along the 

body which is generated by the development of the vulva. This marking can be easily seen down 

the microscope and is therefore used to identify worms in this larval stage. Following this, worms 

develop into gravid adults that are capable of laying eggs and hence the lifecycle begins once 

again (Figure 1.7).  

Temperature can alter the C. elegans lifecycle. At 20◦C the lifecycle takes ~65 hours. The time 

taken for a complete lifecycle increases at 16◦C to ~90 hours and decreases at 25◦C to ~47 hours. 

At 20◦C adult C. elegans typically lay about 9 eggs per hour and lay a total of ~280 eggs in their 

adult life. As well as temperature, other environmental conditions, such as crowding and 

starvation can alter the progression of the lifecycle. In the absence of food, L1 larva can arrest 

their development and survive for 6-10 days with no food (Figure 1.7). Once development has 

begun if environmental conditions are unfavourable worms in the late L1 phase can arrest and 

produce a dauer larva. Dauer larva are non-feeding and non-aging worms that can survive for 

several months in unfavourable conditions (Figure 1.7) (Altun and Hall, 2009).  

 

Figure 1.7 Schematic of wild type C. elegans lifecycle. Cartoon outlining the lifecycle of N2 C. 

elegans at 22◦C. Time 0 is at fertilisation; developmental timings are shown in blue. 

The stage in the lifecycle at which the four moults occur is indicated in yellow. The 
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length of the worms at each stage is indicated in micrometres. Cartoon taken from 

WormAtlas, (Altun and Hall, 2009). 

1.5.3 C. elegans nervous system 

The hermaphroditic C. elegans nervous system is comprised of 302 neurons whereas the male 

nervous system contains 385 (Lints and Hall, 2009). Early in post embryonic development 

hermaphrodite/male differences in neural precursor proliferation and cell fate specification 

results in sex specific differences in the nervous system. Hermaphrodites retain cells that become 

neurons required for egg laying, whereas these are lost in males. Males develop 87 sex specific 

neurons, most of which function in the tail to regulate mating behaviours (Fagan and Portman, 

2014).  

In the hermaphrodite nervous system, neuronal cell bodies cluster in the head and tail region with 

ventral and dorsal nerve cords sending nerve processes longitudinally along the worm body 

(Schafer, 2016). C. elegans neurons can be grouped into four categories. Motor neurons synapse 

onto muscle cells and regulate worm movement. Sensory neurons detect sensory stimuli in the 

form of mechanosensation, chemosensation, thermosensation and nociception. Interneurons 

receive information from incoming synapses and form outgoing synapses with other neurons. 

Finally, polymodal neurons are those that can perform more than one of these functions. Within 

the nervous system, worms contain ~7,000 chemical synapses and ~1,500 neuromuscular 

junctions (Altun and Hall, 2009). Synaptic transmission is highly conserved between C. elegans and 

humans. C. elegans utilise similar classes of neurotransmitters such as dopamine, acetylcholine, 

GABA and glutamate and vesicles of neurotransmitter dock at active zones in pre-synaptic 

terminals (Schafer, 2016; Altun and Hall, 2009). Also the worm uses similar classes of 

neurotransmitter receptors and ion channels which can cluster post-synaptically with the aid of 

PDZ containing scaffold proteins (Hobert, 2013). C. elegans were the first animal to have its 

nervous system completely mapped out (White et al., 1986; Cook et al., 2019). Overall, the key 

similarities in synapses structure and function, in comparison to humans, and the connectome 

data provides a high-resolution view of a relatively simple nervous system which is fundamental in 

trying to understand nervous system function and dysfunction.  

The relatively simple and well characterised nervous system of C. elegans has allowed for the 

identification of individual neurons, and circuits of multiple neurons, that are important for the 

regulation of different behavioural states that are further underpinned by sub-behaviours 

(Schafer, 2005). Adaptive behaviours that are key for survival in C. elegans, including looking for 

food in the environment, are under the control of the nervous system and require constant 
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modulation depending on environmental cues (Bargmann and Mori, 1997). Cell ablation and 

genetic studies are well established and used to dissect the neural circuitries involved in complex 

behaviours (Oranth et al., 2018; Luo et al., 2014; Gray, Hill and Bargmann, 2005; Milward et al., 

2011). Such behaviours will often require worms to integrate multiple sensory cues and it has 

been shown that worms are able to do this via the use of integrative neurons (Metaxakis, 

Petratou and Tavernarakis, 2018; Iino and Yoshida, 2009; Kocabas et al., 2012; Hilliard, Bargmann 

and Bazzicalupo, 2002). A single interneuron has been shown to be capable of modulating a 

worms locomotory response to a noxious stimulus depending on the context of its environment. 

In the absence of food, worms reverse away from and avoid a noxious chemical stimulant. 

However, in the presence of food, the worms’ response to the same noxious stimulant is to 

immediately reverse and then carry on forward to continue feeding. It appears that the two 

sensory stimuli converge on the interneuron, providing evidence for the role of this interneuron in 

the sensory-motor control of behaviour (Summers et al., 2015). Multi-sensory processing is 

impaired in ASD (1.1.3), so the ability of C. elegans to integrate multiple sensory cues across their 

nervous system makes them an attractive model to decode the neural basis of behaviour. 

1.5.4 C. elegans genome 

The C. elegans genome has been fully sequenced ('Genome sequence of the nematode C. elegans: 

a platform for investigating biology,' 1998) and consists of five autosomal chromosomes and, in 

the case of hermaphrodites, a pair of sex chromosomes (Hodgkin, 2005). The genome encodes 

~20,000 protein-coding genes and interestingly only a few of those (11%) are nematode specific 

(Lai et al., 2000). In fact, the C. elegans genome shows genome wide orthology with the human 

genome, with 53% of human protein-coding genes having an orthologue in the worm (Kim et al., 

2018). In addition, 50% of human disease related genes have been predicted to have an 

orthologue in C. elegans making them an excellent model for probing the genetic basis of disease 

(Culetto and Sattelle, 2000). Importantly, C. elegans gene orthologues have been shown to have 

structural (Wheelan et al., 1999) and functional conservation to the human counterparts (Duerr et 

al., 1999; Haerty et al., 2008). Some of this work has demonstrated that expression of a human 

gene in a mutant worm can rescue behavioural deficits (Calahorro and Ruiz-Rubio, 2012; Levitan 

et al., 1996; Solari et al., 2005), providing evidence that human and C. elegans genes encode 

proteins with a similar function.  

Analysis of genes in C. elegans is aided by a number of genome editing techniques that are well 

established in the worm (Sugi, 2016). C. elegans allow for relatively quick and simple genome 

editing, in comparison to rodent models, due to the fact that they are hermaphrodites. Self-

fertilisation by hermaphrodites quickly generates progeny that are clones of the adult worm. This 
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allows for easy maintenance of homozygous genetic mutations in the lab without the need for 

crossing with males (Corsi, 2006).  Another benefit of C. elegans over rodent models is the use of 

the Bristol N2 strain as a standardised control across laboratories, negating the issue of genetic 

background as an extraneous variable, which can be problematic when working with mice and 

rats (1.4.1, 1.4.2).  

1.5.5 C. elegans as a model of autism 

C. elegans are commonly used as a model organism in the investigation of neuropsychiatric 

disorders such as SCZ, intellectual disability, epilepsy and ASD (Bessa, Maciel and Rodrigues, 

2013). Although many autism risk genes have now been identified, the understanding of how 

these genes function and how genetic variants impact autism related behaviours is lacking. C. 

elegans have been used as a model to try and understand the genetic and neural basis of ASD 

because of their simple, well characterised nervous system and their genetic tractability 

(Calahorro and Ruiz-Rubio, 2011). At first the use of C. elegans in ASD research was controversial 

because the simplicity of the organism, compared to rodent models, can be considered a 

limitation when trying to model a complex disorder like ASD (Schmeisser and Parker, 2018). 

However, the simplicity that C. elegans offers has provided a powerful platform to dissect the 

fundamental role of genes, and gene dysfunction, on the nervous system and behaviour which 

can be complex, time consuming and expensive in rodent models (Schmeisser and Parker, 2018).  

1.5.5.1 Using C. elegans behaviour to investigate autism 

C. elegans possess an array of behaviours, from simple to more complex, adaptive, behaviours 

that are under the control of the nervous system (1.5.3). Assaying behavioural phenotypes in C. 

elegans in response to mutation of an ASD-associated genetic orthologue has contributed to the 

understanding of how ASD-candidate genes function to increase the risk of the disorder (Bessa, 

Maciel and Rodrigues, 2013; Schmeisser and Parker, 2018; Calahorro and Ruiz-Rubio, 2011). 

Sensory processing deficits are a clinical feature of ASD (1.1.3) and this can be modelled in C. 

elegans because they are able to sense different stimuli in their environment and coordinate their 

behavioural output accordingly (Bessa, Maciel and Rodrigues, 2013). One of the first sensory 

assays used in C. elegans to model ASD involved the use of an osmotic barrier. When confronted 

with a high concentration fructose barrier in its environment, wild type worms reverse away from 

the stimulus. This assay was used to investigate the worm orthologue of the human neuroligin 

genes, CAMs which have been strongly implicated in autism (Sudhof, 2008; Chen et al., 2014; 

Jamain et al., 2003). The worm orthologue, nlg-1, has a similar structure and function (Hunter et 

al., 2010; Calahorro and Ruiz-Rubio, 2012) to that in humans and when knocked out in the worm 
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results in sensory processing deficits such that the worms crawl through the fructose barrier as if 

they cannot sense it (Calahorro, Alejandre and Ruiz-Rubio, 2009).  

Another ASD-risk gene called shank (Chen et al., 2014), a synaptic scaffold protein, has also been 

studied using C. elegans behavioural assays. shn-1, shank orthologue, mutants have been utilised 

to show that the PDZ domain of the protein is crucial for receptor binding and regulation of 

defecation and feeding behaviours (Jee et al., 2004; Oh et al., 2011). This highlights how C. 

elegans have been used to help functionally characterise ASD-risk gene orthologues and shed light 

on which protein domains are important for function. In fact, the high throughput nature of C. 

elegans means they have been used to screen genotype-phenotype relationships by looking at 

behaviours like motility and habituation learning to try and characterise which ASD-risk gene may 

be involved in these behaviours (Wong et al., 2019; Schmeisser, Fardghassemi and Parker, 2017; 

McDiarmid et al., 2019). Similar behaviours have also been used in drug screens to prioritise 

compounds for future research that are able to reverse behavioural phenotypes associated with 

some risk genes (Schmeisser, Fardghassemi and Parker, 2017). In the last decade the research 

surrounding C. elegans behaviour as a way to investigate ASD-risk genes has been dominated by 

studies looking at CAMs nlg-1 and neurexin (nrx-1) and shn-1. However, recent papers looking at 

genes encoding proteins involved in cell signalling and protein biosynthesis have used C. elegans 

and their behaviours to model ASD upon mutation to genes other than those involved directly at 

the synapse (Post et al., 2020; Wong et al., 2021b). These studies are also using a more targeted 

approach to investigate these genes. As opposed to investigating a gene knock out mutant, these 

studies have used genome editing to investigate the behavioural effect when a gene is mutated 

with a missense or nonsense mutation that more closely resembles the genetic variants identified 

in human autism.  

1.5.5.2 Using the C. elegans nervous system to investigate autism 

The transparency of C. elegans along with molecular and genetic techniques for labelling neurons 

and receptors allows the C. elegans nervous system function and dysfunction to be interrogated 

(Yan and Jin, 2011). Studies of C. elegans nervous system function in response to the mutation of 

CAMS, neuroligin and neurexin and synaptic scaffold gene, shank, have shown that these genes 

play an important role in the regulation of receptor composition at the synapse (Tu et al., 2015; 

Tong et al., 2015; Pym et al., 2017). Adhesion of NLG-1 and NRX-1 proteins at the worm 

neuromuscular junction has been shown to regulate synaptic transmission by inhibiting 

neurotransmitter release (Hu et al., 2012; Tong et al., 2017). The regulation of excitatory and 

inhibitory signalling is thought to be impaired in ASD (1.1.4) hence the C. elegans nervous system 

is a good model of nervous system dysfunction that is relevant in ASD.  
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As well as synaptic signalling, orthologues of ASD-risk genes have also been shown to be 

important for nervous system development and the development of synaptic connections to 

shape the worm nervous system (Oliver, Alexander and Francis, 2018; Philbrook et al., 2018; 

Christensen et al., 2020). Studying the development and architecture of the nervous system in the 

worm is starting to pinpoint how genetic variants in ASD may be altering circuit formation and 

how this links to behavioural deficits (Buddell et al., 2019). A recent screen which investigated a 

number of ASD-candidate genes and their impact on dendritic branching showed that 16% of the 

genes they investigated were essential for dendritic development (Aguirre-Chen et al., 2020). 

Overall, investigation of the C. elegans nervous system is helping to understand the impact of 

genetic variation on the development and formation of circuits within the nervous system. 

Continuation of this work to correlate the effects of gene mutation on mechanisms that alter 

nervous system formation and function will likely be very informative as to how these 

mechanisms underpin behaviour change.     

1.5.5.3 Defining neuronal circuits and the use of sub-behaviours to investigate autism 

An aim when modelling autism in C. elegans is to try and dissect the neural circuits that are 

altered in ASD and how they modify behavioural output. C. elegans display a number of complex 

behaviours that can be broken down into simpler ‘sub-behaviours’ that act as behavioural units 

that combine to form a complex behaviour. Sub-behaviours include reversals, changes in direction 

(turns) and speed of movement (Thill and Pearce, 2007; Liu and Sternberg, 1995). Sub-behaviours 

have been used in C. elegans research to decipher the neural circuits that underpin them and how 

they interact in networks to control complex behaviours like foraging (López-Cruz et al., 2019; 

Macosko et al., 2009; Chalasani et al., 2016). When first removed from food worms display a 

foraging behaviour called area restricted search where they search for food in the local vicinity 

(Wakabayashi, Kitagawa and Shingai, 2004; Gray, Hill and Bargmann, 2005). Quantification of sub-

behaviours underlying this foraging strategy showed that worms perform a high frequency of 

turns and reversals in order to restrict their search area. Further dissection of such sub-

behaviours has helped to understand them at a circuit level, for example the interneuron AIY is 

now understood to be a key neuron involved in regulating reversal behaviour (Gray, Hill and 

Bargmann, 2005; Chalasani et al., 2016). In this way sub-behaviours represent a useful tool to 

simplify the investigation of complex C. elegans behaviours and facilitate the investigation of 

behaviour at a circuit level.  

In regard to autism research in the worm, the literature is limited to the understanding of which 

neurotransmitters may act in circuits affected by ASD-risk genes (Calahorro and Ruiz-Rubio, 2013; 

Izquierdo, Calahorro and Ruiz-Rubio, 2013). However, circuits controlling simple behaviours in C. 
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elegans such as crawling locomotion (Thapliyal and Babu, 2018; Zhen and Samuel, 2015), egg 

laying (Zhang, Schafer and Breitling, 2010; Zhang et al., 2008) and pharyngeal pumping (feeding 

behaviour) (Trojanowski and Raizen, 2015; Bhatla et al., 2015) are being increasingly well defined. 

In addition, thrashing (swimming behaviour) is beginning to be understood in terms of the 

neurons that control it (Pierce-Shimomura et al., 2008; Refai and Blakely, 2019). Phenotypic 

profiling of C. elegans is starting to prioritise the types of sub-behaviours that are impaired in 

ASD-associated mutants (McDiarmid et al., 2019). Therefore, it is likely that investigation of sub-

behaviours and further molecular and genetic detailing of circuits that underly them will be key in 

understanding the neuronal control of behaviour and how dysfunction of this can be used to 

further understand autism.  

1.6 C. elegans social behaviour 

1.6.1 Worm social behaviour 

C. elegans display a number of social behaviours including mating, aggregation, population 

density sensing and group feeding (Bessa, Maciel and Rodrigues, 2013; Schmeisser and Parker, 

2018; Ardiel and Rankin, 2009). One of the most well studied social behaviours in C. elegans is the 

social feeding behaviour that exists in some C. elegans strains. The laboratory N2 strain of C. 

elegans is described as a solitary feeder, which disperse on a bacterial food lawn and feed 

separately. However, other wild isolate strains of C. elegans have been shown to aggregate in 

groups and feed together (de Bono and Bargmann, 1998). The molecular and neural basis of this 

behaviour has been dissected and has identified a number of receptors as important 

determinants of the behaviour (de Bono and Bargmann, 1998; Macosko et al., 2009). Another 

social behaviour in C. elegans is the ability of worms to sense the population density in their 

environment. Unfavourable conditions, such as overcrowding can modulate a worm’s behaviour. 

For example, overcrowding can affect a worms development and lifespan and also prevent adult 

worms from laying eggs in an environment where food is likely to be scarce. C. elegans social 

behaviour can be modulated by a range of sensory cues, including chemosensory cues which 

allow worms to communicate with one another (Ludewig et al., 2017; Wong et al., 2020). The 

major classes of sensory cues that affect social behaviour are described below. 

1.6.1.1 Ascarosides as a chemosensory cue 

The first studies that provided evidence for a chemical cue that allowed for inter-organismal 

signalling between C. elegans suggested that pheromones released by worms could signal to 

other worms in the environment (Golden and Riddle, 1982). Making crude purifications of 
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pheromones and exposing them to young C. elegans showed that the chemical cue could 

modulate the developmental progression of worms and induce dauer formation (1.5.2) (Golden 

and Riddle, 1982; Golden and Riddle, 1984b; Golden and Riddle, 1984a). It was subsequently 

shown that dauer pheromone is released by C. elegans during their lifecycle meaning that as the 

population density of worms in the environment increases the concentration of pheromones also 

increase. Dauer pheromone is therefore a measure of population density and signals the nature of 

the environment to young worms (Butcher et al., 2008). High population density and 

overcrowding of a food source is likely to mean that food is limited. Therefore, induction of  

young worms to form dauer larva increases their chance of survival in harsh environments 

(Wolkow and Hall, 2015).   

Mass spectrometry and nuclear magnetic resonance spectrometry studies which analysed the 

dauer pheromone identified that it contained small molecules called ascarosides (Jeong et al., 

2005; Butcher et al., 2007). Ascarosides are based on a sugar molecule linked to a fatty acid that 

can be decorated with amino acids and other metabolites derived from various metabolic 

pathways (Ludewig and Schroeder, 2013). daf-22 is a C. elegans gene that is crucial for the 

biosynthesis of ascarosides (Butcher et al., 2009). daf-22 loss-of-function mutants are defective in 

pheromone production and were first identified because they are unable to induce dauer 

formation in nearby worms (Golden and Riddle, 1985). The inability of daf-22 mutants to produce 

ascarosides influences the population density sensing behaviour of other worms (Matsuura, Sato 

and Shingai, 2005; Scott et al., 2017). A chemotaxis assay, which measured the attraction of C. 

elegans to a chemical stimulant, showed that wild type worms will move towards the attractive 

location unless it is overcrowded with other wild type worms. Interestingly, overcrowding of the 

attractive location with daf-22 mutants meant that wild type worms moved towards the chemical 

stimulant instead of avoiding it, as if they were unable to sense the daf-22 mutant worms 

(Matsuura, Sato and Shingai, 2005). This experiment provided evidence that ascaroside 

communication is important for sensing other worms in the environment and modulating 

behaviour in response to chemosensory cues. 

To date, more than 200 ascarosides have been identified and have been shown to regulate more 

than just dauer formation (Muirhead and Srinivasan, 2020). Ascaroside signalling can mediate 

both attractive and repulsive behaviours (Srinivasan et al., 2012) and therefore can regulate social 

behaviours including mating, aggregation and feeding strategies (Muirhead and Srinivasan, 2020). 

The regulation of a diverse range of behaviours is facilitated by the complexity of ascaroside 

signalling in C. elegans. Ascarosides can act synergistically and different cocktails of ascaroside 

molecules are released depending on the developmental stage and physiological condition of the 

worm (Artyukhin et al., 2013; Kaplan et al., 2011). In addition, small changes in the chemical 
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structure or concentration of ascarosides can have dramatic effects on the behavioural response 

they elicit (Srinivasan et al., 2012). 

Ascarosides can be used by worms to communicate the environmental conditions and affect the 

foraging strategies of nearby worms (Greene et al., 2016a). For example, adverse conditions such 

as lack of food can be signalled via the release of ascarosides from starved worms, which 

consequently repels other worms from foraging in that area (Artyukhin et al., 2013). Exposure of 

worms to ascarosides has also been linked to changes in locomotory behaviour, including speed, 

the number of reversals a worm makes and how they explore the environment (Greene et al., 

2016a; Srinivasan et al., 2012; Muirhead and Srinivasan, 2020). The modulation of these 

behaviours provides a clear link between chemical signalling and the locomotory behavioural 

output of a worm.  

Studies have shown that the recognition of ascarosides is mediated by G-protein coupled 

receptors (GPCRs) (Kim et al., 2009; Park et al., 2012). Genetic mutant studies, cell ablation and 

calcium imaging in C. elegans has identified a number of GPCRs, chemosensory neurons and 

interneurons that are important for ascaroside recognition (Srinivasan et al., 2012; Greene et al., 

2016a; Park et al., 2012; Chute et al., 2019). However, neuronal signalling downstream of 

interneurons to regulate behavioural change upon recognition of ascarosides is not as well 

understood. Overall, the use of chemosensory signalling molecules mediates a complex chemical 

language in C. elegans that can regulate the development and locomotory behaviour of nearby 

worms.  

1.6.1.2 Food as a chemosensory and mechanosensory cue 

Bacterial food is a gustatory chemosensory cue for C. elegans (Bargmann, 2006). Initial 

chemotaxis studies identified that worms can sense a lawn of bacteria and will move towards it 

(Grewal and Wright, 1992) and that this is mediated by olfactory sensory neurons (Bargmann, 

Hartwieg and Horvitz, 1993). It has also been shown that worms will avoid pathogenic bacteria 

(Zhang, Lu and Bargmann, 2005) and can distinguish the nutritional value of food (Shtonda and 

Avery, 2006). In fact, it has been shown that worms can show preference towards food that 

better supports their growth (Shtonda and Avery, 2006). Various studies of the neural circuits and 

signalling molecules have shown that serotonin signalling is important for olfactory learning 

(Nuttley, Atkinson-Leadbeater and van der Kooy, 2002) whilst glutamate neurotransmission and 

neuropeptides are important for recognition and food preference respectively (Harris et al., 2014; 

Chalasani et al., 2016).  
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Food also provides a mechanosensory cue and C. elegans will change their behaviour depending 

on whether they are on or off food (Chao et al., 2004; McCloskey et al., 2017). When worms 

encounter a bacterial food lawn they perform a behaviour called enhanced slowing response in 

which they slow their locomotion (Sawin, Ranganathan and Horvitz, 2000) and increase their 

pharyngeal pumping rate in order to feed (Dallière et al., 2016). Mechanosensory neurons that 

project cilia out through the worms cuticle signal the presence of food by releasing dopamine 

(Kindt et al., 2007; Ezcurra et al., 2011). Dopamine release has been shown to signal to 

interneurons which then regulates locomotory control neurons (Bhattacharya et al., 2014) and 

inhibits signalling in neural circuits that control ‘off food’ behaviours (Suo, Culotti and Van Tol, 

2009). Both neural circuits involved in on food and off food behaviours have been well 

characterised in terms of the neurons and signalling molecules used (Bhattacharya et al., 2014; 

Gray, Hill and Bargmann, 2005; Calhoun et al., 2015).   

Both chemo-sensation and mechano-sensation of food are key for modulating C. elegans foraging 

strategies. Worms display a number of stereotyped behaviours when foraging for food. In the 

presence of food worms predominantly display dwelling behaviour in which they move slowly and 

reverse frequently in order to keep them in the vicinity of the food (Wakabayashi, Kitagawa and 

Shingai, 2004; Gray, Hill and Bargmann, 2005). Upon removal from food worms display local 

search behaviour in which they make a high number of turns which is assumed to represent an 

attempt to stay close to the food source (Gray, Hill and Bargmann, 2005). Then, in the absence of 

food they begin to disperse in which they move quickly and execute long forward runs to look for 

a new food source (Fujiwara, Sengupta and McIntire, 2002). It’s clear that the regulation of these 

foraging behaviours is dependent on the context of food and how long the worms have been off 

food (Harris et al., 2011). In fact, worms impaired in chemo-sensation of food display defective 

foraging behaviour (Cohen et al., 2009). More recently, food dependent behaviours are being 

investigated to see how the integration of both external food cues and internal gustatory cues 

affect behaviour (Ben Arous, Laffont and Chatenay, 2009; Lee and Mylonakis, 2017). Internal 

signals from the gut that signal food intake have been shown to contribute to the slowing of 

worm locomotion whilst they feed (Rhoades et al., 2019).  

1.6.2 Food leaving behaviour 

Optimal foraging requires worms to make a decision as to whether to exploit their current food 

source or leave in search of another (Ackley, 2019). A paradigm designed to investigate optimal 

foraging involves quantifying the food leaving rate at which C. elegans leave a small patch of 

bacterial food (Bendesky et al., 2011). Analysis of this behaviour has identified a number of genes 

that appear to be important in controlling the decision to leave a food lawn (Bendesky et al., 
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2011; Zhu et al., 2015; Wolf, Perez and Harris, 2020). N2 C. elegans rarely leave a dense food lawn 

(Bendesky et al., 2011; Shtonda and Avery, 2006) but environmental cues that provide the worm 

with information about the quality of food (Shtonda and Avery, 2006), food depletion (Milward et 

al., 2011) and population density (Scott et al., 2017) are known to regulate food leaving and 

dispersal behaviours. Food leaving is a complex behaviour (Ackley, 2019) and the decision to leave 

food can be influenced by multisensory processing of multiple sensory cues. In an experiment 

where a chemical repellent was dropped near to worms feeding on a bacterial food lawn, worms 

left the food lawn in search of a new food source. Interestingly, the extent to which the worms 

left the food lawn was dependent on the concentration of the repellent. Worms exposed to the 

lowest concentration of repellent moved to the edge of the food lawn furthest away from the 

repellent before continuing to eat, presumably because the attractive food cue outweighed the 

repellent cue. Increasing concentrations of repellent resulted in increasing proportions of worms 

leaving the food lawn. This experiment provides insight into the type of multisensory integration 

that can occur to modify food leaving behaviour (Harris et al., 2019).  

1.6.2.1 Progeny induced food leaving behaviour 

C. elegans are capable of sensing the population density in the environment (1.6.1.1) and this has 

been shown to be another factor involved in the regulation of food leaving behaviour (Scott et al., 

2017). A study that measured the food leaving behaviour of seven adult worms over 24 hours 

showed that over time the food leaving rate of the adult worms significantly increased. Over the 

time course of the assay the adult worms laid eggs which hatched into young C. elegans progeny 

meaning that after 24 hours the food lawn contained a mixed population of eggs, L1, L2 progeny 

and adult worms. The authors use this to suggest that the increasing numbers of progeny 

populating the food lawn may be modulating adult food leaving behaviour. To test this, they 

conditioned a food lawn with young C. elegans progeny and quantified adult C. elegans food 

leaving behaviour in response to the food lawn populated with progeny in comparison to a naive 

(no progeny) control food lawn. Conditioning food lawns with 20-70 progeny caused a dose-

dependent increase in adult food leaving events that plateaued after 140 progeny. Additional 

experiments concluded that conditioning a food lawn with eggs or older L4 stage progeny did not 

induce the enhanced food leaving response, suggesting that this response is likely due to 

chemosensory cues released by early stage progeny.  

Conditioning food lawns with daf-22 progeny, which do not produce pheromone signals, also did 

not induce enhanced food leaving response in adults. This further supported the hypothesis that 

food leaving behaviour can be modulated by progeny released pheromone cues. Interestingly, 

adult mutants deficient in a peptide called nematocin and its receptors did not enhance their food 
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leaving behaviour in response to wild type progeny. Nematocin is the C. elegans orthologue of the 

human hormone oxytocin, which has been shown to be important in human social behaviours 

(Garrison et al., 2012). The impaired behavioural response of adults deficient in nematocin 

signalling suggests that it is important for the recognition and/or response to ascaroside based 

signals released by progeny. In this way the study provided evidence for an offspring-parent 

interaction between C. elegans that modulates food leaving behaviour. Also, the oxytocin 

dependence of this interaction provides a novel route by which to investigate C. elegans social 

behaviour. 

1.7 CRISPR/Cas9 

1.7.1 The origin of CRISPR/Cas9 

Clustered regularly interspaced short palindromic repeats (CRISPR) were first identified as part of 

the adaptive immune response in prokaryotic cells. CRISPR/Cas works to prevent the conjugation 

of foreign DNA into a host by cleaving phage DNA using the endonuclease, Cas (Marraffini and 

Sontheimer, 2008; Garneau et al., 2010). Cleavage of foreign DNA by Cas creates a novel spacer, a 

short piece of DNA which is incorporated into the cell’s CRISPR array. Spacers can be transcribed 

and cleaved into short crRNA sequences, often called guide RNA (gRNA) that target the Cas 

enzyme to the complementary phage DNA upon its re-entry (Brouns et al., 2008). Following this, 

Cas cleaves the phage DNA in order to inactive it, hence protecting the cell from invading 

pathogens (Gasiunas et al., 2012; Jinek et al., 2012) (Figure 1.8).  

 

Figure 1.8 Cartoon outlining the role of CRISPR/Cas in bacterial immunity.Stage 1, entry of 

double stranded viral DNA into a prokaryotic cell results in cleavage of that DNA by 

the enzyme Cas. This creates a novel spacer piece of DNA which is incorporated as an 



Chapter 1 

40 

interspacing sequence in the CRISPR array. Stage 2, upon re-entry of viral DNA the 

CRISPR array is transcribed and cleaved to generate gRNA. Stage 3, the gRNA and 

viral DNA have complementary sequences which enables the gRNA to guide Cas to 

the viral DNA and bind to it before Cas cleaves the DNA, inactivating it. Cartoon taken 

from https://doudnalab.org/research_areas/crispr-systems/  

1.7.2 CRISPR/Cas9 as a genome editing technique 

CRISPR/Cas9 emerged as a genome editing technique in 2012 (Gupta and Musunuru, 2014; Jinek 

et al., 2012). Before then, two technologies used for gene editing included the use of zinc finger 

nucleases and transcription activator-like effector nucleases. Both work by designing a protein to 

bind to DNA, close to the target site, which then allows an endonuclease to cleave DNA and 

mutate it. However, both technologies require large (1-3kb) cDNA sequences to encode the 

proteins making it difficult for non-experts to engineer. Also, target regions of DNA that these 

proteins could bind were limited meaning specific mutations, like knock ins, were difficult to make 

(Gaj, Gersbach and Barbas, 2013; Gupta and Musunuru, 2014).  

CRISPR/Cas9 is now a popular gene editing tool due to its relative ease of use, compared to 

previous methods, and the precision editing that it allows for (Chira et al., 2017). To edit a 

sequence of interest a single gRNA (sgRNA) of approximately 20nt is designed with a 

complementary sequence to the target DNA of interest (Kiani et al., 2015) (Figure 1.9). The sgRNA 

is then bound to Cas9 and will guide Cas9 to the target sequence (Cong et al., 2013). The DNA 

sequence of interest must be followed by a 2-6bp protospacer adjacent motif (PAM) for the 

sgRNA/Cas9 complex to bind. Once bound, Cas9 cleaves the DNA which initiates one of two repair 

pathways that function to repair the DNA break (Jiang and Doudna, 2017). The non-homologous 

end joining (NHEJ) pathway creates insertions and/or deletions in the DNA sequence in order to 

re-join the broken ends (Figure 1.9). This repair pathway often results in frameshift mutations and 

therefore is often used to knock out genes. In contrast, the homology directed repair (HDR) 

pathway involves the use of a homologous strand of DNA (also called donor DNA or repair 

template) which is inserted between the break. By designing donor DNA that contains a specific 

mutation of interest the HDR pathway allows for precise and customisable gene editing 

(Sansbury, Hewes and Kmiec, 2019) (Figure 1.9). Overall, the relative simplicity and precision that 

CRISPR/Cas9 offers has revolutionised the ability to study the effect of gene mutation down to the 

level of single point mutations.  
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Figure 1.9 Cartoon outlining the two methods of DNA repair that result from cleavage by the 

CRISPR/Cas9 system. Cas9 is guided to the target DNA sequence (green), adjacent to 

a PAM sequence (red), by a sgRNA. Cleavage by Cas9 results in one of two DNA repair 

pathways. NHEJ creates insertions and/or deletions (yellow) in the gene in order to 

repair the DNA break. HDR uses a homologous donor piece of DNA which can be 

designed to carry a mutation of interest (blue) which is then inserted between the 

DNA break. Cartoon taken from https://international.neb.com/applications/genome-

editing. 

1.7.3 Problems associated with CRISPR/Cas9 

Although CRISPR/Cas9 represents a revolutionary genome editing tool the technique has 

encountered some problems (Peng, Lin and Li, 2016). Cas9 first scans the DNA looking for a PAM 

sequence before the sgRNA can bind and Cas9 can cleave the DNA (Sternberg et al., 2014). 

Therefore, CRISPR is limited to DNA in close proximity to a PAM site which can leave some of the 

genome inaccessible to editing (Tang, 2020). However, in response to this, new Cas enzymes have 

been developed which recognise different PAM sites, increasing the scope of CRISPR in humans 

and model organisms (Kleinstiver et al., 2015; Bell, Fu and Fire, 2016). Another problem involves 

the variable efficiency of sgRNAs, whilst some act with high efficiency others can be completely 

inactive. Therefore, the design of sgRNAs needs to be well considered including the length and 

sequence (Wang et al., 2014; Xu et al., 2015; Moreno-Mateos et al., 2015). Computational tools 
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now exist to aid the design of sgRNAs. Nevertheless, the design can be time consuming and often 

multiple sgRNAs need to be designed and screened to predict efficiency before they can be used 

(Peng, Lin and Li, 2016).  

Another issue that can drastically decrease the precision of CRISPR editing is off-target effects. 

The sgRNA/Cas9 complex can recognise sequences similar to the target that have up to five 

mismatches, making it possible for Cas9 to cleave a DNA sequence which is not the intended 

target (Fu et al., 2013). Again, sgRNA design has been shown to be important in minimising off-

target effects and computer software’s can be used to predict off-target sites (Lin et al., 2014; 

Peng, Lin and Li, 2016). This can then inform the selection of the best sgRNA and highlight 

sequences that could be sequenced following CRISPR editing to check for imprecise mutations. 

Recently, it has been discovered that on-target deleterious CRISPR mutations are also possible 

(Weisheit et al., 2020). This is when the region of the genome that was intended to be mutated 

becomes mutated during the CRISPR process but the mutation that occurs is not the one that was 

desired. On-target mutations are proving to be an issue because in certain situations where the 

on-target mutation is heterozygous the mutation can escape recognition by generic PCR and 

Sanger sequencing, although can be detected by more sensitive methods. It has been predicted 

that up to 40% of human pluripotent stem cell lines may have on-target mutations (Weisheit et 

al., 2020), highlighting the importance of carefully validating CRISPR mutations following editing.  

1.7.4 CRISPR/Cas9 in C. elegans  

Before CRISPR/Cas9, methods for introducing mutations into C. elegans, for example the use of 

mutagens, were relatively imprecise and inefficient (Sugi, 2016). This, and the fact that CRISPR 

had been shown to be effective in mammalian cells and other model organisms (Ma and Liu, 

2015) led to the experimentation of CRISPR in C. elegans. The first study of CRISPR in worms 

showed that microinjection of expression vectors encoding a sgRNA and Cas9 into the gonad of a 

worm led to the successful expression of these components (Friedland et al., 2013). CRISPR 

mediated mutations, that occurred in the germline cells of the injected worm, could then be 

screened for in the progeny (Vicencio and Cerón, 2021). Co-injection of a fluorescent marker 

meant fluorescent progeny could be screened for CRISPR mutations. This study reported a 

mutation success rate of up to 80% making CRISPR/Cas9 a desirable genome editing technique in 

C. elegans (Friedland et al., 2013). Whilst this first study provided evidence that it is possible to 

perform CRISPR in worms, the mutations generated were random and out of the control of the 

editor. Studies then sought to increase the specificity of CRISPR editing in C. elegans. Designing 

and injecting a donor piece of DNA (also called a repair template) that encodes the mutation of 

interest along with the sgRNA and Cas9 meant that HDR of the gene would facilitate the 
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incorporation of a specific mutation (Dickinson et al., 2013; Paix et al., 2014; Zhao et al., 2014) 

(Figure 1.9). Using this technique a variety of gene edits can be made to a specific target locus in 

C. elegans, including knock-outs, knock-ins, point mutations and fluorescent tagging (Dickinson 

and Goldstein, 2016).  

1.7.4.1 Methods to increase the efficiency of CRISPR/Cas9 in C. elegans 

Since the first studies of CRIPSR in C. elegans various methods to increase the efficiency of gene 

editing have been developed. Multiple methods to increase the efficiency surround the design of 

CRISPR reagents. It has been shown that repair templates designed with short homology arms 

between 30-60bp in length are more efficient than longer sequences for recombination of DNA 

during repair (Paix et al., 2014). Also, sgRNAs approximately 20-30bp (Ran et al., 2013) in length 

designed to contain a GG motif at the 3’ end increases the efficiency of binding to target DNA and 

therefore leads to an increased rate of CRISPR success (Farboud and Meyer, 2015).  

One of the major issues surrounding the early use of CRISPR in C. elegans was the inability to 

inactivate Cas9 following its first DNA cleavage. When Cas9 recognises a PAM sequence it can 

bind to and cleave DNA (Sternberg et al., 2014). Therefore, if the PAM sequence remains intact 

following the desired CRISPR mediated mutation to a gene, Cas9 will continue to bind and cut the 

target DNA. Continually cutting by Cas9 often leads to the insertion of random errors in the DNA 

sequence by the NHEJ repair pathway (Zhao et al., 2014). Failure to prevent re-cutting by Cas9 can 

decrease the efficiency of the desired HDR mechanism to 0% (Kim et al., 2014). A technique 

designed to negate this issue involves mutating the PAM sequence at the same time as generating 

the mutation of interest. Mutating just one nucleotide of the 3bp PAM sequence is enough to 

prevent Cas9 re-cutting and therefore increase the reliability and efficiency of the CRISPR 

procedure. PAM sequence mutations are extraneous to the mutation of interest and therefore it 

is recommended to introduce a silent mutation, where the mutation of a DNA nucleotide results 

in the same amino acid in the resulting protein (Paquet et al., 2016).  

Although mutating the PAM sequence is a quick way to prevent continual Cas9 cutting, the 

introduction of a mutation which is extraneous to the mutation of interest is said to ‘scar’ the 

DNA (El Mouridi et al., 2017). Even silent mutations can have unwanted consequences on protein 

synthesis and function (Bali and Bebok, 2015) meaning interpretation of the effect of the 

mutation of interest could be confounded. A two-step CRISPR procedure was developed to create 

‘scarless’ DNA without the need to mutate the PAM sequence (Figure 1.10). In the first step, 

target DNA is cleaved before a d10 sequence is inserted into the gene. A d10 sequence is a short 

sequence, including PAM, which is derived from an endogenous C. elegans gene called dpy-10. 

Recombination of this sequence into the target gene means Cas9 will not recognise the novel 
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PAM sequence and therefore cannot re-cut the target sequence. Then in the second step the d10 

sequence is replaced by a repair template which encodes the wildtype PAM sequence and the 

specific mutation of interest (El Mouridi et al., 2017) (Figure 1.10). This results in scarless DNA 

which contains only the mutation of interest. As well as this, the use of the d10 sequence has 

multiple other advantages. The dpy-10 gene was chosen as the template for the d10 sequence 

because the sgRNAs that target Cas9 to this gene have been shown to be one of the most efficient 

in C. elegans. Hence, the insertion of a d10 sequence into the gene of interest renders it more 

amenable to CRISPR editing (El Mouridi et al., 2017) and has therefore proven a popular editing 

technique (Wang et al., 2018a; Schreier et al., 2020).  

 

Figure 1.10 Cartoon outlining a two-step CRISPR procedure that creates scarless DNA.  (A) The 

sgRNA/Cas9 complex (dark blue) is designed to recognise and bind to the wild type 

target sequence (dark blue) followed by a PAM (light blue). The repair template DNA 

sequence is almost identical to the target sequence and PAM, except for a single 

nucleotide (red X) which is mutated. HDR facilitated recombination of the repair 

template into the gene of interest creates a gene that carries the desired mutation. 

However, Cas9 may continue to recognise the PAM (light blue) and continually cut 
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the gene of interest reducing CRISPR efficiency. Silent mutations can be introduced 

into the PAM, however these mutations can have unpredictable consequences on 

the protein. (B) A two-step procedure designed to create scarless DNA without the 

need to mutate the PAM. The sgRNA/Cas9 complex (dark blue) recognises and binds 

to the wild type sequence in the gene of interest (dark blue with light blue PAM). The 

repair template is designed to encode a ‘d10 sequence’ which is a short piece of 

DNA, including PAM, taken from an endogenous C. elegans gene called dpy-10. HDR 

facilitates the recombination of the d10 sequence into the gene of interest. The 

sgRNA/Cas9 complex is unable to recognise the novel d10 sequence therefore Cas9 

cannot continually re-cut the target gene. In a second round of CRISPR editing the 

d10 sequence can be replaced by the mutation of interest. Another sgRNA/Cas9 

complex (orange) is designed to recognise the d10 sequence (orange). The repair 

template is designed to encode the mutation of interest (red X) as well as the wild 

type PAM. HDR facilitated recombination of the repair template into the gene of 

interest leaves the gene with a precise mutation and wild type PAM. The sgRNA/Cas9 

complex (orange) cannot recognise the novel sequence (dark blue) and hence 

prevents continual Cas9 recutting without the need to introduce mutations into the 

wild type PAM sequence. The resulting CRISPR edited gene is scarless, containing 

only the mutation of interest.  

1.7.4.2 Methods for identifying positive CRISPR mutant strains 

Fluorescent markers are a common selection marker used when generating transgenic C. elegans 

(Rieckher and Tavernarakis, 2017). Co-injection of a plasmid that drives expression of a 

fluorescent protein in the body or pharynx of C. elegans was the selection method of choice in 

early CRISPR studies (Dickinson et al., 2013; Prior et al., 2017; Friedland et al., 2013). Screening 

progeny of the injected parent for fluorescent expression is a good visual indicator that the 

injection procedure has been successful and that the injection reagents have been incorporated 

into the worm’s genome. Fluorescent progeny are then checked for the CRISPR mutation using 

PCR. Using this method the percentage of fluorescent progeny that carried the correct CRISPR 

mutation ranged from >1-25% (Friedland et al., 2013).  

For a successful CRISPR event to occur there are a complex series of events that follow the 

injection of reagents. Firstly, the plasmid DNA needs to be transcribed and translated. Cas9 and 

the sgRNA then need to form a complex before locating, binding to and cutting the target DNA. 

Cas9 then needs to cleave the DNA and correct DNA recombination needs to occur (Lino et al., 

2018). Therefore, a caveat of using fluorescent markers is that they do not indicate if the CRISPR 
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reagents are functional or if CRISPR events are occurring successfully in the transgenic worm 

(Arribere et al., 2014; Kim et al., 2014). 

A method was developed that aimed to create a selection maker that was not only an indicator 

for injection success but also indicates that CRISPR reagents are functional. This method involves 

generating a second CRISPR mutation in a co-CRISPR gene at the same time as mutating the gene 

of interest. A co-CRISPR gene, when mutated, results in a worm which displays an easily 

recognisable phenotype which can be distinguished from wildtype progeny (Arribere et al., 2014; 

Kim et al., 2014). The criteria developed for co-CRISPR genes were (1) the mutant phenotype must 

be easily recognisable even if the mutation is heterozygous, (2) the mutant phenotype must be 

different from an animal with a null mutation so that precise HDR mediated CRISPR events can be 

discriminated from a null mutation and (3) the mutant phenotype should rarely occur 

spontaneously to reduce false positives. Using these criteria, a screen of potential co-CRISPR 

genes identified a handful that could be utilised. This included genes that when mutated result in 

worms displaying defective locomotion or an obvious change to physical appearance from 

wildtype (Arribere et al., 2014). A study has shown that 14-84% of progeny displaying a co-CRISPR 

phenotype also carried the CRISPR mutation of interest (Arribere et al., 2014). Whilst this figure is 

variable it shows that the use of a Co-CRISPR gene is a more efficient marker for use in CRISPR 

protocols than fluorescence.  

1.7.5 Using CRISPR/Cas9 to investigate ASD-risk genes 

CRISPR/Cas9 is being used to investigate genes implicated in ASD using both vertebrate and 

invertebrate model organisms. Studies have used CRISPR to knock-out ASD-risk genes and study 

the effect this has on phenotypes such as development, repetitive behaviours and aggression 

(Wong et al., 2019; de Brouwer et al., 2018; Wei et al., 2020). The precision gene editing that 

CRISPR allows for has also been exploited to generate specific mutations that have been identified 

in human ASD. Mimicking missense and point mutations that have been identified in human ASD 

cohorts has allowed the effect of specific genetic variants to be modelled. C. elegans and mice 

experiments have characterised the effect that such mutations have on the pathology of the 

brain, synaptic transmission and behaviour (Wong et al., 2019; Mariappa, Ferenbach and van 

Aalten, 2018; Rogers et al., 2019; Wong et al., 2021a). CRISPR gene editing in C. elegans has seen 

the development of a technique that allows the expression of ASD-risk genes to be switched on 

and off and has identified genes that appear to play an important role in nervous system 

development (McDiarmid et al., 2019; Aguirre-Chen et al., 2020). As well as this CRISPR/Cas9 can 

also be used to investigate therapeutic strategies in ASD. Injection of CRISPR reagents into the 

brains of adult mice has been used to edit an ASD-associated gene and consequently rescue 
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behavioural deficits (Lee et al., 2018), providing evidence for the potential of CRISPR in 

therapeutics (Yu et al., 2020).  

A C. elegans study which utilised data from the SAFRI gene database (1.3.5) was able to filter ASD-

risk genes to select candidates that could be studied using CRISPR/Cas9 in worms. Prioritisation of 

risk genes where a missense mutation had been associated with ASD allowed the authors to 

model the effect of the variants on C. elegans behavioural phenotypes and identified deficits in 

neurodevelopment and locomotion in worms (Wong et al., 2019). In comparison, CRISPR/Cas9 

based genotype-phenotype studies in rodent models have focused on studying the effects that 

genetic variants have on social behaviours, facilitating the understanding of which ASD-associated 

genetic variants may underlie impaired social behaviour (Gonatopoulos-Pournatzis et al., 2020; 

Wong et al., 2021a; Wei et al., 2020; Rogers et al., 2019). Considering the fact that social 

impairment is a core deficit in ASD (1.1.1) precision gene editing by CRISPR/Cas9 in C. elegans will 

likely aid the understating of the genetic and neural basis underlying their social behaviour and 

how impairment to this behaviour could be used to model autism.  

1.8 Aims of the project 

ASD is a neurodevelopmental disorder which is clinically characterised by core behavioural 

deficits, including disruption to social behaviour (Sharma, Gonda and Tarazi, 2018). It is clear that 

ASD has a strong genetic underpinning with hundreds of genes and genetic variants, with varying 

degrees of penetrance, having been implicated in its aetiology (Iakoucheva, Muotri and Sebat, 

2019). For many of these genes it is still unclear how they function within the biological system to 

regulate behavioural outputs. Also, how single penetrant genetic variants, and interaction of 

common variants, impact gene function to disrupt the activity of neural circuits that control 

behaviour is incompletely understood (Iakoucheva, Muotri and Sebat, 2019) (1.2).  

C. elegans can be used to investigate the function and dysfunction of ASD-risk gene orthologues. 

Clinical databases that collate information about ASD-risk genes (1.3.5) provide a platform on 

which to base C. elegans autism research. SFARI gene database sorts ASD-candidate genes based 

on the evidence that associates a gene with autism and assigns it a risk score. This has been used 

to guide C. elegans studies and helped to prioritise ASD-risk genes and risk variants for study in 

worms (Schmeisser, Fardghassemi and Parker, 2017; Wong et al., 2019; McDiarmid et al., 2019). 

C. elegans behavioural impairment has been used to model ASD and has provided insight into the 

function of ASD-risk genes (Calahorro, Alejandre and Ruiz-Rubio, 2009; Hunter et al., 2010; Jee et 

al., 2004; Wong et al., 2019; Schmeisser, Fardghassemi and Parker, 2017; McDiarmid et al., 2019). 

However, the behavioural repertoire investigated in these studies is largely limited to 
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morphological and locomotory readouts. Social communication between adult C. elegans and 

progeny has been described (Scott et al., 2017). The communication was shown to be mediated 

by a progeny-derived social cue that modulates C. elegans food leaving behaviour. The 

development of this social paradigm provides a platform to quantify C. elegans social behaviour 

and therefore investigate the genetic determinants that regulate the production of this 

behaviour. The recent developments in genome engineering have led to an increasing number of 

CRISPR/Cas9 strategies to increase the speed and precision of gene editing in worms (Kim et al., 

2014; Arribere et al., 2014; El Mouridi et al., 2017). Custom edits are being used to investigate 

ASD-associated genes in C. elegans (Wong et al., 2019; McDiarmid et al., 2019) but there is a lack 

of understanding of the effect precise genetic variants have on the social domain of the worm.  

This project aimed to use C. elegans as a model of ASD to investigate the genetic determinants 

underpinning social behaviour. To do this the project aimed to: 

• Design a bioinformatic pipeline to strategically filter ASD-candidate genes to identify high 

risk genes that can be investigated in a C. elegans social paradigm 

• Use behavioural parameters, including an existing social paradigm, to investigate the 

prioritised ASD-risk genes to gain further insight into their function in C. elegans and their 

potential role in coordinating social behaviour 

• Use CRISPR/Cas9 to create a C. elegans strain that encodes a highly penetrant human 

mutation associated with ASD 

Here I present work to address these aims in the format of three papers, each one presented as a 

separate results chapter, for the submission of a Three Paper Thesis.  
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pre-conditioning is equivalent to a 24 hour naive incubation. Leaving events were then observed 

for 30 minutes as described above’ has been changed to ‘The plates were then incubated at 20◦C 
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Supplementary figure ‘S2 Fig’ in the published paper is Figure 2.9 in this thesis.  



Chapter 2 

50 

2.1 Abstract 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterised by a triad of 

behavioural impairments and includes disruption in social behaviour. ASD has a clear genetic 

underpinning and hundreds of genes are implicated in its aetiology. However, how single 

penetrant genes disrupt activity of neural circuits which lead to affected behaviours is only 

beginning to be understood and less is known about how low penetrant genes interact to disrupt 

emergent behaviours. Investigations are well served by experimental approaches that allow 

tractable investigation of the underpinning genetic basis of circuits that control behaviours that 

operate in the biological domains that are neuro-atypical in autism. The model organism C. 

elegans provides an experimental platform to investigate the effect of genetic mutations on 

behavioural outputs including those that impact social biology. Here we use progeny-derived 

social cues that modulate C. elegans food leaving to assay genetic determinants of social 

behaviour. We used the SAFRI Gene database to identify C. elegans orthologues of human ASD-

associated genes. We identified a number of mutants that displayed selective deficits in response 

to progeny. The genetic determinants of this complex social behaviour highlight the important 

contribution of synaptopathy and implicates genes within cell signalling, epigenetics and 

phospholipid metabolism functional domains. The approach overlaps with a growing number of 

studies that investigate potential molecular determinants of autism in C. elegans. However, our 

use of a complex, sensory integrative, emergent behaviour provides routes to enrich new or 

underexplored biology with the identification of novel candidate genes with a definable role in 

social behaviour.  

2.2 Introduction 

Autism spectrum disorder (ASD) is a pervasive neurodevelopmental behavioural disorder. ASD is 

characterised by a triad of behavioural impairments, these being repetitive behaviours and 

impairment to verbal and social communication (Faras, Al Ateeqi and Tidmarsh, 2010). Neuro-

atypical individuals have been shown to produce altered behavioural outputs in response to a 

range of sensory cues (Balasco, Provenzano and Bozzi, 2020), including chemosensory cues that 

drive social behaviours (Endevelt-Shapira et al., 2018). Impairment within the integration of 

sensory stimuli is thought to underlie the altered perception of such cues (Stevenson et al., 

2014a). This highlights the importance of neural circuits in the processing of sensory information 

to coordinate a behavioural output in the social domain (Marco et al., 2011). 

It is well established that there is a strong genetic contribution in autism (Huguet, Ey and 

Bourgeron, 2013). The genetic architecture of ASD is complex with hundreds of genes of varying 
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penetrance implicated in its aetiology (De Rubeis and Buxbaum, 2015). This is complicated further 

by the interplay between genetic variants in the form of rare, highly penetrant, and common low 

penetrant variants (Iakoucheva, Muotri and Sebat, 2019; Bourgeron, 2015). Common variants 

attribute polygenic risk in ASD with mutations to multiple loci having additive effects on a given 

phenotype (Iakoucheva, Muotri and Sebat, 2019). The burden of common variants in an 

individual's genetic background can influence the degree of risk a rare variant can impose 

(Bourgeron, 2015). The combinatorial effect of rare and common variants contributes to the 

spectrum of phenotypes displayed across autism cases (Weiner et al., 2017). 

ASD-associated genes span across a range of biological functions, for example synaptic, cell 

signalling and epigenetic modification (De Rubeis et al., 2014). Evidence suggests that although 

ASD genes are functionally diverse they are connected through protein interaction networks 

(Corominas et al., 2014) and control processes such as neuronal morphology and synaptic 

function that modulate the activity state of neural networks (Iakoucheva, Muotri and Sebat, 2019; 

Krumm et al., 2014; Aguirre-Chen et al., 2020). This means that the consequence of even a single 

genetic variant can be widespread through inter-connecting gene networks and have emergent 

effects on neural circuits (Iakoucheva, Muotri and Sebat, 2019). For many ASD-associated genes it 

is still unclear how they function in neural networks which underpin behavioural phenotypes 

(Geschwind, 2011), such as disrupted social and motor behaviour. However, investigating 

determinants of defined neural circuits underpinning autism associated neuro-atypical behaviour 

is providing traction for discrete investigation of complex traits. Studies of distinct behaviours in 

mice has begun to unpick the effect of genetic disruption on molecular circuits and synapse 

function (Kim, Lim and Kaang, 2016; Golden, Buxbaum and Rubeis, 2018; Lee, Lee and Kim, 2017). 

Additionally, the impact of genetic variation on a number of synaptic genes has been extensively 

studied in various animal models (Yoo et al., 2014; Verma et al., 2019; Rabaneda et al., 2014; 

Hunter et al., 2010; Calahorro and Ruiz-Rubio, 2012; Calahorro and Ruiz-Rubio, 2013). 

Animal models highlight the value of using orthologues to understand the function of ASD-

associated genes in behavioural domains associated with autism (Schroeder et al., 2017; Crawley, 

2012; Ueoka et al., 2019; Tang et al., 2020). C. elegans provides a tractable system that allows for 

the high throughput of genetic determinants to be investigated in a simple nervous system 

(Sengupta and Samuel, 2009). Conservation of genes involved in synapse function and the use of 

integrative neurons highlights the utility of C. elegans neuronal function and how it co-ordinates 

complex sensory integrative behaviours that model the disruptions that are expressed through 

genetic mutations associated with autism (Bargmann, 1998; Metaxakis, Petratou and 

Tavernarakis, 2018). The genetic homology between the C. elegans and mammalian genome (Lai 

et al., 2000), and the fact that mutant strains are widely accessible, means that the C. elegans 
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model lends itself to the systems level analysis of disease associated genes. This has led to a 

plethora of studies using single gene analysis to investigate the impact of genetic mutation to 

ASD-associated gene orthologues on behavioural output (Schmeisser and Parker, 2018). As well as 

this, C. elegans have been utilised in multiple high-throughput screens which have largely used 

morphological and locomotory readouts to screen for behavioural deficit (Schmeisser, 

Fardghassemi and Parker, 2017; Wong et al., 2019; McDiarmid et al., 2019). 

Behavioural output in response to integration of sensory cues can be assayed in C. elegans by way 

of food leaving behaviour. The propensity of a worm to leave a lawn of bacterial food can be 

modulated by multiple sensory cues (Shtonda and Avery, 2006). It has been shown that in the 

presence of increasing numbers of progeny, adult worms will leave an otherwise replete food 

lawn in a dose-dependent manor. This progeny-dependent food leaving behaviour is the result of 

inter-organismal communication and is thought to be underpinned by a novel social circuit (Scott 

et al., 2017). The utility of this social paradigm to probe autism related dysfunction was 

demonstrated by showing that when a penetrant mutation of human neuroligin is introduced into 

the worm orthologue, nlg-1, it results in disrupted progeny induced food leaving behaviour 

(Rawsthorne et al., 2020).  

We have used this bona fide social paradigm to investigate genetic determinants associated with 

human ASD. Investigation of C. elegans orthologues in a subset of candidate genes identified a 

number that disrupt a social behavioural paradigm in the worm. Furthermore, we show that 

whilst a large proportion of mutants displayed behavioural deficit in the social domain, there was 

limited disruption to the other phenotypes investigated suggesting a selective behavioural deficit. 

Identification of novel candidate genes in this way has also highlighted key biological functional 

domains that appear to play an important role in social behaviour, therefore shedding light on the 

functional contribution ASD-associated genes may have on the disrupted phenotypes associated 

with this disorder. 

2.3 Materials and Methods 

2.3.1 Prioritising ASD-associated genes for study in C. elegans 

To identify genes associated with ASD we used SFARI Gene Archive (http://gene-

archive.sfari.org/, version 3.0). Within this database the Human Gene Module (https://gene-

archive.sfari.org/database/human-gene/) ranks genes from 1-6 based on the evidence 

supporting the gene’s association with ASD. Genes in category 1-High confidence and category 2-

Strong candidate were selected for analysis due to the fact that data implicating those genes in 
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ASD reach genome wide significance and there is evidence for the variant having a functional 

effect in humans. Orthologous genes in C. elegans were identified by searching the human gene 

name in WormBase (https://wormbase.org/, version WS264) and using the human gene 

Ensembl ID in OrthoList (http://www.greenwaldlab.org/ortholist/). C. elegans strains available 

for order from the Caenorhabditis Genetics Centre (CGC) and/or the National BioResource Project 

(NBRP) were prioritised for investigation. Using information gathered from WormBase, CGC, NBRP 

and a literature review, mutants were excluded if they were lethal, sterile or uncoordinated. Thus, 

we filtered for candidates best suited to investigation in the food lawn based assay. The 

prioritised C. elegans mutant strains for study can be found in Table 2.1. Genes were ascribed to 

one of five functional categories: synaptic, neuronal, cell signalling, epigenetic modifiers and 

phospholipid metabolism based on their function described by UniProtKB 

(https://www.uniprot.org/uniprot/). Genes described as having a role in synaptic transmission, 

structure, activity or plasticity were categorised as ‘synaptic’. Genes with a role in neuronal 

excitability or adhesion were categorised as ‘neuronal’. Genes described as having a predominant 

role in cell signalling pathways were categorised as ‘cell signalling’. Genes with a role in 

transcriptional regulation or chromatin remodelling were categorised as ‘epigenetic modifier’. The 

gene MBOAT7 is described as functioning in phospholipid metabolism and so was categorised as 

‘phospholipid metabolism’.  
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Table 2.1 Summary of human genes prioritised for study in C. elegans mutant strains 

Human Gene Gene name Protein 
function 

C. elegans 
orthologue 

Allele Strain name Outcrossed Mutation Mutation 
effect 

Behavioural 
phenotype 

Gene expression 

Synaptic 

GRIA1 Glutamate 
ionotropic 

receptor AMPA 
type subunit 1 

Glutamate 
receptor 

glr-1 n2461 KP4 4 Nonsense 
mutation in 
codon 807 

(Hart, Sims and 
Kaplan, 1995) 

LOF (Hart, 
Sims and 

Kaplan, 1995) 

Defective local 
search 

behaviour 
(Chalasani et 

al., 2016) 

AVA,AVB, 

AVD,AVE, 

PVC,AIB,RMD, 

RIM,SMD,AVG 

PVQ,URY, RIS, AVJ, 
DVC, RME, RIG 
(Hart, Sims and 
Kaplan, 1995) 

glr-2 tm669 FX00669 0 Complex 
substitution1 

Unpublished Enhanced 
gustatory 
plasticity 
(Hukema, 

Rademakers 
and Jansen, 

2008) 

AVA,AVD,AVE 

PVC,RMDV, 

RMDD,AIA, 

AIB,AVG,RIG, 

RIA,M1 (Brockie et 
al., 2001) glr-2 ok2342 RB1808 0 Deletion1 Unpublished Unknown 
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Human Gene Gene name Protein 
function 

C. elegans 
orthologue 

Allele Strain name Outcrossed Mutation Mutation 
effect 

Behavioural 
phenotype 

Gene expression 

GRIN2B Glutamate 
Ionotropic 

Receptor NMDA 
Type Subunit 2B 

NMDA 

receptor 

nmr-2 ok3324 VC2623 1 Deletion1 LOF 
(Schmeisser, 

Fardghassemi 
and Parker, 

2017) 

Reduced 
swimming 

locomotion 
(Schmeisser, 

Fardghassemi 
and Parker, 

2017) 

AVA,AVD,AVE, 

RIM,AVG, PVC 
(Brockie et al., 

2001) 

nmr-2 tm3785 FX03785 0 Deletion1 LOF (Lemieux 
et al., 2015) 

Impaired 
learning (Vohra 

et al., 2017) 

NLGN3 Neuroligin 3 Synaptic 
adhesion 

nlg-1 ok259 VC228 6 Deletion  to 
half of 

cholinesterase-
like domain 

and TMD 
(Hunter et al., 

2010) 

Null (Hunter et 
al., 2010) 

Reduced 
spontaneous 

reversals 
(Hunter et al., 

2010) 

Reduced 
pharyngeal 

pumping 
(Calahorro et 

al., 2019) 

VA,DA,AIY, 

URB,URA, 

PVD,HSN,ADE,URX, 
AVJ, ALA (Hunter 

et al., 2010; 
Calahorro et al., 

2019) 
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Human Gene Gene name Protein 
function 

C. elegans 
orthologue 

Allele Strain name Outcrossed Mutation Mutation 
effect 

Behavioural 
phenotype 

Gene expression 

NRXN1 Neurexin 1 Synaptic 
adhesion 

nrx-1 ds1 SG1 3 Deletion in the 
long nrx-1 

isoform 
(Philbrook et 

al., 2018) 

Unpublished Unknown 

Nervous system, 
GABAergic 

neurons (Maro et 
al., 2015; Haklai-

Topper et al., 
2011) 

nrx-1 tm1961 FX01961 0 Deletion in the 
long nrx-1 

isoform 
(Philbrook et 

al., 2018) 

Truncated 
protein 

(Calahorro and 
Ruiz-Rubio, 

2013) 

Deficient 
gentle touch 

response 
(Calahorro and 

Ruiz-Rubio, 
2013) 

PTCHD1 Patched domain 
containing 1 

Synaptic 
receptor 

ptr-5 gk472 VC1067 0 Deletion1 Unpublished Unknown 
Unknown 

SHANK2/3 SH3 and multiple 
ankyrin repeat 

domains 

Synaptic 

scaffold 

shn-1 ok1241 RB1196 0 Deletion  
covering PDZ 
domain and 
proline rich 
motif (Oh et 

al., 2011) 

LOF (Oh et al., 
2011) 

None reported 
(Oh et al., 

2011) 

Widely expressed 
(Jee et al., 2004) 

shn-1 gk181 VC376 0 Deletion  
covering most 
of ANK repeat 
and entire PDZ 
domain (Oh et 

al., 2011) 

LOF (Oh et al., 
2011) 

Unknown 
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Human Gene Gene name Protein 
function 

C. elegans 
orthologue 

Allele Strain name Outcrossed Mutation Mutation 
effect 

Behavioural 
phenotype 

Gene expression 

SLC6A1 Solute carrier 
family 6 member 

1 

GABA 
transporter 

snf-11 ok156 RM2710 6 Deletion 
(Mullen et al., 

2006) 

Putative null 
(Mullen et al., 

2006) 

None reported 
(Mullen et al., 

2006) 

AVL,RIBR,ALA, 

RIBL,GLRV, 

RME,AVF,EF1, 

EF2,EF3,EF4, 

Body wall muscle 
(Gendrel, Atlas and 

Hobert, 2016) 

snf-11 tm625 FX00625 0 Deletion and 
insertion 

(Mullen et al., 
2006) 

Putative null 
(Mullen et al., 

2006) 

Unknown 

SYNGAP1 Synaptic Ras 
GTPase activating 

protein 1 

Ras GTPase 
activating 

protein 

gap-2 tm748 JN147 0 Complex 
substitution1 

LOF (Gyurko et 
al., 2015) 

No effect on 
body bends 

(Gyurko et al., 
2015) 

Widely expressed 
(Gyurko et al., 

2015) 
gap-2 ok1001 VC680 0 Complex 

substitution1 
Unpublished Unknown 

 

Neuronal 

CACNA1H Calcium voltage-
gated channel 

subunit Alpha1 H 

Calcium 

channel 

cca-1 ad1650 JD21 7 Deletion 
(Steger et al., 

2005) 

LOF (Steger et 
al., 2005) 

Reduced 
pharyngeal 

pumping 
(Steger et al., 

2005) 

Pharyngeal 
muscle, neurons in 
pharynx and VNC 

(Steger et al., 
2005) 
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Human Gene Gene name Protein 
function 

C. elegans 
orthologue 

Allele Strain name Outcrossed Mutation Mutation 
effect 

Behavioural 
phenotype 

Gene expression 

CNTN4 Contactin 4 Axonal 

adhesion 

rig-6 ok1589 VC1125 0 Deletion 
(Katidou, 

Tavernarakis 
and 

Karagogeos, 
2013) 

Hypo-morphic 
(Katidou, 

Tavernarakis 
and 

Karagogeos, 
2013)  

None reported 
(Katidou, 

Tavernarakis 
and 

Karagogeos, 
2013) 

Widely expressed 
in nervous system 

(Schwarz et al., 
2009) 

rig-6 gk376 VC884 0 Deletion-
knocks down 
expression of 
isoform a only 

(Katidou, 
Tavernarakis 

and 
Karagogeos, 

2013) 

Hypo-morphic 
(Katidou, 

Tavernarakis 
and 

Karagogeos, 
2013) 

Unknown 

Cell signalling 

DYRK1A Dual specificity 
tyrosine 

phosphorylation 
regulated kinase 

1A 

Protein kinase 

 

hpk-1 pk1393 EK273 6 Deletion to 
most of kinase 
domain (Das et 

al., 2017) 

Null (Das et 
al., 2017) 

Reduced 
lifespan (Das et 

al., 2017) 

Gonad, nervous 
system – not 

otherwise 
specified (Das et 

al., 2017) 
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Human Gene Gene name Protein 
function 

C. elegans 
orthologue 

Allele Strain name Outcrossed Mutation Mutation 
effect 

Behavioural 
phenotype 

Gene expression 

   mbk-1 pk1389 EK228 6 Deletion to 
most of kinase 
domain (Mack 

et al., 2017) 

Putative null 
(Mack et al., 

2017) 

Reduced 
lifespan (Mack 

et al., 2017) 

Somatic tissue, not 
otherwise 

specified (Raich et 
al., 2003) 

mbk-1 ok402 RB677 0 Unknown Unknown Reduced 
swimming 

locomotion 
(Schmeisser, 

Fardghassemi 
and Parker, 

2017) 

PTEN Phosphatase and 
tensin homolog 

Protein 
phosphatase 

daf-18 e1375 CB1375 0 Insertion (Ogg 
and Ruvkun, 

1998) 

Reduction of 
function (Ogg 
and Ruvkun, 

1998) 

Chemotaxis 
deficit (Adachi 

et al., 2010) 

Widely expressed 
(Masse et al., 

2005) 

daf-18 ok480 RB712 0 Deletion 
(Brisbin et al., 

2009) 

Putative null 
(Brisbin et al., 

2009) 

Abnormal 
mitotic arrest 

in dauer 
(Fukuyama, 
Rougvie and 

Rothman, 
2006) 

Epigenetic modifiers 
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Human Gene Gene name Protein 
function 

C. elegans 
orthologue 

Allele Strain name Outcrossed Mutation Mutation 
effect 

Behavioural 
phenotype 

Gene expression 

CHD8 Chromodomain 
helicase DNA 

binding protein 8 

Transcription 
factor 

chd-7 gk290 VC606 0 Deletion1 Unpublished Reduced 
swimming 

locomotion 
(Schmeisser, 

Fardghassemi 
and Parker, 

2017) Unknown 

chd-7 gk306 VC676 0 Deletion1 Unpublished Impaired 
habituation 

(McDiarmid et 
al., 2019) 

FOXP1 Forkhead box P1 Transcription 
factor 

fkh-7 gk793 VC1646 0 Deletion1 Unpublished Unknown Widely expressed 
(Feng, Craig and 

Hope, 2012) 

IRF2BPL Interferon 
regulatory factor 
2 binding protein 

like 

Transcription 
factor 

tag-260 ok1339 VC812 0 Insertion1 Putative null 
(De Arras et 

al., 2013) 

Unknown 

Unknown 

KDM6A Lysine-specific 
demethylase 6A 

Histone 
demethylase 

jmjd-3.1 gk387 VC912 0 Deletion1 Unpublished Unknown 

PDA motor neuron 
and Y cell (Zuryn et 

al., 2014) 

jmjd-3.1 gk384 VC936 0 Insertion1 Null (Labbadia 
and 

Morimoto, 
2015) 

Unknown 
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Human Gene Gene name Protein 

function 

C. elegans 

orthologue 

Allele Strain name Outcrossed Mutation Mutation 

effect 

Behavioural 

phenotype 

Gene expression 

KMT5B Lysine 

methyltransferase 

5B 

Transcription 

factor 

set-4 n4600 MT14911 2 Deletion 

(Delaney et 

al., 2017) 

LOF (Delaney et 

al., 2017) 

Deficient 

dauer arrest 

(Delaney et 

al., 2017) 

Nervous system, not 

otherwise specified 

(Delaney et al., 

2017) 

set-4 ok1481 VC997 0 Deletion 

(Delaney et 

al., 2017) 

LOF (Delaney et 

al., 2017) 

Deficient 

dauer arrest 

(Delaney et 

al., 2017) 

SETD2 Histone-lysine N-

methyltransferase 

SETD2 

Transcriptional 

regulation 

met-1 n4337 MT16973 4 Deletion 

(Kreher et al., 

2018) 

LOF (Pu et al., 

2015) 

Sterility at 

25◦C (Kreher 

et al., 2018) 

Broadly expressed 

(Engert et al., 2018) 

met-1 tm1738 FX01738 0 Deletion 

(Kreher et al., 

2018) 

Putative null 

(Kreher et al., 

2018) 

Sterility at 

25◦C (Kreher 

et al., 2018) 
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Human Gene Gene name Protein 

function 

C. elegans 

orthologue 

Allele Strain name Outcrossed Mutation Mutation 

effect 

Behavioural 

phenotype 

Gene expression 

SETD5 Histone-lysine N-

methyltransferase 

SETD5 

Transcriptional 

regulation 

set-26 tm3526 FX03526 0 Deletion1 Putative null 

(Greer et al., 

2014) 

None 

reported 

(Greer et al., 

2014) 

Widely expressed 

(Wang et al., 2018b) 

set-24 n4909 MT16133 0 Unknown Unknown None 

reported 

(Andersen 

and Horvitz, 

2007) 

Germline specific 

(Engert et al., 2018) 

set-9 n4949 MT16426 1 Deletion1 Putative null 

(Greer et al., 

2014) 

None 

reported 

(Andersen 

and Horvitz, 

2007) 

Germline specific 

(Wang et al., 2018b) 
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Human Gene Gene name Protein 
function 

C. elegans 
orthologue 

Allele Strain name Outcrossed Mutation Mutation 
effect 

Behavioural 
phenotype 

Gene expression 

Phospholipid metabolism 

MBOAT7 Membrane bound 
O-acyltransferase 

domain 
containing 7 

Acetyl 
transferase 

mboa-7 ok1028 RB1071 0 Deletion (Lee 
et al., 2012b) 

LOF  (Lee et 
al., 2012b) 

Unknown 

Muscle, vulva, 
intestine (Lee et 

al., 2008) 

mboa-7 gk399 VC942 0 Deletion  (Lee 
et al., 2012b) 

LOF  (Lee et 
al., 2012b) 

Egg laying 
deficit (Lee et 

al., 2008) 

mboa-7 tm3536 FX03536 0 Deletion  (Lee 
et al., 2012b) 

LOF  (Lee et 
al., 2012b) 

Developmental 
defects  (Lee et 

al., 2012b) 

mboa-7 tm3645 FX03645 0 Deletion  (Lee 
et al., 2012b) 

LOF  (Lee et 
al., 2012b) 

Unknown 

Human genes were used to ascribe functional domains. For each human gene the C. elegans orthologue used for investigation is listed and the mutant allele, known 

phenotypes and expression of the gene indicated. LOF stands for loss-of-function. AA stands for amino acids. TMD stands for transmembrane domain. LNS stands for 

laminin-neurexin-sex hormone-binding globulin. References are indicated. 1 http://www.wormbase.org,release WS264, date 19.01.18.
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2.3.2 C. elegans culturing and strains used 

All C. elegans strains were maintained using standard conditions (Brenner, 1974). C. elegans were 

age synchronised by picking L4 hermaphrodites onto a new plate 18 hours prior to behavioural 

assays. Bristol N2 were used as wild-type control. All other strains used can be found in Table 2.1. 

Strains were obtained from either the Caenorhabditis Genetics Center or National BioResource 

Project.  

2.3.3 Food leaving assay 

5cm NGM (nematode growth medium) plates were prepared using a standard protocol (Brenner, 

1974). 50µl of OP50 E.coli at OD600 of 0.8 was gently spotted on the middle of an unseeded plate. 

Approximately 18 hours following this, seven L4+1 day old hermaphrodites were picked onto the 

centre of the bacterial lawn. Plates were then incubated at 20◦C for 24 hours, during this time the 

seven assay worms lay eggs which produces a progeny laden lawn. In all food leaving assays the 

number of food leaving events were counted manually during a 30 minute observation period 

using a binocular dissecting microscope (Nikon SMZ800; X10). A food leaving event was defined as 

when the whole of the worm’s body came off the bacterial food lawn, as previously described 

(Rawsthorne et al., 2020). Following each food leaving assay the % proportion of eggs, L1 and L2 

progeny on the plate was calculated. For all food leaving assays N2 and nlg-1(ok259) animals were 

analysed in parallel to other mutant cohorts. Investigators were blind to the genotypes being 

observed.  

2.3.4 Pre-conditioned food leaving assay 

NGM plates were prepared and seeded as described above. 18 hours after seeding assay plates, 

half were pre-conditioned with progeny using the protocol described previously (Scott et al., 

2017) and the remaining plates were used as matched unconditioned controls. In the 

preconditioned plates 10 gravid adults were picked onto the centre of the bacterial lawn and left 

to lay 150-200 eggs before being picked off. 18 hours after this, for each mutant under 

investigation, seven L4+1 day old hermaphrodites were picked onto the centre of a naïve bacterial 

food lawn. This acts as a matched unconditioned control. Another seven L4+1 day old 

hermaphrodites were picked onto a pre-conditioned bacterial food lawn in which 150-200 eggs 

had developed for 18 hours. The plates were then incubated at 20◦C for 2 hours. Leaving events 

were then observed for 30 minutes as described above. The pre-conditioning of progeny is 

equivalent to a 24 hour naive incubation, with the exception that in a naïve assay adults are L4+2 
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days old and adults in a pre-conditioned assay are L4+1 day old when food leaving events are 

observed. 

2.3.5 Pharyngeal pumping 

Following the measurement of food leaving at the 24 hour time point, feeding behaviour was 

quantified by counting the pharyngeal pumping of three of the seven worms. The worms selected 

for these measurements were on food for the observation period. One pharyngeal pump was 

defined as one cycle of contraction-relaxation of the terminal bulb of the pharyngeal muscle. This 

behaviour was measured for 1 minute using a binocular dissecting microscope (Nikon SMZ800; 

X63) and the pumps per minute for each worm recorded from a single observation (Dallière et al., 

2016).  

2.3.6 Thrashing 

Thrashing analysis was performed on the C. elegans mutants that were investigated in the pre-

conditioned food leaving assay. Using a 24 well plate, 6-7 N2 or mutant worms were picked per 

well containing 500µl of M9 with 0.1% bovine serum albumin and left for 5-10 minutes before 

thrashing was observed. For each worm thrashing was counted for 30 seconds. Each thrash was 

defined as a complete movement through the midpoint of the worm’s body and back. For each 

mutant under investigation N2 control worms were analysed in parallel and at least two separate 

assays were performed. Investigators were blind to the genotypes being investigated.  

2.3.7 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 8 software. Data are expressed as mean 

or mean ±SEM as indicated in the figure legend. Statistical tests and post-hoc analysis is indicated 

in the figure legends. Significance level was set to P<0.05. 

2.4 Results 

2.4.1 Selection of human ASD-associated genes for study using C. elegans social behaviour 

The genetic architecture of autism is complex with over 1,000 genes currently implicated in the 

disorder (De Rubeis et al., 2014). Furthermore, the functional contribution that many of these 

genes make to the behavioural domains implicated in ASD remains unclear. We have created a 

pipeline (Figure 2.1) to select C. elegans orthologues of human ASD-associated genes and that can 

be investigated in a paradigm of social behaviour in the worm.  
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We used SFARI Gene, a growing database which categorises ASD-risk genes based on the strength 

of evidence supporting the association. We prioritised 91 genes ranked by SFARI Gene Archive 

(accessed October 2018) as category 1-high confidence and category 2-strong candidate. Of these 

91 genes, 84% (76/91) had at least one orthologue in C. elegans. A mutant strain was available for 

84% (64/76) of the orthologous genes using the criteria that the mutant strain was available from 

the CGC and/or NBRP. Of these, 43 genes had available mutants that were either lethal, sterile or 

uncoordinated (Figure 2.1). We considered that such phenotypes rendered these mutants 

unsuitable for investigation in the social behaviour assay. On this basis we selected 40 C. elegans 

mutants spanning 21 human ASD-associated genes for further investigation (Table 2.1). The 

human ASD-associated genes were each assigned to a group based upon the functional 

description of the encoded protein in UniProtKB database. The functional groupings were: 

synaptic, neuronal, cell signalling, epigenetic modifiers and phospholipid metabolism. This led to a 

distribution of candidates highlighting 43% as synaptic genes, 33% as epigenetic modifiers, 10% as 

cell signalling, 9% neuronal and 5% phospholipid metabolism (Figure 2.1). 
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Figure 2.1 Prioritisation and categorization of the C. elegans orthologues of prioritised human 

ASD-associated genes. High confidence ASD-associated genes in category 1 and 2 in 

SFARI Gene Archive were input. The pipeline selects human genes which have an 

orthologue in C. elegans which can be studied in an available mutant strain which is 

neither lethal, sterile or uncoordinated. In brackets are the resources used for 

analysis. CGC – Caenorhabditis Genetics Center. NBRP – National BioResource 
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Project. The number of genes analysed using SFARI Gene Archive (https://gene-

archive.sfari.org/, accessed October 2018) are stated. The pie chart indicates the 

percent of the 21 human genes that were placed into five functional groupings. 

2.4.2 Screening mutants using food leaving behaviour identifies ASD-associated genetic 

determinants of social behaviour 

To investigate food leaving behaviour, mutants were picked onto the centre of a bacterial lawn 

and food leaving events were measured after 24 hours. During the 24 hour incubation period the 

adult worms lay eggs which hatch into C. elegans progeny. It has been previously shown that 

progeny-derived social cues mediate a progeny-dependent increase in adult food leaving 

behaviour (Scott et al., 2017). In accordance with previous findings we observed that N2 worms 

left the food lawn after 24 hours at a rate of approximately 0.088 leaving events/worm/minute 

(Figure 2.2). We had previously established a blunted food leaving response for the nlg-1(ok259) 

mutant (Rawsthorne et al., 2020) and this was used as an internal measure in the current assays 

(Figure 2.2).  

Against this backdrop, N2 and nlg-1(ok259) were investigated alongside the selected mutants we 

filtered through following initial selection from the SAFRI Gene database. This comparison 

showed that 23 of the 39 C. elegans mutants showed a mean food leaving rate lower than that of 

nlg-1(ok259) suggesting food leaving impairment (Figure 2.2). Mutants with a reduced food 

leaving phenotype were distributed across the five functional categories we defined suggesting 

genetic disruption within a range of molecular determinants from distinct biological domains may 

contribute to the emergence of C. elegans social behaviour.  

As part of the investigation, where possible, we analysed two or more mutant alleles for a single 

gene (Figure 2.2). For some mutants, for example for gap-2 and rig-6 mutants, the two mutants 

phenocopied one another and showed a food leaving rate similar to that of N2. Interestingly, we 

found two loss-of-function nmr-2 mutants which also phenocopied one another but showed 

significant food leaving impairment (Figure 2.2). In contrast, there were also instances where 

mutant alleles did not phenocopy each other. For example nrx-1 and chd-7 mutants showed one 

mutant allele with impaired food leaving and one with a behavioural response to progeny similar 

to N2 (Figure 2.2).  
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Figure 2.2 Food leaving behaviour of C. elegans mutants after 24 hours on food to investigate 

human ASD-associated genes. A food leaving assay was performed with N2, nlg-

1(ok259) and 39 other C. elegans mutants. Genes are categorised and colour coded 

into different functional domains. The black line indicates the number of leaving 

events/worm/minute for N2 control. The red line indicates the food leaving rate of 

nlg-1(ok259) control. N2 and nlg-1(ok259) n=19. All other mutants n=3-4, where n 

refers to the number of replicates of an individual experiment. Strains were screened 

in batches across different days. Each batch consisted of 4-6 mutant strains and a 

paired wild-type control. Data plotted includes all wild-type controls. All data shown 

as mean ±SEM. Statistical analysis performed using a one-way ANOVA and Dunnetts’s 

multiple comparison test; ns, p>0.05; *, p<0.05; **, p p≤0.01; ***, p≤0.001; ****, 

p≤0.0001. All significance relates to a comparison with N2 control. 
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2.4.3 Impaired social behaviour of mutants is likely a selective response to progeny 

derived social cues 

Previous work has identified the value of investigating additional behaviours that can be scored in 

the observational arena (McDiarmid et al., 2019). In this respect the food leaving assay allows for 

multi-tracking phenotypic analysis including pharyngeal pumping, development and egg laying. In 

the case of pharyngeal pumping and egg laying, this reflects the output of a defined 

neuromodulation and the possible consequence progeny exposure might have on this. In the case 

of development, this provides insight into whether the mutations perturb gross development, a 

useful consideration in a neurodevelopmental disorder.  

After each food leaving assay we quantified the pharyngeal pump rate of the mutants. Pharyngeal 

pumping is modulated via external sensory cues such as food (Li et al., 2012). Therefore, we 

wanted to test whether another sensory regulated behaviour was affected in these mutants. 87% 

of mutants showed no pumping phenotype (Figure 2.3). In fact, the majority of mutants with 

impaired social behaviour (Figure 2.2) had a pumping rate similar to N2 (Figure 2.3). This shows 

that most mutants with reduced food leaving behaviour are largely capable of responding to 

food-dependent sensory cues and co-ordinating normal feeding behaviour. In addition, the cca-

1(ad1650) mutant which showed the most deficient pumping phenotype (Figure 2.3) did not show 

a food leaving phenotype (Figure 2.2), further suggesting that deficits in feeding behaviour are 

unlikely to explain differences in food leaving behaviour.  
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Figure 2.3 Pharyngeal pump rate for C. elegans mutants. After a food leaving assay at 24 hours, 

three worms were chosen at random and their pharyngeal pump rate was counted 

per minute. N2 and nlg-1(ok259) n=57. All other mutants n=9-12, where n refers to 

the number of individual animals investigated. Strains were screened in batches 

across different days. Each batch consisted of 4-6 mutant strains and a paired wild-

type control. Data plotted includes all wild-type controls. The red line indicates 

pumps per minute for N2 control. All data shown as mean ±SEM. Statistical analysis 

performed using a one-way ANOVA and Dunnetts’s multiple comparison test; ns, 

p>0.05; *, p<0.05; **, p≤0.01; ***, p≤0.001; ****, p≤0.0001. All significance relates 

to a comparison with N2 control. 

Next, we measured early development by quantifying the proportion of total progeny that were 

eggs, L1 and L2 progeny 24 hours after introducing 7 L4+1. We used % proportion to normalise for 
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observed variation in the total number of eggs laid. 75% of mutants developed at a similar rate to 

N2 showing that there is no gross early developmental delay (Figure 2.4). Interestingly, whilst 

early development seems to be largely unaffected we noted a larger variation in the egg laying of 

distinct mutants when compared to N2 controls (Figure 2.5). The number of eggs laid by a mutant 

is an important consideration for this assay because the density of progeny populating a food 

lawn is known to influence the food leaving rate of adult worms (Scott et al., 2017). We plotted 

the relationship between the number of progeny produced by a mutant and the food leaving 

behaviour and showed that the two were correlated (Figure 2.6). Interestingly, this applies to the 

nrx-1 and chd-7 mutants for which the two alleles tested resulted in distinct social phenotypes 

(Figure 2.2). In each case the mutant that showed impaired social behaviour (Figure 2.2) also 

produced fewer progeny (Figure 2.5). Producing fewer progeny means adult worms were exposed 

to fewer progeny-derived social cues (Scott et al., 2017) and could explain the low food leaving 

rate seen. The correlation between social behaviour and progeny exposure, and the limited 

disruption seen to the other phenotypes tested, implies that progeny-derived social cues 

selectively affect social behaviour and therefore progeny exposure is an important consideration 

in this type of investigation. 
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Figure 2.4 Percent total eggs and progeny produced by C. elegans mutants at 24 hours. After a 

food leaving assay from naïve food lawns occupied by 7 L4+1, the percent total 

offspring that were eggs, L1 and L2 progeny were quantified. N2 and nlg-1(ok259) 

n=19. All other mutants n=3-4, where n refers to the number of replicates of an 

individual experiment. Strains were screened in batches across different days. Each 

batch consisted of 4-6 mutant strains and a paired wild-type control. Data plotted 

includes all wild-type controls. The black lines indicate % total eggs, % total L1 

progeny and % total L2 progeny for N2 control. Pink asterisks indicate statistical 

difference between mutant and N2 for % total eggs. Blue asterisks indicate statistical 

difference between mutant and N2 for % total L1 progeny. Purple asterisks indicate 

statistical difference between mutant and N2 for % total L2 progeny. All data shown 

as mean ±SEM. Statistical analysis performed using a two-way ANOVA and Tukey’s 
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multiple comparison test; ns, p>0.05; *, p<0.05; **, p≤0.01; ***, p≤0.001; ****, 

p≤0.0001. 

 

Figure 2.5 Proportion of eggs and progeny produced by C. elegans mutants after 24 hours. After 

a food leaving assay the number of eggs and progeny produced after 24 hours was 

counted. N2 and nlg-1(ok259) n=19. All other mutants n=3-4, where n refers to the 

number of replicates of an individual experiment. Strains were screened in batches 

across different days. Each batch consisted of 4-6 mutant strains and a paired wild-

type control. Data plotted includes all wild-type controls. The black line indicates the 

total number of eggs and progeny produced by N2 control. All data shown as mean 

±SEM. Statistical analysis performed using a two-way ANOVA and Dunnetts’s multiple 

comparison test; ns, p>0.05; *, p<0.05; **, p≤0.01; ***, p≤0.001; ****, p≤0.0001. All 
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significance relates to the total number of eggs and progeny produced in comparison 

with N2 control. 

 

Figure 2.6 Correlation between food leaving behaviour of C. elegans mutants and progeny 

production during food leaving assay. The percent food leaving rate and progeny 

produced for each C. elegans mutant was calculated in comparison to N2. N2 and 

nlg-1(ok259) n=19. All other mutants n=3-4, where n refers to the number of 

replicates of an individual experiment. All data shown as mean. Statistical analysis 

performed using Pearson correlation coefficient. 

2.4.4 Exposure to N2 progeny selectively modulates social behaviour in a number of 

mutants 

Those strains which produced few progeny confound the assessment of the reduced food leaving 

behaviour as the response is dependent on the density of progeny populating the food lawn 

(Scott et al., 2017). This was addressed by testing the food leaving behaviour of 30 mutants in 

response to an experimentally controlled number of N2 progeny. This used a pre-conditioning 

approach in which N2 progeny pre-populate the lawn and precondition them by mimicking the 

progeny population that emerge in the first food leaving assay. These assays allow the acute 

effect of progeny exposure on food leaving behaviour to be investigated. This secondary screen 

focussed on mutants that showed a mean food leaving rate lower than that of nlg-1(ok259) in at 

least one allele tested (Figure 2.2). Thus, we directly tested the veracity of mutants that emerge 

from the first screen and explicitly address the potential confound of reduced progeny number. 

For each mutant we performed a paired experiment in which mutant food leaving was measured 

on a naïve, unmatched control, plate containing OP50 and a preconditioned plate that incubated 

140-200 eggs for 24 hours before introducing 7 L4+1 adults. In accordance with previous findings, 
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N2 adults showed enhanced food leaving in response to progeny and this response was blunted in 

the nlg-1(ok259) adults exposed to pre-loaded N2 progeny (Figure 2.7). 

 

Figure 2.7 Food leaving behaviour of C. elegans mutants in the absence of progeny and 

exposure to N2 progeny. A food leaving assay was performed with N2, nlg-1(ok259) 
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and 30 other C. elegans mutants on naïve and pre-conditioned food lawns. A naïve 

lawn contains no progeny whereas a pre-conditioned food lawn contains ~150-200 

N2 progeny.  The red line indicates the food leaving rate of N2 naïve control. The 

black line indicates the food leaving rate of the N2 pre-loaded control. Data shown as 

mean ±SEM. N2 and nlg-1(ok259) n=16. All other mutants n=3-4, where n refers to 

the number of replicates of an individual experiment. Strains were screened in 

batches across different days. Each batch consisted of 4-6 mutant strains and a 

paired wild-type control. Data plotted includes all wild-type controls. Statistical 

analysis performed using a two-way ANOVA and Sidak’s multiple comparison test; ns, 

p>0.05; p ≤0.001****. 

Analysis of mutants in response to pre-loaded N2 progeny revealed a number of mutants which 

left infrequently on both naïve and pre-conditioned food lawns, showing little progeny-enhanced 

food leaving (Figure 2.7). We reasoned that the low food leaving rate of these mutants could be 

explained by locomotory deficits. To address this, we performed a thrashing assay to assess the 

innate movement ability of the mutants. 12 of the 31 mutants tested showed minor disruption to 

thrashing behaviour (Figure 2.8A). For the majority of mutants thrashing did not predict food 

leaving phenotype. For example, nlg-1(ok259) and set-4 mutants showed deficits in food leaving 

behaviour (Figure 2.7) without any impairment to thrashing (Figure 2.8A). Furthermore, four 

mutants of the mboa-7 gene all showed impaired progeny-induced food leaving behaviour with 

only one of these mutants having reduced thrashing (Figure 2.8A). The bioinformatic pipeline 

filtered out mutant strains deficient in gross motility. In addition, we investigated the association 

between thrashing and food leaving behaviour and identified that there is a correlation between 

these behaviours (Figure 2.8B). This suggests that, whilst there are examples of mutants that have 

impaired food leaving in the absence of a thrashing phenotype, we cannot discount more subtle 

motility defects contributing to the summed food leaving response. The social impairment we 

observed in mutants suggests that a variety of genes may act as molecular determinants of social 

behaviour. Interestingly, these genes were part of synaptic, cell signalling, epigenetic modifier and 

phospholipid metabolism categories. This highlights that molecular determinants from these 

biological domains may be important for the emergence of social behaviour.  
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Figure 2.8 Thrashing behaviour of C. elegans mutants compared to N2. (A) 5-10 minutes after 

being picked into liquid medium, C. elegans thrashing behaviour was measured for 

30 seconds per worm. The black line indicates the thrashes/30s of N2 control. All 

data shown as mean ±SEM. Statistical analysis performed using a one-way ANOVA 
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and Dunnetts’s multiple comparison test; ns, p>0.05; *, p<0.05; ***, p≤0.001; ****, 

p≤0.0001. All significance relates to a comparison with N2 control. (B) Correlation 

between thrashing (Figure 2.8A) and food leaving behaviour on N2 pre-loaded food 

lawns (Figure 2.7). The percent thrashing rate and food leaving rate on N2 pre-loaded 

food lawns for C. elegans mutants was calculated in comparison to N2.  N2 is 

indicated by the datapoint coloured in blue. All data shown as mean. Statistical 

analysis performed using Pearson correlation coefficient. For thrashing experiments 

N2 n=88. All other mutants n=10-13, where n refers to the number of individual 

animals investigated. Strains were screened in batches across different days. Each 

batch consisted of 3-8 mutant strains and a paired wild-type control. For food leaving 

assays N2 and nlg-1(ok259) n=16. All other mutants n=3-4, where n refers to the 

number of replicates of an individual experiment. Strains were screened in batches 

across different days. Each batch consisted of 4-6 mutant strains and a paired wild-

type control. 

The comparison of behaviour on naïve and pre-conditioned lawns also allowed for the analysis of 

egg laying behaviour in response to progeny. We quantified the number of eggs laid by each 

mutant on naive and pre-conditioned food lawns after each food leaving assay. Interestingly, all 

mutants laid the same number of eggs on naïve and pre-conditioned food lawns (Figure 2.9). This 

shows that progeny exposure modulates food leaving behaviour and not egg laying. This 

therefore suggests that the circuit which integrates progeny cues to sculpt food leaving motility is 

independent of egg laying behaviour which is modulated by other environmental cues.  
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Figure 2.9 The number of eggs laid is unchanged in the presence of progeny. After a food 

leaving assay the number of eggs laid was quantified. The black line indicates the 

number of eggs laid by N2 control. All data shown as mean ±SEM. N2 and nlg-

1(ok259) n=16. All other mutants n=3-4, where n refers to the number of replicates 

of an individual experiment. Strains were screened in batches across different days. 

Each batch consisted of 4-6 mutant strains and a paired wild-type control. Data 

plotted includes all wild-type controls. Statistical analysis performed using a two-way 

ANOVA and sidak’s multiple comparison test. No significance was identified when 

comparing eggs laid on a naïve and pre-loaded food lawn for each strain. 
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Overall, starting with 91 human ASD-associated genes we used criteria based filtering to define 21 

candidate genes for analysis using a C. elegans social paradigm. An initial screen of social 

behaviour in response to progeny produced over 24 hours indicated 23 mutants with a reduced 

food leaving phenotype. We then confirmed the veracity of this phenotype using a progeny pre-

conditioned food leaving approach and identified mutants that showed a socially impaired 

phenotype. The limited disruption in other phenotypes tested for these mutants suggests that 

reduced food leaving is a selective social impairment in response to progeny-derived social cues. 

Identification of these mutants highlights genetic determinants that appear to play a role in social 

behaviour and also suggests that a number of biological domains (synaptic, cell signalling, 

epigenetic modification and phospholipid metabolism) are important for the co-ordination of 

social behaviour.  

2.5 Discussion 

ASD is characterised by a triad of behavioural impairments including neuro-atypical behaviour in 

the social domain (Faras, Al Ateeqi and Tidmarsh, 2010). Individuals with ASD have also been 

shown to produce altered behavioural responses to a range of chemosensory cues such as 

olfactory, tactile and gustatory cues (Marco et al., 2011; Bennetto, Kuschner and Hyman, 2007). 

Multi-sensory processing deficits identified in ASD highlights the importance of sensory 

integration at a circuit level (Stevenson et al., 2014b) however, it is still unclear how disruption 

within neural circuits evoke a modified behavioural output. Recent experiments have highlighted 

the value of investigating molecular determinants of ASD in the context of defined integrative 

circuits to try and understand more precisely how disruption within these circuits underpins the 

phenotypes associated with ASD (Kim, Lim and Kaang, 2016; Golden, Buxbaum and Rubeis, 2018; 

McDiarmid et al., 2019; Calahorro et al., 2019). Approaches, such as these, that better resolve the 

underlying mechanisms should facilitate pharmacological treatment of ASD and other 

neuropsychiatric disorders (Sahin and Sur, 2015).  

ASD is known to have a complex genetic architecture, with hundreds of genes with varying 

penetrance implicated in its aetiology (De Rubeis and Buxbaum, 2015). Although the genetic basis 

is well documented the functional contribution which many of the genes make to the behavioural 

domains associated with ASD is unclear. Animal models have begun to understand genetic 

contribution in autism (Crawley, 2012). The analysis of single, high penetrant, variants is becoming 

increasingly well refined with the use of animal social behaviours. Use of social behaviours 

underpinned by discrete neural circuits has helped establish the role of some ASD-associated 

genes in the social domain (Rawsthorne et al., 2020; Silverman et al., 2010). However, the analysis 

of common, low penetrant, variants is more complex. Additive effects from polygenic interaction 
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of multiple common variants contributes to widespread disruption at distinct levels of the 

biological system which is expressed as an emergent behaviour (Iakoucheva, Muotri and Sebat, 

2019).  

C. elegans have been used in targeted single gene approaches and in screens of ASD-associated 

genes to provide valuable insight into the role of some genes in sensory processing, development 

and learning phenotypes (McDiarmid et al., 2019; Calahorro, Alejandre and Ruiz-Rubio, 2009). 

Recently we have shown the utility of using a social behavioural paradigm in C. elegans to 

investigate a single ASD-associated gene (Rawsthorne et al., 2020). This paradigm is based on 

inter-organismal signalling by use of chemosensory social cues which results in a progeny-induced 

food leaving phenotype (Scott et al., 2017). In this study we have used this social paradigm in a 

screen of ASD-associated genes and identified gene candidates with a role in C. elegans social 

behaviour.   

We created a pipeline to prioritise human genes for investigation using C. elegans social 

behaviour. The pipeline identified 84% of the ASD genes ranked in categories 1 and 2 by SFARI 

have an orthologue in C. elegans. In general, the rate of conservation between the human and C. 

elegans genomes is 53% (Shaye and Greenwald, 2011) and suggests an enriched conservation of 

ASD genes between humans and C. elegans. A large proportion of the orthologous genes had 

known developmental phenotypes and were not selected for further analysis in this study. The 

analysis of such genes has the potential to provide broader insight into other neuropsychiatric 

disorders, such as schizophrenia given the overlap of risk genes between this disorder and ASD 

and the shared neurodevelopmental component of these two conditions. We selected 21 human 

genes for investigation using 40 C. elegans mutant orthologues. Similarities between our 

prioritisation strategy and those used in previous C. elegans studies resulted in the iterative 

selection of some well-studied ASD-associated genes such as neuroligin and neurexin (Schmeisser, 

Fardghassemi and Parker, 2017; McDiarmid et al., 2019). Our study is distinct from others 

because we biased our gene filtering approach to select for C. elegans mutants that were 

appropriate for analysis of social behaviour using a pre-conditioned food leaving approach. We 

were selective in choosing mutants appropriate for our behavioural analysis, for example the 

exclusion of overt locomotory mutants due to their possible confounding effect on food leaving 

motility. 

We used a single point analysis focused on progeny induced food leaving from which we also 

analysed pharyngeal pumping, early development and egg laying capabilities in response to 

progeny derived social cues. We identified a number of mutants with an altered behavioural 

response to progeny populating a food lawn providing evidence that C. elegans are capable of 
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modelling disruption to an emergent behaviour in response to mutation to an ASD-associated 

gene. Where possible more than a single variant for a particular gene of interest was tested. 

Whilst in the majority of cases there was concordance in the behavioural output of variants, there 

were some exceptions and this may reflect differences in the number of times strains were 

outcrossed and potential differences in genetic backgrounds. Refined parametrization of the sub-

behaviour that underpins the food leaving behaviour, combined with precise genetic lesion will 

facilitate the systematic testing of alleles with equivalence to human mutations (Rawsthorne et 

al., 2020). 

Movement in liquid has been used in other studies to screen ASD-associated genes (Schmeisser, 

Fardghassemi and Parker, 2017). Our analysis of thrashing in mutants identified that this type of 

locomotory assay does not accurately predict an impaired food leaving behaviour and does not 

serve as a surrogate for the more complex integrative progeny-induced social behaviour 

phenotype. This highlights our behavioural screen as a unique platform which is selectively tuned 

to identify genetic determinants with a role in social circuits, that when disrupted could appear 

phenotypically normal in thrashing behaviour.  

The candidates that we identified as having a role in social behaviour are orthologues of human 

genes that range in function including synaptic, cell signalling and epigenetic modification. Genes 

disrupted in each of these domains are known to contribute to ASD (Guang et al., 2018; 

Rylaarsdam and Guemez-Gamboa, 2019). Therefore, the genes that emerge from our screen are 

representative of the main functional domains disrupted in autism. Our screen has therefore 

produced a diverse list of candidate genes that can be used to interrogate the systems level 

disruption that evokes modified behavioural output in ASD. Previous work has focused largely on 

locomotory and morphological readouts of altered behavioural phenotypes (Schmeisser, 

Fardghassemi and Parker, 2017; Wong et al., 2019; McDiarmid et al., 2019) whereas our approach 

facilitates the identification of candidate genes with a role in a more complex, sensory regulated, 

emergent behaviour which more closely resembles the social domain disrupted in autism. 

Identification of candidates using this approach therefore provides a benchmark from which the 

social circuit can be further dissected (Macosko et al., 2009).  

We identified five synaptic genes, nlg-1, nrx-1, shn-1, glr-1 and nmr-2, with a role in coordinating 

progeny-induced social behaviour. In the mammalian nervous system, NLGN, NRXN and SHANK’s 

interaction at the synapse is well established and dysfunction to all three genes has been widely 

implicated in ASD (Sudhof, 2008). Synaptic scaffolds including SHANK are known to interact with 

receptors such as AMPA and NMDA to help regulate the ion channel composition at the synapse 

(Sheng and Kim, 2011). This provides evidence that this assay for social interaction identifies 
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behavioural disruption in orthologues of genes that function together at mammalian synapses. 

The role of these mammalian genes in nervous system function and/or synaptic transmission are 

functionally conserved in C. elegans (Hart, Sims and Kaplan, 1995; Maro et al., 2015; Oh et al., 

2011; Tong et al., 2017; Maricq et al., 1995; Kano et al., 2008). This means that we can resolve 

singular determinants with the potential to unpick genes that encode dysfunctional interactions. 

This raises the opportunity to model the polygenic nature of ASD (Iakoucheva, Muotri and Sebat, 

2019; McDiarmid et al., 2019; Buddell et al., 2019; Genç et al., 2020; Sledziowska, Kalbassi and 

Baudouin, 2020). 

Previous scaled use of assays to investigate ASD-associated genes in C. elegans used strategies to 

prioritise genes before behavioural analysis (Schmeisser, Fardghassemi and Parker, 2017; Wong et 

al., 2019; McDiarmid et al., 2019). The outcome of these studies resulted in an incomplete 

overlap of some genes investigated in our study. We made a comparison between C. elegans 

mutants that emerged from our study with an impaired social phenotype to mutants that have 

emerged from previous studies as having impaired movement and habituation phenotypes 

(Schmeisser, Fardghassemi and Parker, 2017; McDiarmid et al., 2019). However, the vast majority 

of mutants that we identified with behavioural impairment are unique to this study. For example, 

shn-1(gk181) and set-9(n4949) show impaired social behaviour in response to progeny, whilst 

appearing grossly wild-type for the other phenotypes we tested. In addition these mutants do not 

show a behavioural phenotype in movement or habituation behaviour when investigated in 

previous studies (Schmeisser, Fardghassemi and Parker, 2017; McDiarmid et al., 2019). This 

highlights that the emergent behaviour we have used reveals genes that are missed when they 

emerge from the bioinformatic pipeline. This makes the case that applying a lower throughput 

observer based assay will refine previous efforts to model the functional impact of genes 

implicated in ASD.  

The emergent behaviour that we have used is a complex, sensory integrative behaviour. 

Habituation learning is another complex behaviour in C. elegans that has been investigated in a 

previous screen of ASD-associated genes (McDiarmid et al., 2019). Therefore, we wanted to 

identify whether there was overlap in mutants with behavioural impairment in two distinct 

complex behavioural phenotypes. We made a comparison of mutants that we had identified as 

having a social impairment to mutants that have been shown to have a habituation phenotype 

(McDiarmid et al., 2019). We identified four synaptic mutants, nlg-1(ok259), nrx-1(ds1), glr-

1(n2461) and nmr-2(ok3324), which have impaired social behaviour and have also been shown to 

have a habituation phenotype. This suggests that these genes may have a role in coordinating 

more than one complex sensory-regulated behaviour in C. elegans. This may also suggest that a 

key role of synaptic genes is in coordinating higher behaviours in C. elegans. With this in mind it 
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would be interesting to extend the analysis of mutants with habituation impairment and screen 

them for social deficits. Our approach lends itself to the identification of complex behavioural 

deficits and so would be valuable in this analysis to further understand if there is an over-

representation of synaptic genes in complex sensory integrative phenotypes.   

In addition to highlighting the important contribution of synaptic, cell signalling and epigenetic 

genes, we identify a gene involved in phospholipid metabolism that appears to play a role in 

progeny-induced social behaviour. mboa-7 is a lysoPI acetyltransferase which is important in the 

regulation of phospholipid membranes (Lee et al., 2008) and cell signalling (Lee et al., 2012b) in C. 

elegans. In mammals, the regulation of membrane composition is important for cellular 

processes, signalling and nervous system function (Volpatti et al., 2019; Raghu et al., 2019). 

Studies of the MBOAT7 orthologue in mice suggest it may function in brain development (Lee et 

al., 2012a), however this gene is comparatively less well studied than other ASD-associated genes 

for its functional contribution to the disorder. Therefore, the identification of this gene with a role 

in progeny-induced social behaviour highlights how this study enriches the understanding of the 

molecular determinants of social behaviour from underrepresented genes in autism.  

In conclusion, investigation of ASD-associated orthologues in C. elegans identified genes from a 

number of candidates implicated in ASD that disrupt social behaviour in the worm. Identification 

of these genes highlights how this assay might be used in quantitative approaches that can probe 

the single (Rawsthorne et al., 2020) and polygenic nature of ASD and its underpinning genetic 

architecture (McDiarmid et al., 2019). The robust nature of this assay provokes a better detailing 

of the cellular and circuit dependence of this social interaction. Guided by the cellular 

determinants of behaviour, investigation can extend to probe the polygenic nature of ASD and 

take a similar approach in other psychiatric diseases that have significant consequences for 

behavioural traits in the social domain (St Pourcain et al., 2018; Barak and Feng, 2016). 
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3.1 Abstract 

Autism spectrum disorder (ASD) is characterised by a triad of behavioural impairments including 

social behaviour. Neuroligin, a trans-synaptic adhesion molecule, has emerged as a penetrant 

genetic determinant of behavioural traits that signature the neuro-atypical behaviours of autism. 

However, the function of neuroligin in social circuitry and the impact of genetic variation to this 

gene is not fully understood. Indeed, in animal studies designed to model autism there remains 

controversy regarding the role of neuroligin dysfunction in the expression of disrupted social 

behaviours. The model organism, C. elegans, offers an informative experimental platform to 

investigate the impact of genetic variants on social behaviour. In a number of paradigms it has 

been shown that inter-organismal communication by chemical cues regulates C. elegans social 

behaviour. We utilise this social behaviour to investigate the effect of autism associated genetic 

variants within the social domain of the research domain criteria. We have identified neuroligin as 

an important regulator of social behaviour and segregate the importance of this gene to the 

recognition and/or processing of social cues. We also use CRISPR/Cas9 to edit an R-C mutation 

that mimics a highly penetrant human mutation associated with autism. C. elegans carrying this 

mutation phenocopy the behavioural dysfunction of a C. elegans neuroligin null mutant, thus 

confirming its significance in the regulation of animal social biology. This highlights that 

quantitative behaviour and precision genetic intervention can be used to manipulate discrete 

social circuits of the worm to provide further insight to complex social behaviour. 

3.2 Introduction 

Autism spectrum disorder (ASD) is a pervasive developmental disorder (Baio et al., 2018). It is 

clinically characterised by a triad of neuro-atypical behaviours that include impaired verbal 

communication, repetitive behaviours and impaired social interactions. Sensory processing 

deficits span across the autism spectrum (Sharma, Gonda and Tarazi, 2018). For example, 

recognition of social cues and multi-sensory integration of those cues are often impaired (Sharma, 

Gonda and Tarazi, 2018; Endevelt-Shapira et al., 2018). There is a strong genetic association in 

ASD with hundreds of genes implicated in the disorder (De Rubeis et al., 2014). Many of these 

genes encode synaptic proteins (Bourgeron, 2015; Giovedi et al., 2014; Pinto et al., 2014), 

suggesting that synaptic dysfunction underpins the expression of ASD-associated neuro-atypical 

behaviours (Bourgeron, 2015). However, it is still unclear how genetic variants lead to changes in 

neural circuits that result in the spectrum of characteristics that are represented in individuals 

with a recognizable ASD diagnosis. The role of individual genes and the wider complex interaction 

between polygenic loci make the genetic architecture of ASD complex. This complexity requires 
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investigation that will ultimately delineate the weight of contribution in genetic backgrounds that 

range from a single penetrant gene to ones with multiple common variants at multiple loci 

(Huguet, Ey and Bourgeron, 2013). 

One of the synaptic proteins that have been implicated in ASD is neuroligin (NLGN). NLGN is a 

post-synaptic cell adhesion protein which aids the stabilisation of synaptic function (Sudhof, 

2008). One highly penetrant variation which has been shown to affect the NLGN3 gene of autistic 

individuals is the R451C mutation (Jamain et al., 2003). This missense variant causes a substitution 

of arginine for cysteine in the extracellular domain of NLGN3 which leads to its misfolding and 

failure to traffic to the cell surface. It has been suggested that the R451C mutation may result in a 

loss-of-function and disruption of synaptic function and plasticity within a number of central 

neural circuits (Etherton et al., 2011). Despite broad investigation it remains unclear as to how 

penetrant this mutation and further neuroligin mutants are in disrupting social behaviour in 

animal models. There have been differing reports of disrupted social behaviour in mice where the 

mutation has been introduced into strains with different genetic backgrounds (Chadman et al., 

2008; Tabuchi et al., 2007). 

The model organism, Caenorhabditis elegans, is a good experimental platform to investigate the 

effect of ASD-associated genetic variants. C. elegans facilitate systems level analysis due to their 

genetic tractability, simple nervous system and gene homology to humans (Kaletta and 

Hengartner, 2006; Sonnhammer and Durbin, 1997). Included within this is the conservation of 

genes involved in synapse maturation and function (Hobert, 2013; Bargmann, 1998; Cherra and 

Jin, 2015). C. elegans encode a single orthologue of mammalian NLGN3 called nlg-1, which has 

been shown to share key structural and functional domains with the human protein (Calahorro 

and Ruiz-Rubio, 2012; Hunter et al., 2010). This conservation is reinforced by observations 

showing human NLGN is able to provide functional rescue of a nlg-1 deficiency in C. elegans 

(Calahorro and Ruiz-Rubio, 2012). 

In order to investigate the potential function of nlg-1 within the social domain, we have utilised a 

paradigm of inter-organismal communication between C. elegans and progeny. The effect of 

chemosensory stimuli on worm behaviour can be investigated using an assay in which the 

propensity of an adult worm to leave its food source, a bacterial lawn, is monitored over time. 

This food leaving assay scores food leaving events in which each event is defined as an occasion 

when the whole of the worm’s body comes off food. This is a behavioural output which can be 

modulated in response to different cues (Shtonda and Avery, 2006). For example, when exposed 

to ad libitum source of food, C. elegans will remain on the food lawn and perform infrequent food 

leaving events (Shtonda and Avery, 2006). However, an increase in the number of progeny 
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populating an otherwise replete food lawn causes a population-dependent increase in food 

leaving events of adult worms. This progeny induced leaving is not observed in a daf-22 loss-of-

function mutant (Scott et al., 2017) showing that offspring produced ascaroside pheromones 

modulate adult behaviour. This suggests that inter-organismal signalling from progeny to parents 

on food replete lawns provides a quantifiable behaviour to investigate the genetic determinants 

of social circuits (Scott et al., 2017). 

We use this assay to show that the ASD-associated gene, NLGN, is an important determinant in 

regulating C. elegans social circuitry. We identify that a genetic change that models the human 

R451C phenocopies the functional null. In doing this, we facilitate further insight into the genetic 

underpinnings of social behaviour, a key diagnostic Research Domain Criteria in autism and other 

psychiatric disorders (https://www.nimh.nih.gov/research/research-funded-by-

nimh/rdoc/index.shtml).  

3.3 Materials and Methods 

3.3.1 C. elegans culturing and strains used 

All C. elegans strains were maintained using standard conditions (Brenner, 1974). C. elegans were 

age synchronised by picking L4 day old hermaphrodites onto a new plate 18 hours prior to the 

behavioural assay. Strains used: Bristol N2; VC228 nlg-1(ok259) X (x6 outcrossed); nlg-1(ok259) X, 

Ex [WRM0610dD09 ; Pmyo-3::gfp] ; nlg-1(ok259) X, Ex [pPD95.77 (Pnlg-1::nlg-1Δ#14); Pmyo-

3::gfp]; nlg-1(ok259) X, Ex [pPD95.77; Pmyo-3::gfp]; CRISPR/Cas9 edited XA3780 nlg-1(qa3780) 

(x2 outcrossed). For transgenic animals, stable lines were selected for behavioural analysis. 

3.3.2 Rescue construct and transgenic methods 

The nlg-1 fosmid, WRM0610dD09, was provided by SourceBioScience. The nlg-1 cDNA rescue 

construct was designed as previously described (Calahorro et al., 2019). Briefly, 2.5kb Pnlg-1 was 

cloned into the pPD95.77 vector. Subsequently, nlg-1 Δ#14 cDNA sequence was fused to Pnlg-1. 

nlg-1 Δ#14 represents an isoform of C. elegans nlg-1 gene that lacks exon 14. This isoform has 

been shown to be the dominantly expressed isoform in adult worms (Calahorro, Holden-Dye and 

O'Connor, 2015), hence we chose this isoform for our rescue experiments in which adult worm 

behaviour would be investigated.  

nlg-1(ok259) L4+1 day old worms were microinjected with nlg-1 fosmid WRM0610dD09 (0.3ng/μl) 

or nlg-1 cDNA rescue plasmid (50ng/μl) and the marker plasmid Pmyo-3::gfp (30ng/μl). Control 

lines were microinjected with marker plasmid Pmyo-3::gfp (30ng/μl). 
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3.3.3 Behavioural assays 

3.3.3.1 Food leaving 

5cm NGM plates were prepared using a standard protocol (Brenner, 1974). Plates were seeded 

with OP50 E.coli as described previously (Scott et al., 2017). 50μl of OP50 E. coli at OD600 of 0.8 

was gently spotted on the middle of an unseeded plate the day prior to the assay. For a naive 

food leaving assay, seven age synchronised L4+1 day old worms were gently picked onto the 

centre of the bacterial lawn on the assay plate. To pre-condition the food lawn, progeny were 

loaded onto the bacterial lawn as previously described (Scott et al., 2017). 10 gravid adults were 

picked onto the bacterial lawn and left to lay 140-200 eggs before being picked off. Approximately 

18-hours following this, seven L4+1 day old worms were picked onto the centre of the bacterial 

lawn. In all food leaving assays the number of food leaving events were counted during 30-minute 

observations at 2-hours only or 2 and 24-hours. A food leaving event is defined as when the whole 

of the worm’s body comes off the bacterial lawn. For all assays N2 animals were systematically 

observed in parallel with the strain under investigation. For all behavioural analysis investigators 

were blind to the genotypes being observed. 

3.3.3.2 Body bends 

Following a food leaving assay 5-7 worms were selected for body bend quantification. Each worm 

was observed for 1 minute on food. A body bend was defined as a muscle contraction that 

resulted in a dorsal or ventral bend of the worm’s body. 

3.3.4 Genome editing 

CRISPR/Cas9 editing was generated using a previously described method (El Mouridi et al., 2017). 

N2 L4+1 day old hermaphrodites were microinjected with expression vectors for Cas9 and 

sgRNA’s targeting nlg-1, unc-58 and dpy-10. The sequence of the nlg-1 sgRNA, synthesised by 

Integrated DNA Technologies (IDT) was: 5’-GATTTCGAATTGATTTCGGGTGG-3’. The sequence for 

unc-58 and dpy-10 sgRNA were as previously described (Arribere et al., 2014). The repair 

templates used for co-CRISPR genes unc-58 and dpy-10 were as previously described (El Mouridi 

et al., 2017). The repair template targeted to nlg-1 was: 5’-

ACGCCTCAAAAATTAAAGGTAGAACATTTATTTCATCATTATAGGACCACCCGAAATCAATTTGCAATGGAG

TTCTGAATGCTCTTAGCGACGTACTTTACACCGCACCTCTCATTGAAACATTGCGAAG-3’. The mutated 

codon is underlined. Repair templates were purchased from IDT. All injection reagents were 

diluted in water and injected at a final concentration of 50ng/μl. Worms were screened using the 

co-CRISPR phenotype then recombination of the repair template was screened using restriction 
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digest and finally recombinant worms were sequenced over the targeted region to identify the 

mutation. The CRISPR edited line nlg-1(qa3780) was outcrossed against the wild-type background 

used in paired behavioural assays twice. 

3.3.5 Protein sequence alignment 

Multiple protein sequence alignment of C. elegans NLG-1 and human NLGN1-4 was performed 

using the Clustal W method. C. elegans NLG-1 sequence was downloaded from WormBase version 

WS274. The longest NLG-1 isoform (C40C9.5e) was used for analysis. Human NLGN1-4 sequences 

were downloaded from NCBI. Accession numbers for the sequences used are as follows: NLGN1, 

NP_001352856; NLGN2, XP_005256801; NLGN3, NP_061850; NLGN4, AAQ88925. 

3.4 Results 

3.4.1 The importance of nlg-1 in modulating social communication in adult worms  

Two of the major characteristics of ASD are impaired social behaviour and deficits to multi-

sensory integration (Sharma, Gonda and Tarazi, 2018). It has been previously shown that C. 

elegans elicit a social response to progeny populating a food lawn (Scott et al., 2017). More 

specifically, in response to increasing numbers of progeny on food, wild-type (N2) worms show a 

population-dependent increase in food leaving in the presence of an otherwise replete food lawn. 

This progeny enhanced food leaving behaviour was shown to be the result of chemosensory social 

signalling between progeny and adult worms (Scott et al., 2017). We have used this social 

behaviour to investigate the autism associated gene, NLGN3. To investigate the behaviour of nlg-

1(ok259) null mutants in response to progeny, worms were picked onto the centre of a bacterial 

lawn and food leaving events were counted at 2 and 24 hours. At 2 hours no progeny are present 

on the food lawn. In comparison, at 24 hours progeny will have accumulated on the food lawn. 

Therefore, quantifying food leaving events at these time points allows for a direct comparison of 

food leaving behaviour in the absence and presence of progeny. 

Observing food leaving in N2 adults showed an increase in leaving events over time. After 2 hours, 

when no progeny were present, worms remained on the food lawn (Figure 3.1A). At 24 hours, 

when the food lawn is populated with progeny, N2 display progeny enhanced food leaving 

behaviour, in which they show a 12-fold increase in the number of food leaving events (Figure 

3.1A). nlg-1(ok259) mutants remained on food, similar to N2, after 2 hours on the food lawn 

(Figure 3.1A). However, at 24 hours, when the food lawn is dense with progeny, nlg-1(ok259) 

leaves the food patch less than N2 (Figure 3.1A). nlg-1(ok259) did not show the same degree of 
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progeny enhanced food leaving as N2, suggesting that their social interaction with progeny may 

be impaired. 

We next wanted to understand if the reduced food leaving behaviour of nlg-1(ok259) was due to 

impaired social interaction with progeny. We reasoned that reduced food leaving could also result 

if nlg-1(ok259) had an egg laying deficiency. Previous studies had shown that the amount of food 

leaving was directly related to the number of progeny, with a reduced progeny accumulation 

giving a reduced food leaving (Scott et al., 2017). To test this, the number of eggs laid and the 

number of progeny present on the food lawn was counted after each food leaving assay. For both 

N2 and nlg-1(ok259) the total number of eggs laid (Figure 3.1B) during the assay, and number of 

progeny present at 24-hours were counted (Figure 3.1C) and there was no difference between the 

strains. These data show the reduced food leaving of nlg-1(ok259) cannot be explained by 

reduced progeny available to drive adult food leaving. Furthering this, no difference was seen in 

the number of body bends for nlg-1(ok259) (Figure 3.1D) indicating that locomotion per se does 

not underlie the reduced food leaving of nlg-1(ok259). Thus, the deficit in progeny enhanced food 

leaving behaviour of nlg-1(ok259) appears due to impaired social interaction of the mutant with 

progeny. 

 

Figure 3.1 nlg-1(ok259) adults show deficient food leaving in response to progeny.  (A) A food 

leaving assay was performed with N2 and nlg-1(ok259) null mutant. N2 and nlg-

1(ok259) adults were picked onto the centre of a bacterial lawn before food leaving 

events were counted at 2 and 24 hours. N2 and nlg-1(ok259) n=6. (B and C) the 

number of eggs (B) and progeny (C) for N2 and nlg-1(ok259). N2 and nlg-1(ok259) 

n=6. (D) The number of body bends per minute performed by N2 and nlg-1(ok259) 

worms on food at 2 and 24-hours. N2 n=6. nlg-1(ok259) n=4. All data shown as mean 
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±SEM. Statistical analysis performed using Two-way ANOVA with Sidak’s multiple 

comparison test; ns P≥0.05, * P<0.05, **** P≤0.0001. 

Next, we wanted to investigate whether the reduced food leaving described above for nlg-

1(ok259) was due to an impaired social interaction with progeny. To this end, we used a pre-

conditioned food lawn, as previously described (Scott et al., 2017). Pre-loading progeny onto a 

food lawn before assaying the adult food leaving events preconditions the lawn with 

chemosensory cues released by progeny. This recapitulates the progeny dense conditions worms 

are exposed to after 24-hours on the food lawn but the assayed adults undergo more acute 

exposure to the progeny (Figure 3.2A). 

The pre-conditioning with N2 progeny results in enhanced food leaving in N2 adults compared to 

the naive control at 2 hours (Figure 3.2B). This is consistent with previous findings which showed 

that social interaction of adult worms and progeny on pre-conditioned food lawns results in 

enhanced food leaving in N2 C. elegans (Scott et al., 2017). In comparison, nlg-1(ok259) adults 

when exposed to plates preconditioned with N2 progeny did not show enhanced food leaving. 

They left infrequently on both naïve and pre-conditioned food lawns at 2-hours (Figure 3.2B). This 

confirms that nlg-1(ok259) have reduced food leaving in response to progeny compared to N2. 

Therefore, this suggests that NLG-1 may be an important regulator of chemosensory driven social 

interaction in C. elegans. To confirm the importance of NLG-1 in the social circuit of the worm we 

generated two transgenic rescue lines expressing either nlg-1 gDNA or nlg-1 cDNA in the nlg-

1(ok259) background. In response to pre-loaded N2 progeny both the rescue lines expressing nlg-

1 gDNA and cDNA showed progeny enhanced food leaving, similar to that of N2 (Figure 3.2 C and 

D). This shows that expression of either nlg-1 in its genomic or cDNA form can rescue the reduced 

food leaving of nlg-1(ok259) mutants in response to progeny. Together, these data suggest that 

nlg-1(ok259) mutants are impaired in their ability to modulate food leaving behaviour in the 

presence of progeny and that NLG-1 may play an important role in regulating this social 

behaviour. 



Chapter 3 

95 

 

Figure 3.2 nlg-1(ok259) show a deficit in social interaction when exposed to N2 progeny. (A) 

Cartoon showing the principles of the pre-conditioned food leaving assay. In order to 

test the effect of progeny on food leaving behaviour, C. elegans adults were picked 

onto either a naïve or pre-conditioned food lawn. A naïve lawn contains no progeny 

whereas a pre-conditioned food lawn contains ~140 N2 progeny. (B) N2 and nlg-

1(ok259) were picked onto naïve and pre-conditioned food lawns and their food 

leaving behaviour observed at 2 and 24 hours. N2 and nlg-1(ok259) n=6. Two-way 

ANOVA with Tukey’s multiple comparison test; ** P≤0.01, *** P≤0.001. (C) The 

number of food leaving events of N2, nlg-1(ok259), nlg-1 gDNA fosmid rescue nlg-

1(ok259) X, Ex [WRM0610dD09 ; Pmyo-3::gfp] and nlg-1(ok259) X, Ex 

[pPD95.77;Pmyo-3::gfp] control adults on naïve and pre-conditioned food lawns. N2, 

nlg-1(ok259) and nlg-1(ok259) X, Ex [pPD95.77; Pmyo-3::gfp] control line n=7, nlg-

1(ok259) X, Ex [WRM0610dD09 ; Pmyo-3::gfp] n=19. Two-way ANOVA with Sidak’s 

multiple comparison test; ns P≥0.05, *** P≤0.001, **** P≤0.0001. (D) The number of 

food leaving events of N2, nlg-1(ok259), nlg-1 cDNA rescue nlg-1(ok259) X, Ex 

[pPD95.77 (Pnlg-1::nlg-1 Δ#14); Pmyo-3::gfp] and nlg-1(ok259) X, Ex [pPD95.77; 

Pmyo-3::gfp] control line on naïve and pre-conditioned food lawns. N2, nlg-1(ok259) 

and nlg-1(ok259) X, Ex [pPD95.77; Pmyo-3::gfp] control line n=10. nlg-1(ok259) X, Ex 

[pPD95.77 (Pnlg-1::nlg-1 Δ#14); Pmyo-3::gfp] n=18. Data collected by me and Emily 

Feist. Conditioning assays were performed as paired experiments and data obtained 
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from independent replicas is presented. Two-way ANOVA with Tukey’s multiple 

comparison test; ns P≥0.05, **** P≤0.0001. All data shown as mean ±SEM. 

We next wanted to segregate whether NLG-1 is important for the production and/or release of 

social cues from progeny or the recognition and/or integration of the social cue in the adult 

worm. To do this we pre-conditioned food lawns with either N2 or nlg-1(ok259) progeny. Food 

leaving behaviour was then observed for N2 and nlg-1(ok259) adults in response to either N2 or 

nlg-1 progeny (Figure 3.3A). In this way we were able to investigate whether nlg-1(ok259) mutant 

progeny are capable of driving enhanced food leaving behaviour in adult worms, hence informing 

on their ability to produce / release chemical social cues. 

N2 adults showed enhanced food leaving behaviour in the presence of both N2 and nlg-1(ok259) 

progeny (Figure 3.3B). This suggests that both N2 and nlg-1(ok259) progeny are capable of driving 

enhanced food leaving behaviour in N2 adults. In turn, this suggests that nlg-1(ok259) mutant 

progeny are capable of producing and releasing chemical social cues in order to stimulate 

enhanced food leaving in adults. In comparison, nlg-1(ok259) adults do not show enhanced food 

leaving in response to either progeny relative to the naïve control at 2-hours (Figure 3.3B). Taken 

together, these results suggest that N2 and nlg-1(ok259) progeny are not impaired in the 

production and release of social cues. Furthermore, these results are consistent with the 

hypothesis that nlg-1(ok259) adults have impaired social communication with progeny which may 

involve deficits in recognition and/or integration of progeny derived social cues. 

 

Figure 3.3 Parental nlg-1 is required for recognition and/or processing of progeny derived social 

cues. (A) Experimental setup. N2 and nlg-1(ok259) were placed onto a naïve OP50 

bacterial lawn or a lawn preconditioned with N2 or nlg-1(ok259) progeny. (B) The 

number of food leaving events of N2 and nlg-1(ok259) adults on naïve and pre-

conditioned food lawns. Data are mean ±SEM. N2 and nlg-1(ok259) n=6. Conditioning 

assays were performed as paired experiments and data obtained from independent 

replicas is presented. Two-way ANOVA with Tukey’s multiple comparison test; ns 

P≥0.05, ** P≤0.01. 
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3.4.2 C. elegans carrying R433C mutation phenocopy the social impairment of nlg-1 null 

So far we have shown that the nlg-1(ok259) null mutant does not show progeny driven enhanced 

food leaving behaviour and we hypothesise that this behavioural deficit is specific to the 

recognition and/or integration of social cues in the adult worm. In this way, nlg-1(ok259) mutants 

are modelling neuro-atypical behaviour in the social domain. Considering this, we next wanted to 

know whether C. elegans could model the same social impairment but in response to a specific 

human genetic variation implicated in autism. We investigated a penetrant missense variant 

which has been identified in the NLGN3 gene of individuals on the Autistic spectrum. The R451C 

mutation results in an R-C amino acid substitution within the extracellular cholinesterase-like 

domain of NLGN3 (Jamain et al., 2003). C. elegans encode a conserved arginine within the 

cholinesterase-like domain of NLG-1 which is present in human NLGN1-4 (Figure 3.4A). Using 

CRISPR/Cas9 the R451C mutation was generated in C. elegans by editing an R-C substitution at 

position 433 within the cholinesterase-like domain of NLG-1 (Figure 3.4A). The bona fide nature of 

this CRISPR event was confirmed by genomic sequencing which identified that the CGA codon of 

the wild type was converted to TGC encoding cysteine in the mutant line (Figure 3.5). The 

conservation in sequence suggests that the same disruption in NLGN structure that arises in the 

human protein with this mutation at position 451 will be replicated in C. elegans with the 

orthologous mutation at 433 (based on NLG-1 isoform C40C9.5e). The social behaviour of the 

CRISPR generated line, nlg-1(qa3780), was investigated using lawns that were pre-conditioned 

with N2 progeny in order to compare the response of CRISPR generated nlg-1(qa3780) to nlg-

1(ok259) null mutant in response to N2 derived social cues. 

Consistent with our previous findings, N2 adults show enhanced food leaving in response to 

progeny on pre-conditioned food lawns (Figure 3.4B). Furthermore, nlg-1(ok259) do not show 

enhanced food leaving in the presence of progeny (Figure 3.4B). The response of nlg-1(qa3780) 

mutants, carrying the R433C mutation, is very similar to that of nlg-1(ok259) null mutants. nlg-

1(qa3780) showed no enhanced food leaving when exposed to progeny (Figure 3.4B). This 

suggests that the single R433C missense variant to nlg-1 results in social impairment which 

phenocopies that of the nlg-1 null mutant. Furthering this, these results suggest that C. elegans 

can model social impairment in response to autism associated human genetic variants. 
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Figure 3.4 R433C mutation in nlg-1 phenocopies social impairment of nlg-1 null. (A) Domain 

structure of NLG-1 indicating the arginine to cysteine (R-C) amino acid substitution at 

position 433 generated within the cholinesterase like domain following CRISPR/Cas9. 

Protein sequence alignment of C. elegans NLG-1 and human NLGN1-4 indicates the 

arginine residue involved in ASD and its conservation in C. elegans (shaded in grey). 

‘*’ indicates conservation of a single amino acid residue, ‘:’ indicates conservation 

between amino acid groups with similar properties and ‘.’ indicates conservation 

between amino acid groups with weakly similar properties. (B) The number of food 

leaving events were counted for N2, nlg-1(ok259) and CRISPR generated nlg-

1(qa3780) on naïve and N2 progeny conditioned food lawns. Data are mean ±SEM. 

N2, nlg-1(ok259) and nlg-1(qa3780) n=6. Two-way ANOVA with Tukey’s multiple 

comparison test; * P<0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001. 

 

Figure 3.5 CRISPR generated nlg-1(qa3780) nucleotide edit. (A) Chromatogram showing partial 

N2 nlg-1 DNA sequence. The codon of interest, CGA, to be edited by CRISPR is 

indicated. (B) Chromatogram showing partial nlg-1(qa3780) nlg-1 DNA sequence. The 

edited codon, TGC, is indicated. Sequence is displayed in the 5’ to 3’ orientation. 
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3.5 Discussion 

ASD causes neuro-atypical social behaviour and deficits in sensory processing (Sharma, Gonda and 

Tarazi, 2018). ASD has a well characterised genetic dependence, with the underlying determinants 

becoming increasingly well resolved with the use of quantitative genetics. There is a range of 

determinants that imply polygenic interaction between common variation of the genome. In 

addition, there are a number of more penetrant single gene mutations that are identified as 

contributing to the expression of behavioural traits that signature neuro-atypical behaviour of 

ASD. Many of these penetrant genes encode synaptic proteins (De Rubeis et al., 2014) highlighting 

synaptic dysfunction as orchestrating the phenotypes associated with ASD. In the case of 

penetrant genes, animal experiments utilizing functional nulls or engineered mutants designed to 

mimic human mutations have facilitated investigation of the cellular circuit and system level 

mechanisms that disrupt behavioural domains that model ASD-associated behaviour (Crawley, 

2012). In this study we have shown that C. elegans can be used to model social impairment in 

response to genetic models of the human variants identified in individuals with an ASD diagnosis. 

This is highlighted by our investigation and comparison of the single neuroligin gene in C. elegans 

that has high conservation with the 5 human neuroligin genes, particularly the NLGN3 gene that 

has been strongly implicated in ASD (Calahorro and Ruiz-Rubio, 2012; Calahorro, Alejandre and 

Ruiz-Rubio, 2009). 

NLGNs are a family of synaptic adhesion proteins required for synaptic maturation through 

interaction with synaptic adhesion partners. Of these, the most studied interaction is between 

neuroligin and neurexin which can co-ordinate the localization of receptors at inhibitory synapses 

(Graf et al., 2004). It has been shown in C. elegans that this interaction and its function in the 

organisation of receptors is conserved at the neuromuscular junction of the worm (Maro et al., 

2015). The neuroligin functional null used in our study has been previously reported as having 

defects in synaptic transmission at the neuromuscular junction, in the absence of an obvious 

locomotory phenotype (Maro et al., 2015). We reached a similar finding, that the neuroligin null 

mutation did not impair locomotion. It has previously been shown that the nlg-1 knockout has a 

hypo-reversal phenotype (Hunter et al., 2010). Hence, we do not think that the decreased food 

leaving behaviour observed in the nlg-1 mutants in our study can be explained by a hyper-reversal 

phenotype or excessive dwelling. We propose that the difference in food leaving behaviour of the 

null cannot be explained by impaired motor control but are mindful that there may be differences 

in the relative profile of more subtle locomotory sub-behaviours that underpin the food leaving 

behaviour in response to social cues. 
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The clinical data for the NLGN3 R451C mutation suggests it causes severe autism and Asperger’s 

syndrome in a sibling carrying the mutation (Jamain et al., 2003). This motivated animal 

experiments in which the functional null and R451C mutation were compared. These mutants 

exhibit cellular changes selective for inhibitory synapses that disrupt plasticity and cause changes 

in learned behaviours associated with social interaction and motor control (Chadman et al., 2008; 

Tabuchi et al., 2007; Rothwell et al., 2014). In the former case there is a controversy as to how 

penetrant the mutations that mimic the human mutation are in causing a mutation dependent 

change in social interaction. The differential conclusions derived from mice strains raised in 

distinct genetic backgrounds suggests that background modifiers can affect the phenotypic output 

of the genetic mutation being investigated (Chadman et al., 2008; Tabuchi et al., 2007). In this 

study we used a neuroligin null mutant and a CRISPR/Cas9 line in the same wild-type N2 genetic 

background to compare the effects of the mutation on social behaviour. 

Distinct cues and neural circuits regulate social behaviour in humans, both in terms of their nature 

and complexity (Bergan, 2015). The behavioural observations reported in this study are 

underpinned by a previously characterised progeny dependent inter-organismal communication 

that drives changes in adult behaviour and provides a basis for understanding the molecular 

determinants of a social behaviour in C. elegans (Scott et al., 2017). Our results show that nlg-

1(ok259) adults have impaired food leaving, caused by impaired social communication with 

progeny. We are aware that food leaving is a complex behaviour and consider that the reduced 

food leaving response observed in our experimental system is not defined by deficient responses 

to other environmental sensory cues described elsewhere (Shtonda and Avery, 2006; Milward et 

al., 2011). This deficit in nlg-1(ok259) shows NLGN’s synaptic organising function may play a key 

role in the neural circuits that underlie social interaction. We provide evidence that neuroligin-

dependent signalling is required in the adult for their ability to respond to the chemical cues 

generated by the progeny. This assay thus provides a quantitative measure for neuroligin function 

in the adult. We used this to probe the integrity of the circuits driving this output utilizing a 

CRISPR/Cas9 mutant that models the penetrant human ASD mutation R451C. Our data show that 

this mutation phenocopies the deficit in food leaving seen in the null mutation which is consistent 

with the widely held view that this mutation is a loss-of-function (Singh and Eroglu, 2013). Taken 

together our data imply that nlg-1 plays an important role in the circuits that organise social 

interaction in C. elegans. This would reinforce a conserved role for this class of adhesion molecule 

in organizing circuits that underpin social behaviour. Previous work has identified nlg-1 function in 

the animal’s response to a number of environmental cues including food, chemicals and 

temperature. Interestingly, disruption at the input level of sensory cues is an important emerging 

theme in human autism and future work will be required to address if the sensitivity to 
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pheromones per se is the major determinant of the observed disruption. Equally, work in C. 

elegans has implicated changes in the balance of excitation and inhibition down stream of sensory 

inputs generating behavioural disruption in C. elegans so the results here may arise through an 

essential role for neuroligin at several levels of the social circuit responsible for the adult response 

to progeny induced food leaving (Zhou et al., 2017; Chalasani et al., 2016). 

Previous studies have used C. elegans morphology and locomotion as readouts of disrupted 

behaviour in response to mutation to ASD-associated genes (McDiarmid et al., 2019; Wong et al., 

2019). We have extended this analysis to inform on the effect of a neuroligin variant on a 

phenotype that relates to one of the triad of impairments that make up the diagnostic criteria of 

ASD. The social interaction assay used in this study allows for quantification of ASD-associated 

variants and their effect on social behaviour. The gene homology of C. elegans with mammalian 

systems, conservation of synaptic architecture and requirement for sensory-motor integration in 

the face of environmental cues provides a tractable paradigm for these investigations. Overall, the 

assay of social interaction in C. elegans has the potential to provide crucial insight into the neural 

circuits that underpin social behaviour and how genetic variants impact on those circuitries. This 

suggests it provides a robust platform to screen other genes implicated in autism and complex 

psychiatric disorders that exhibit underpinning disruption of the social domain. 
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4.1 Abstract 

Multiple advances have been made to increase the efficiency of CRISPR/Cas9 editing using the 

model genetic organism Caenorhabditis elegans (C. elegans). Here we report on the use of co-

CRISPR ‘marker’ genes: worms in which co-CRISPR events have occurred have overt, visible 

phenotypes which facilitates the selection of worms that harbour CRISPR events in the target 

gene. Mutation in the co-CRISPR gene is then removed by outcrossing to wild type but this can be 

challenging if the CRISPR and co-CRISPR gene are hard to segregate. However, outcrossing can be 

avoided by selecting worms of wild type appearance from a 'jackpot' brood. These are broods in 

which a high proportion of the progeny of a single injected worm display the co-CRISPR 

phenotype suggesting high CRISPR efficiency. This can deliver worms that harbour the desired 
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mutation in the target gene locus without the co-CRISPR mutation. We have successfully 

generated a discrete mutation in the C. elegans nlg-1 gene using this method. However, in the 

process of sequencing to authenticate editing in the nlg-1 gene we discovered genomic 

rearrangements that arise at the co-CRISPR gene unc-58 that by visual observation were 

phenotypically silent but nonetheless resulted in a significant reduction in motility scored by 

thrashing behaviour. This highlights that careful consideration of the hidden consequences of co-

CRISPR mediated genetic changes should be taken before downstream analysis of gene function. 

Given this, we suggest sequencing of co-CRISPR genes following CRISPR procedures that utilise 

phenotypic selection as part of the pipeline. 

4.2 Introduction 

Originally identified as a mechanism of bacterial immunity (Mojica et al., 2005), CRISPR/Cas9 is 

now a widely used genome editing technique that allows for precise and customisable DNA 

modification (Jinek et al., 2012). Cas9 endonuclease cleavage of DNA results in a double strand 

break which can then be repaired via homology directed repair (HDR) or non-homologous end 

joining (NHEJ) pathways. HDR can be utilised to generate precise DNA edits because it allows for 

the integration of an exogenous repair template into the gene of interest (Adli, 2018). In contrast, 

NHEJ can create noncontrolled insertions and deletions into a sequence and is therefore often 

used to generate disruptive genetic mutations that aim to knockout gene function (Hsu, Lander 

and Zhang, 2014). The ability to precisely manipulate DNA in this way has seen CRISPR/Cas9 

facilitate insight into gene function in multiple model organisms (Ma and Liu, 2015).  

C. elegans is an attractive model organism for the application of CRISPR/Cas9 because their 

genetic tractability and short life cycle allows for the rapid generation of progeny with cloned 

genetic identity (Kaletta and Hengartner, 2006). Systems level analysis of gene function in C. 

elegans means CRISPR mediated modifications can be investigated at a molecular and behavioural 

level (Rawsthorne et al., 2020; McDiarmid et al., 2019; Wong et al., 2019; Greene et al., 2016b; 

López-Cruz et al., 2019). Furthermore, due to the genetic homology of mammalian and C. elegans 

genomes (Sonnhammer and Durbin, 1997), CRISPR/Cas9 has been used to investigate specific 

human disease related mutations (Rawsthorne et al., 2020; Wong et al., 2019; McDiarmid et al., 

2019).  

Despite its advantages, the efficiency of CRISPR/Cas9 can be limited by a number of factors. For 

example, the interaction of the single guide RNA (sgRNA) Cas9 complex with target DNA requires 

Cas9 to bind to a protospacer adjacent motif (PAM) (Dickinson and Goldstein, 2016). It has been 

shown that the closer the PAM to the target site the better the editing efficiency (Paix et al., 
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2014). However, the prevalence of PAM sites has been shown to be scarce within some C. elegans 

genes (El Mouridi et al., 2017) thus limiting the regions of the genome that can be targeted 

efficiently. A method developed to try and negate this issue involves the transplantation of a d10 

sequence into the gene of interest prior to generating the desired edit. The d10 sequence 

contains a protospacer and PAM from the endogenous dpy-10 C. elegans gene. Transplantation of 

the necessary motifs for efficient CRISPR/Cas9 therefore renders the gene of interest more 

amenable to editing and hence enhances the scope of CRISPR in C. elegans (El Mouridi et al., 

2017).  

Another technique used to increase the efficiency of the CRISPR process in C. elegans is the use of 

co-CRISPR genes (Arribere et al., 2014; Kim et al., 2014). A co-CRISPR gene is a gene which is 

subjected to gene editing simultaneously with the target gene of interest. Upon mutation, co-

CRISPR target genes result in a visibly obvious, marker phenotype which can be easily 

distinguished from worms with a wild-type appearance. The marker phenotype provides a visual 

representation of CRISPR efficiency and therefore minimises the number of progeny that need to 

be sequenced to identify the desired edit. Multiple co-CRISPR genes have been identified, 

including dpy-10, rol-6, sqt-1 and unc-58 (Arribere et al., 2014; Kim et al., 2014). Mutations in dpy-

10 result in dumpy, roller or dumpy roller phenotypes, depending on the mutant genotype. 

Mutations in rol-6 and sqt-1 result in roller phenotypes causing the worms to move in a circular 

pattern (Arribere et al., 2014). unc-58 encodes a two-pore domain potassium channel (K2P) in C. 

elegans (Salkoff, 2005) which plays an important role in maintaining neuronal and muscle cell 

excitability (Salkoff et al., 2001; Reiner, Weinshenker and Thomas, 1995). A prime function of the 

protein encoded by unc-58 is to act as a leak channel that is important in setting the resting 

membrane potential (Kasap et al., 2018).  A gain-of-function (GOF) mutation in unc-58(e665) 

fourth transmembrane helix results in a hypercontracted and uncoordinated phenotype which 

leaves the worm immobile (Brenner, 1974; Park and Horvitz, 1986). Interestingly, it is 

hypothesised that this hypercontraction results from a change in the selectivity of the channel 

from K+ to Na+ (Kasap et al., 2018). This pronounced behavioural change provides a simple binary 

readout of the integrity of the unc-58 locus. In particular, the switch from immobile to motile 

provides an obvious measure of reversion from GOF to WT. The easily recognisable phenotype of 

unc-58 GOF mutants has led to its successful widespread use in technologies that are aided by 

phenotypic markers (Kasap and Dwyer, 2020; Huumonen et al., 2012; Hartman et al., 2014) and 

this has recently been extended to co-CRISPR techniques (Arribere et al., 2014; El Mouridi et al., 

2017; Wang et al., 2018a). 

Easily recognisable co-CRISPR phenotypes can also be used to identify so called jackpot broods. 

Jackpot broods are a population of progeny derived from a single parent, injected with Cas9, 
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sgRNAs and repair templates to facilitate CRISPR at both a target gene and co-CRISPR gene, in 

which a high percentage of the population displays the co-CRISPR marker phenotype (Paix et al., 

2015). A large number of co-CRISPR marked progeny provides a visual representation of high 

efficiency CRISPR editing at the co-CRISPR gene and is therefore indicative of high CRISPR 

efficiency at the target gene of interest (Arribere et al., 2014; Kim et al., 2014). co-CRISPR marked 

worms from jackpot broods are therefore selected for sequencing for the mutation of interest. 

Within jackpot broods there are also siblings that do not display the easily recognisable co-CRISPR 

phenotype. Whilst it can be assumed, based on the phenotype, that these unmarked siblings are 

WT for the co-CRISPR loci they can still carry the desired CRISPR mutation in the gene of interest, 

albeit at a lower frequency than in the progeny that show the co-CRISPR phenotype (Paix et al., 

2014). It can therefore be beneficial to sequence some apparently wild type siblings from high 

efficiency jackpot broods for the mutation of interest. For example, it has been suggested that if 

the gene of interest is located on the same chromosome as the co-CRISPR gene then unmarked 

siblings should be selected for sequencing to avoid the need to backcross the co-CRISPR mutation, 

which would be complicated for genes that are chromosomally linked (El Mouridi et al., 2017). It 

is noteworthy that when selecting marked and unmarked progeny, the integrity of the co-CRISPR 

gene is assumed based on the worms’ phenotype and therefore is rarely sequenced as part of the 

CRISPR pipeline (El Mouridi et al., 2017; Wang et al., 2018a; Schreier et al., 2020).  

Recently, a method of CRISPR/Cas9 has been developed that combines multiple techniques to 

increase the efficiency of CRISPR and allows for highly targeted editing in C. elegans. The method 

encompasses a two-step procedure which uses a d10 sequence to facilitate the generation of an 

edit in a precise location within the gene of interest and uses co-CRISPR marker genes for rapid 

phenotypic screening (El Mouridi et al., 2017). We utilised this method with the aim of mimicking 

an autism associated missense variant, R451C in neuroligin (Jamain et al., 2003), in order to 

investigate the mutant in a motility based food leaving assay that scores social behaviour 

(Rawsthorne et al., 2020). This first involved transplantation of a d10 sequence into the C. elegans 

nlg-1 gene. Simultaneously, the co-CRISPR gene unc-58 was edited to generate a GOF mutation 

that results in an uncoordinated phenotypic marker for visual screening of CRISPR efficiency. 

Following this, in a second round of CRISPR editing, the d10 sequence in nlg-1 was replaced by a 

repair template containing the sequence for the desired R451C mutation. Again, simultaneously 

another co-CRISPR gene, dpy-10, was edited to generate dpy-10(cn64) GOF mutant for the 

purpose of phenotypic screening.  

In this study, we describe an unexpected CRISPR mediated mutation that occurred within the co-

CRISPR gene unc-58. The resulting mutants did not display the hypercontraction characteristic of 

the unc-58 GOF but rather resulted in a subtle loss-of-function (LOF) not discernible by visual 
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inspection of gross locomotion. We use this to suggest that the phenotypic appearance of C. 

elegans is not a robust way to determine the genotype of co-CRISPR genes. Given this, we suggest 

routine sequencing of co-CRISPR genes following CRISPR procedures that utilise phenotypic 

selection before downstream analysis.  

4.3 Materials and Methods 

4.3.1 C. elegans culturing and strains used 

All C. elegans strains were maintained using standard conditions (Brenner, 1974). Strains used: 

Bristol N2 (wild-type), VC228 nlg-1(ok259) X (x6 outcrossed), CB665 unc-58(e665) X, TN64 dpy-

10(cn64) II, provided by Caenorhabditis Genetics Center (CGC). XA3780 nlg-1(qa3780) X (x2 

outcrossed), XA3773 unc-58(qa3788) X; nlg-1(qa3780) X (x1 outcrossed), XA3788 unc-58(qa3788) 

X (x2 outcrossed), generated in this study. JIP1154 unc-58(bln223) X, provided by Thomas Boulin. 

4.3.2 CRISPR/Cas9 genome editing 

The previously reported method by El Mouridi et al was followed for CRSIPR/Cas9 editing (El 

Mouridi et al., 2017). L4+1 day old hermaphrodites were microinjected with expression vectors 

for Cas9 and sgRNAs targeting nlg-1 and unc-58 or dpy-10 for the first and second round of 

CRISPR, respectively. The design of the sgRNAs and repair templates to edit unc-58, dpy-10 and 

nlg-1 genes were as previously reported (Rawsthorne et al., 2020; Arribere et al., 2014). sgRNAs 

and repair templates were purchased from Integrated DNA Technologies (IDTTM – Integrated DNA 

Technologies). All injection reagents were diluted in molecular grade water to a final 

concentration of 50ng/µl in the CRISPR mix.  

4.3.3 Molecular screening and sequencing  

nlg-1 primers, forward 5’- ATGAGTATACAGATTGGGAAAATCCC-3’ and reverse 5’- 

ACTGTTTGGTTGCTCTTGGCTCCAAG-3’, were used to amplify the CRISPR targeted region of nlg-1 

using a single worm PCR protocol (He, 2011). A BanI site was used to screen PCR amplicons from 

individual worms for the incorporation or loss of the d10 sequence in nlg-1. The primers used for 

sequencing of the target regions of unc-58 and dpy-10 were: forward 5’- 

GACTCGGAGATATCGTTGTGACTG-3’, reverse 5’- CGCGGAGTTCGTTATCCAGGAAG-3’ and forward 

5’- ACTAATTCAGAGTCATCATCTCGCC-3’, reverse 5’- CATCAATTCCCTTAAGTCCTGGTGG-3’ 

respectively. 
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4.3.4 Removal of unc-58 background mutation 

unc-58(qa3788); nlg-1(qa3780) double CRISPR mutant strain was backcrossed with N2 males once 

to generate heterozygous F1 progeny. These progeny were cloned by picking a single F1 onto 

individual plates before being left for 2-3 days to self-fertilise and F2 progeny were screened using 

a single worm PCR protocol (He, 2011) and restriction digest. Restriction digest of unc-58 and nlg-

1 PCR amplicons were performed using restriction enzymes BsiWI and BstBI respectively to screen 

for the presence or absence of CRISPR mediated edits. Restriction enzymes were supplied by New 

England BioLabs (NEB) and used according to manufacturer instructions.  

4.3.5 Food leaving assay 

Food leaving assays were carried out as previously described (Rawsthorne et al., 2020). Briefly, 

50µl of OP50 E. coli at OD600 of 0.8 was gently spotted on to the middle of an unseeded plate the 

day prior to the assay. Seven age synchronised L4+1 day old hermaphrodites were gently picked 

onto the centre of the bacterial lawn on the assay plate. At 2 and 24 hours food leaving events 

were counted visually using a Nikon SMZ800 microscope (X10 magnification) during 30 minute 

observations. A food leaving event was defined as when the whole of the worm’s body exited the 

bacterial lawn. N2 animals were used as a paired control, run in parallel with the strain under 

investigation and the investigator was blind to the genotypes being observed.  

4.3.6 Thrashing assay 

Using a 24 well plate, a single worm was picked per well containing 500µl of M9 with 0.1% bovine 

serum albumin and left for 5 minutes before thrashing was measured. For each worm, thrashing 

events were visually counted under a Nikon SMZ800 microscope (X30 magnification) for a period 

of 30 seconds. This was repeated three consecutive times and the mean was calculated. Each 

thrash was defined as a complete movement through the midpoint of the worm’s body and back. 

N2 animals were used as a paired control, run in parallel with the strain under investigation and 

the investigator was blind to the genotypes.  

4.3.7 UNC-58 protein sequence analysis 

UNC-58, isoform b protein sequence was downloaded from WormBase version WS278. The wild-

type or CRISPR mutant protein sequence was entered into the membrane topology prediction 

tool TMHMM (v.2.0) (Sonnhammer, von Heijne and Krogh, 1998; Krogh et al., 2001) to determine 

the predicted transmembrane topology.  
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4.4 Results 

4.4.1 The use of co-CRISPR genes facilitated the generation of a precise nlg-1 edit 

We used co-CRISPR genes unc-58 and dpy-10 to facilitate the generation of a precise edit in C. 

elegans nlg-1 gene. 84 N2 animals were injected with plasmids encoding Cas9 and a sgRNA and 

repair template designed to transplant a d10 sequence (El Mouridi et al., 2017) into the gene of 

interest, nlg-1. In addition, the CRISPR injection mix included a sgRNA and repair template 

designed to generate a GOF mutation in the co-CRISPR gene unc-58 (Figure 4.1A). This was used 

as a CRISPR efficiency marker based on the hypercontraction and uncoordinated phenotype that 

results from the mutation. 7 of the 84 parental injected worms produced F1 broods containing 

progeny that displayed an uncoordinated phenotype, supporting the notion that the unc-58 gene 

had been successfully edited (Figure 4.1B). 2 of these 7 broods were identified as jackpot broods, 

containing more than 30 progeny with an unc-58 paralysis phenotype. In total, 72 unc-58 marked 

progeny were selected for molecular screening and sequencing of the target region of the nlg-1 

gene (Figure 4.1A). We also selected 100 unmarked, apparently wild type, siblings from these 

jackpot broods for screening because nlg-1 and unc-58 are both located on the same 

chromosome (X) and approximately 3.5mb apart. Identifying the nlg-1 edit in an unmarked worm 

can be beneficial because it avoids the need for backcrossing to separate two chromosomally 

linked edits. This resulted in the identification of a single nlg-1 d10 entry strain in an unmarked F1 

worm from a jackpot brood which displayed no obvious unc-58 marked phenotype. Consistent 

with other studies, the lack of unc-58 marked phenotype was used to assume that the nlg-1 d10 

entry strain was WT for the unc-58 co-CRISPR loci (El Mouridi et al., 2017; Wang et al., 2018a; 

Schreier et al., 2020).  

Next, 14 d10 entry siblings, from the identified nlg-1 d10 entry strain, were injected with plasmids 

encoding Cas9, a sgRNA and a repair template designed to replace the nlg-1 d10 sequence with 

the R451C mutation of interest. In addition, the CRISPR injection mix included a sgRNA and repair 

template designed to generate a GOF mutation in the co-CRISPR gene dpy-10 (Figure 4.1A). Four 

of the injected parental worms produced dpy-10 marked F1 progeny, displaying a mixture of 

dumpy (Figure 4.1C), roller and dumpy roller phenotypes. Due to the high efficiency of the dpy-10 

sgRNA previously reported (El Mouridi et al., 2017), the frequency of dpy-10 marked progeny was 

higher than that of unc-58 marked progeny (El Mouridi et al., 2017). We identified three plates 

containing 9-15 dpy-10 marked progeny each and one plate with 56 marked progeny. Unlike unc-

58, dpy-10 is not located on the same chromosome as nlg-1 so we selected only dpy-10 marked 

progeny for molecular screening. In total, 95 dpy-10 marked progeny were selected for molecular 

analysis and sequencing of the target region of the nlg-1 gene. We identified one dumpy 
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phenotype worm that contained the R451C mutation in nlg-1. The aim for the nlg-1 CRISPR edited 

strain was to test their behaviour in a motility based assay (Rawsthorne et al., 2020). Given that 

the dumpy phenotype would confound this assessment, we backcrossed the nlg-1 CRISPR strain 

with the N2 strain and screened for progeny that retained the nlg-1 CRISPR mutation and visually 

lost the dumpy phenotype, appearing phenotypically similar to wild-type in terms of body length 

and motility (Figure 4.1D). Sanger sequencing was performed and confirmed the generation of the 

R451C mutation in nlg-1 (Figure 4.1E).  

 

Figure 4.1 co-CRISPR genes used to facilitate the generation of a nlg-1 CRISPR mutant. (A) Flow 

diagram summarising the steps taken to generate a CRISPR/Cas9 mutant which 

utilised two co-CRISPR genes. (B) Representative image of an unc-58(e665) GOF C. 

elegans mutant strain which has an uncoordinated phenotype with severe motility 

deficits which result in sluggish movement. (C) Representative image of a dpy-

10(cn64) GOF C. elegans mutant strain displaying a dumpy phenotype. (D) 

Representative images of N2 wild-type and unc-58(qa3788);nlg-1(qa3780) double 

CRISPR mutant strain that highlight the gross phenotypic similarities between the 
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two strains. (B-D) All images show L4+1 day old hermaphrodites and were taken at 

30x magnification. All scale bars represent 0.2mm. (E) Chromatograms showing 

partial nlg-1 DNA sequences from N2 and unc-58(qa3788);nlg-1(qa3780) double 

CRISPR mutant strain. The codons of interest, CGA and TGC are indicated. TGC 

encodes the desired nlg-1 R451C mutation. DNA sequences are shown in the 5’ to 3’ 

orientation.  

4.4.2 unc-58 CRISPR mutation is predicted to result in a non-functional ion channel protein 

As well as HDR, CRISPR/Cas9 can also result in NHEJ which can introduce random errors into the 

DNA sequence in order to repair it (Pannunzio, Watanabe and Lieber, 2018). With this in mind we 

sequenced the regions surrounding the targeted co-CRISPR loci in order to confirm if the 

sequences were wild-type as suggested by the lack of unc-58 or dpy-10 phenotypes displayed by 

the CRISPR edited strain (Figure 4.1D). Thus, we confirmed that the dpy-10 targeted sequence was 

wild-type (Figure 4.2A). However, the targeted unc-58 sequence was mutated (Figure 4.2B). We 

observed a two nucleotide (nt) deletion followed by a 15nt insertion (Figure 4.2B and C) at the 

predicted Cas9 cut site (Arribere et al., 2014). The disrupted unc-58 gene causes a frame shift that 

generates a premature stop codon at position 467, deleting approximately 70% of the predicted 

C-terminal domain (Figure 4.2D). Protein sequence analysis also showed that the frameshift 

mutation alters the amino acid sequence from position 431, which in the WT protein is predicted 

to be within the fourth transmembrane domain of the potassium channel subunit (Figure 4.2D) 

and predicts the mutant UNC-58 protein may have an incomplete fourth transmembrane domain. 

Overall, this suggests that the mutant unc-58 gene identified in this study is unlikely to encode a 

functional protein.  
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Figure 4.2 CRISPR mediated mutation to the co-CRISPR gene unc-58 is predicted to result in a 

non-functional ion channel protein. (A) Chromatograms comparing partial dpy-10 

DNA sequence from N2 and unc-58(qa3788);nlg-1(qa3780) double CRISPR mutant 

confirming the dpy-10 sequence is wild-type in both. (B) Chromatograms comparing 

partial unc-58 DNA sequence from N2 and unc-58(qa3788);nlg-1(qa3780) double 

CRISPR mutant. Two NTs, GT, that exist in the WT sequence but absent in the 

mutated unc-58 sequence are shaded in grey. A 15nt sequence found in the unc-
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58(qa3788);nlg-1(qa3780) double CRISPR mutant is highlighted. All DNA sequences 

are shown in the 5’ to 3’ orientation. (C) Diagram illustrating the possible origin of the 

15nt insert found in the CRISPR mutant. Double stranded wild-type unc-58 DNA 

sequence is shown, with the DNA sequence orientation indicated. The gRNA binding 

site and Cas9 cut site are shown. The PAM sequence is underlined. The two NTs 

coloured in red indicate the NTs that are deleted as part of the mutation. On the unc-

58 wild-type antisense strand, 15nts are shaded in grey. These NTs correspond to the 

15nt insert when read in the 5’ to 3’ orientation. Single stranded mutant unc-58 

sequence containing the 15nt insert is shown. (D) Comparison of wild-type and unc-

58(qa3788) mutant UNC-58 protein predicted transmembrane domain topology. 

Wild-type amino acid sequence is shown in black and the mutated amino acid 

sequence is shown in red. 

Discovery of the unc-58 mutation meant that our CRISPR edited strain, which displayed no 

obvious unc-58 marked phenotype, was in fact an unc-58(qa3788);nlg-1(qa3780) double mutant 

strain. Genetic crosses, combined with PCR amplification, enzymatic digest and sequencing 

allowed the identification of a single strain that retained the nlg-1 CRISPR mutation and had lost 

the unc-58 CRISPR mutation (Figure 4.3). In the process we also identified strains that retained the 

unc-58 CRISPR mutation and lost the nlg-1 CRISPR mutation.  

 

 

Figure 4.3 Chromatograms showing partial nlg-1 and unc-58 DNA sequence. Chromatograms 

confirm that the nlg-1(qa3780) CRISPR mutant carries the R451C mutation as well as 

wild-type unc-58 sequence. The TGC codon that encodes the R451C mutation is 

indicated. The wild-type GT NTs that were deleted as part of the unc-58 CRISPR 

mutation are indicated. DNA sequences are shown in the 5’ to 3’ orientation.  
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4.4.3 Phenotypic analysis of unc-58 CRISPR mutant identifies it is LOF and effects worm 

motility 

The overarching aim for generating the nlg-1 CRISPR edited strain was to investigate its effect on 

the social biology of the worm using a food leaving assay as a paradigm (Rawsthorne et al., 2020). 

Given this, we were interested to understand if the unc-58 CRISPR mutation, when contemporary 

to the nlg-1 CRISPR mutation, would have confounded the assessment of food leaving behaviour. 

To investigate this, we performed a food leaving assay in which worms were picked onto the 

centre of a bacterial lawn before food leaving events were quantified at 2 and 24 hours.  We have 

previously shown that N2 worms increase their food leaving rate over 24 hours producing a rate 

of approximately 0.08 leaving events/worm/minute (Rawsthorne et al., 2020). In comparison, 

both a nlg-1 null mutant and the nlg-1 CRISPR mutant showed significantly reduced food leaving 

rate at 24 hours (Figure 4.4A) (Rawsthorne et al., 2020). Interestingly, the unc-58;nlg-1 double 

mutant also showed reduced food leaving behaviour (Figure 4.4A). In contrast, both the unc-58 

CRISPR mutant and the unc-58 null mutant showed food leaving behaviour which was similar to 

the N2 control (Figure 4.4A). The unc-58 GOF mutant displays an uncoordinated phenotype 

(Figure 4.1B) and we were unable to get a readout of food leaving behaviour (Figure 4.4A). Taken 

together, these data show that the unc-58 CRISPR mutation does not produce a food leaving 

phenotype and did not confound the assessment of the nlg-1 CRISPR mutant food leaving 

behaviour. 

Given the functional importance of the UNC-58 potassium channel subunit for locomotion (Kasap 

et al., 2018), we wanted to test the intrinsic locomotion of our unc-58 CRISPR edited strain. To do 

this we picked worms into liquid medium and observed their thrashing behaviour. We observed 

that both the nlg-1 null mutant and the nlg-1 CRISPR mutant had no thrashing phenotype, 

thrashing at a similar rate to the N2 control (Figure 4.4B). In comparison, the unc-58;nlg-1 double 

CRISPR mutant, unc-58 CRISPR mutant and unc-58 null mutant all showed a similar thrash rate 

which was significantly lower compared to the N2 paired control (Figure 4.4B). Furthermore, the 

unc-58 GOF mutant did not thrash due to its uncoordinated phenotype (Figure 4.4B). Taken 

together, these data show that the unc-58 CRISPR mutant phenocopies the unc-58(bln223) null 

mutant, suggesting that the CRISPR mediated mutation results in loss-of-function to the unc-58 

gene. These data also show that the loss-of-function to unc-58 in the unc-58;nlg-1 double mutant 

results in a reduced thrashing rate which is not displayed in the nlg-1 CRISPR mutant.  
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Figure 4.4 unc-58 CRISPR mutant phenocopies unc-58(bln223) null mutant and is likely to be a 

LOF mutant. (A) A food leaving assay was performed by picking N2 or mutant worms 

onto the centre of a bacterial lawn before food leaving events were counted at 2 and 

24 hours. unc-58(qa3788) CRISPR mutant phenocopies the food leaving behaviour of 

unc-58(bln223) null mutant and N2 at 24 hours. N2 n=10, nlg-1(ok259) null n= 5, nlg-

1(qa3780) CRISPR mutant n=5, unc-58(qa3788);nlg-1(qa3780) double mutant (x2 

independent lines) n=4, unc-58(qa3788) CRISPR mutant (x2 independent lines) n= 16, 

unc-58(bln223) null n= 11, unc-58(e665) GOF n=2. Statistical analysis performed using 

a Two-way ANOVA with Tukey’s multiple comparison test; ns P≥0.05, * P<0.05, **** 

P≤0.0001. (B) The number of thrashes/30 seconds was counted for N2 and mutant C. 

elegans in liquid medium. The unc-58(qa3788) CRISPR mutant shows reduced 

thrashing behaviour, phenocopying that of unc-58(bln223) null mutant. N2 n= 14, 

nlg-1(ok259) n= 14, unc-58(qa3788);nlg-1(qa378) double mutant n= 15, nlg-

1(qa3780) CRISPR mutant n= 10, unc-58(qa3788) CRISPR mutant n= 14, unc-

58(bln223) null n=14, unc-58(e665) GOF n=14. Statistical analysis performed using a 

one-way ANOVA and Dunnett’s multiple comparison test; ns, p>0.05; ****, 

p≤0.0001. All significance relates to a comparison with N2 control. Data are mean 

±SEM.  

Overall, in the process of CRISPR editing the nlg-1 gene we unexpectedly created a loss-of-

function mutation within the unc-58 gene as a consequence of targeting it with reagents designed 

to generate a gain-of-function phenotype. Analysis of the unc-58 CRISPR mutant demonstrates 
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that it has a predicted protein sequence that would result in a severe loss of channel function. We 

show that this loss-of-function mutation in unc-58 results in a subtle, but significant effect on 

motility consistent with its established role in regulation of neuronal membrane potential (Kasap 

et al., 2018).  

4.5 Discussion 

We demonstrate the use of a previously described method of CRISPR/Cas9 that relies upon the 

use of co-CRISPR genes (El Mouridi et al., 2017) to facilitate screening of transformed worms on 

the basis of a clearly observable phenotype. The first step in this process involved the 

transplantation of a d10 sequence in nlg-1 and utilised the unc-58 GOF phenotype to facilitate the 

screening for CRISPR events. The efficiency of d10 transplantation into the gene of interest, nlg-1, 

was lower than that previously reported (El Mouridi et al., 2017). The high efficiency of the dpy-10 

sgRNA (El Mouridi et al., 2017) meant that fewer worms needed to be injected to produce dpy-10 

marked progeny. However, within the pool of marked progeny the edit efficiency at nlg-1 was 

approximately 1%, which is lower than that reported in other genes (El Mouridi et al., 2017). This 

likely reflects that the efficiency varies depending on the gene being targeted.  

Our use of unc-58 as a co-CRISPR gene led to the creation of a novel unc-58 mutant strain and we 

have provided evidence that the unc-58 CRISPR strain phenocopies an unc-58 null mutant 

suggesting it is LOF. K2P LOF mutants do not display an easily recognisable phenotype, unlike GOF 

mutants and are therefore comparatively less well studied (Kasap et al., 2018). unc-58 is 

expressed widely in interneurons and motor neurons (Salkoff et al., 2001). It is hypothesised that 

GOF to this channel results in loss of ion selectivity and therefore allows the passage of sodium 

ions. This may then facilitate the depolarisation of motor neurons and may explain the 

uncoordinated phenotype (Kasap et al., 2018) and the hypercontracted state seen in our study 

and reported more widely (Park and Horvitz, 1986). To our knowledge there is no 

electrophysiological data to support this hypothesis.  

In comparison, it has been suggested that loss-of-function unc-58 mutants display a less severe 

phenotype because there is functional redundancy with other K2P channels and this may 

compensate for the effect of the loss of UNC-58 on resting membrane potential (Kasap et al., 

2018). Of the few K2P LOF mutants that have been investigated it was shown that the twk-7 null 

has moderately enhanced motility (Lüersen, Gottschling and Döring, 2016). This, combined with 

our findings that the CRISPR mutated unc-58 is required for normal thrashing behaviour 

demonstrates that K2P LOF mutants can display locomotory phenotypes, albeit less severe than 

for GOF mutants. This is consistent with K2Ps playing an important role in co-ordinating normal 
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functioning of the nervous system and highlights how recombination events within this gene 

could impact downstream analysis of complex integrative behaviours that are dependent upon 

the worms being able to execute locomotory behaviour.  

We show that in the unc-58 CRISPR LOF mutant the amino acid sequence is mutated in the second 

half of the fourth transmembrane domain and the majority of the intracellular C-terminus is 

deleted. This suggests that these domains are likely to play a crucial role in unc-58 channel 

functioning. In mammalian K2Ps the C-terminus is important for channel gating (Piechotta et al., 

2011). Studies are beginning to define the mechanism of gating in C. elegans K2Ps (Ben Soussia et 

al., 2019) however further analysis is needed to elucidate if there is a conserved role of the C-

terminus in channel gating in C. elegans. 

The caveats of using unc-58 as a co-CRISPR gene have been previously discussed (Arribere et al., 

2014). Unlike unc-58, other more favourable co-CRISPR genes, such as dpy-10 and sqt-1 produce 

easily recognisable phenotypes in response to both GOF and LOF (Arribere et al., 2014). For 

example, mutation to dpy-10 can result in dumpy, roller or dumpy roller phenotypes depending 

on the mutant genotype (Arribere et al., 2014). Despite this limitation, unc-58 continues to be 

used in co-CRISPR approaches (El Mouridi et al., 2017; Wang et al., 2018a; Schreier et al., 2020). 

We have shown that when using unc-58 as a co-CRISPR gene, relying solely on the gross 

phenotypic appearance of the worm is not a robust way to assume genotype. Therefore, we 

suggest that sequencing of co-CRISPR genes, particularly unc-58, is important following their use.  

In conclusion, the visibly obvious hypercontraction in the viable adult C. elegans that is generated 

by a GOF mutation in unc-58 provides an excellent marker for screening for CRISPR events in 

target genes of interest. In using this approach we unexpectedly generated a novel unc-58 

mutation and provided evidence that this LOF impaired motility in liquid. This will facilitate the 

understanding of K2Ps in C. elegans and the behaviours they regulate. However, it is clear that if 

utilised to generate mutants for investigation of more complex behaviours or readouts that 

depend on neuronal excitability, the spurious re-arrangements at the unc-58 marker locus can 

generate more subtle but not inconsequential LOF mutations.  Based on our experience of using 

unc-58 in co-CRISPR strategies destined to target gene loci that impact discrete determinants of 

integrative behaviour, we conclude that this requires routine sequencing of the co-CRISPR gene to 

avoid potential confounds of unpredicted CRISPR events.  
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Chapter 5 General discussion 

5.1 Principal findings 

The main aim of this thesis was to use C. elegans behaviour as a platform to investigate genetic 

determinants of autism and develop bioinformatic and genetic approaches to validate the use of 

C. elegans as a model of ASD.  

The main findings were: 

• 14 ASD-associated gene orthologues investigated for their role in C. elegans social 

behaviour have selective impairment in progeny-induced food leaving behaviour 

• Genes from synaptic, cell signalling, epigenetic modification and phospholipid metabolism 

functional domains have a role in C. elegans social behaviour 

• Social behaviour is dependent on the nlg-1 gene and its function is required in adult 

worms for proper co-ordination of the behaviour 

• C. elegans can be used to model disruption within the social domain upon precision 

genetic manipulation to mimic a human ASD genetic variant 

• Optimisation of a CRISPR/Cas9 technique to facilitate accurate gene editing in C. elegans  

The findings from this thesis provide evidence for the utility of C. elegans as a model of ASD. 

Social behaviours like mating and group feeding have been investigated in C. elegans and their 

genetic and neural determinants have been dissected (1.6.1). However, the social paradigm used 

here is the first social assay, to my knowledge, that represents a quantifiable social 

communication between progeny and adult worms. Previous ASD research in C. elegans has 

focused on simple measurements of morphology, such as length of the worm, and quantification 

of motility, like thrashing and body bends (2.5). The novel approach used here, that utilised a 

bioinformatic filtering pipeline to select genes for assay using the social paradigm allowed genes 

with a role in a more complex, sensory integrative, behaviour to be highlighted (2.5). This work 

has generated a diverse list of genes and highlighted biological functional domains that are less 

well studied in the ASD field which can now be prioritised for future research to dissect their 

functional role in ASD. 

Results within this thesis demonstrate that the nlg-1 R451C mutation, when modelled in C. 

elegans, encodes a LOF mutation. However, within the wider literature there is some discrepancy 

as to whether this mutation is GOF or LOF (3.5). The R451C mutation has been shown to cause the 

retention of nlg-1 in the endoplasmic reticulum resulting in only a small fraction of the gene being 
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correctly transported to the synapse membrane (Comoletti et al., 2004; De Jaco et al., 2010). A 

paper that showed increased GABAergic inhibition in a R451C mouse model suggested that the 

mutation was likely GOF due to the small fraction of nlg-1 at the synapse being capable of 

increasing signalling in the mutant (Tabuchi et al., 2007). However, results from this study were 

unable to be repeated (Chadman et al., 2008). Also, it has been discussed that the increased 

GABAergic signalling that was seen could also be explained by the R451C mutation causing LOF to 

nlg-1 in a cell specific manner which consequently disrupts the abundance of nlg-1 across circuits 

and produces widespread disruption and excitatory/inhibitory imbalance within the nervous 

system (Singh and Eroglu, 2013). Evidence for this theory showed that R451C mice had both 

increased excitatory and inhibitory signalling within different brain areas, indicative of widespread 

signalling disruption (Etherton et al., 2011). Therefore, the results obtained in this thesis that are 

consistent with the R451C mutation being LOF helps to clarify the role of this mutation and it’s 

possible role in the balance of neuronal signalling. 

Overall, the use of C. elegans as a model of ASD has helped to identify genes with a role in co-

ordinating social behaviour. Future work to dissect the role of these genes in circuits that control 

this behaviour will provide insight into the fundamental mechanisms required for the production 

and modulation of social behaviours. This information could ultimately be translated into more 

complex rodent and primate models with the goal of more closely modelling the function and 

dysfunction of genes in social behaviour. This will facilitate understanding of the genetic and 

neural underpinnings of social behaviour in humans and is likely to help in the identification of 

drug targets and therapeutic approaches for ASD and related disorders.  

Discussion of results obtained in this thesis and future directions are provided in the sections that 

follow. 

5.2 The nlg-1 dependence of social behaviour 

Two nlg-1 transgenic rescue strains were generated, one using nlg-1 cDNA and the other using 

gDNA (3.3.2). These strains were used to show the dependence of C. elegans social behaviour on 

the nlg-1 gene based on the partial rescue of food leaving behaviour upon re-expression of nlg-1 

into mutant animals (3.4.1). Reasons for observing partial, and not full, rescue may include the 

length of the nlg-1 promoter used in the cDNA rescue construct. The non-coding promoter region 

of nlg-1 extends ~8.7kb upstream before the next protein-coding gene on the X chromosome. The 

cDNA rescue construct generated contained 2.5kb of this promoter region. Different studies have 

previously used different lengths of nlg-1 promoter including 2.5kb, 3.5kb and 6.5kb and have 

produced both partial and full rescue depending on the phenotype being investigated (Calahorro 
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and Ruiz-Rubio, 2012; Calahorro et al., 2019; Hunter et al., 2010; Tong et al., 2017). The 2.5kb 

promoter region used in this thesis was chosen because it has been successfully used to study nlg-

1 expression pattern and has been shown to fully rescue multiple phenotypes (Calahorro et al., 

2019; Calahorro and Ruiz-Rubio, 2012). However, it is possible that regulatory regions outside of 

the 2.5kb promoter region used are missed in the cDNA rescue construct and that this may have 

confounding effects on the expression of nlg-1 and hence may be contributing to the partial 

rescue seen.   

A disadvantage of the cDNA rescue construct is the fact that it only contains a single isoform of 

nlg-1. The Δ#14 isoform was chosen because it is the dominantly expressed isoform in adult 

worms (Calahorro, Holden-Dye and O'Connor, 2015). However, other isoforms, that have been 

suggested to play a role in development (Calahorro, Holden-Dye and O'Connor, 2015), will not be 

expressed in the transgenic strain. Therefore, a fosmid rescue approach was also used because 

the ~33kb construct covers all nlg-1 isoforms. It also contains 26kb of DNA sequence upstream of 

nlg-1 and therefore encapsulates the entire promoter region. However, this fosmid also encodes 

four other protein-coding genes, these being twk-20, acr-9 and two genes with unknown function, 

C40C9.3 and C40C9.4. twk-20 is a two-pore domain potassium channel (Ben Soussia et al., 2019) 

and acr-9 encodes an acetylcholine receptor subunit (Barbagallo et al., 2010). Both are neuronally 

expressed and known to have roles in worm body posture and motility (Ben Soussia et al., 2019; 

Yemini et al., 2013). The overexpression of these genes in the transgenic rescue strain may have 

had confounding effects on motility and therefore influenced the rescue of food leaving 

behaviour. 

As well as the limitations of each rescue construct, rescue experiments in C. elegans are affected 

by mosaic expression of the transgene. Transgenes are extrachromosomal and are therefore 

expressed in a variable number of cells (Yochem and Herman, 2005). Therefore, it is likely that the 

expression pattern of nlg-1 in the rescue strains was different from that in wildtype animals and 

this may have also contributed to the partial rescue observed. Extrachromosomal arrays can be 

integrated into the genome to result in non-mosaic expression (Mariol et al., 2013). This method 

can be time consuming but could be used to validate the nlg-1 dependence of social behaviour. 

5.3 Sub-behaviour analysis 

The progeny-induced food leaving is distinct from other food leaving behaviours and represents a 

novel social circuit in C. elegans (Scott et al., 2017). However, it is currently unclear what 

underpins this social behaviour at a cellular, circuit or sub-behavioural level (Figure 5.1). It is likely 

that progeny induce a change in the locomotor output of the adult worm which allows it to leave 
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the food more often (1.6.1.1). However, it is still unclear what underlying locomotory changes 

might occur to result in the overall emergence of increased food leaving behaviour.   

 

Figure 5.1 Summary of the main findings of this thesis and factors that remain unknown. The 

flow diagram outlines the major determinants of a biological system to highlight the 

flow of information from a genetic level through to social behaviour output.  

To better understand the behavioural changes that occur in the presence of progeny I have 

carried out analysis of sub-behaviours with a master’s student that analysed the data I provided. 

The aim of this ongoing work is to investigate the frequency of sub-behaviours performed by wild-

type worms which underly progeny-induced food leaving. Sub-behaviours have been invaluable in 

dissecting more complex behaviours like foraging (Wakabayashi, Kitagawa and Shingai, 2004; 

Gray, Hill and Bargmann, 2005; Fujiwara, Sengupta and McIntire, 2002). However, these studies 

have focused on behavioural changes that occur in the presence and absence of food but have 

not investigated the effect of progeny on these behaviours.  

Video recordings were made of seven wild type worms two hours after being placed on a naïve or 

progeny-loaded food lawn. Videos were captured for 30 minutes (at 25 frames/second) and 

subsequently analysed for differences in sub-behaviours. Pre-liminary analysis of reversals, speed 

and omega turns has been undertaken. These behaviours have been previously used to 

understand complex foraging behaviour and led to the dissection of the circuits and cells that 

underlie these behaviours (Gray, Hill and Bargmann, 2005) (1.5.5.3). Therefore, understanding if 

these sub-behaviours are modified by the presence of progeny-derived social cues will likely 

provide a clue as to the types of circuits and neurons that have a role in the co-ordination of social 

behaviour. Analysis of sub-behaviours led to the observation of an interesting behaviour which 

has been termed a partial food leaving event. A partial food leaving event is defined as when the 
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worm’s head leaves the food lawn before the worm makes a reversal so that the whole of its body 

is back on the food lawn. Food leaving assays were analysed to quantify the frequency of partial 

food leaving events to investigate whether this behaviour changed depending on the presence or 

absence of progeny. Interestingly, worms performed fewer partial food leaving events in the 

presence of progeny (Figure 5.2A). I have already shown that the food leaving rate of worms 

increases in the presence of progeny (2.4.2, 3.4.1) and this result has been replicated by analysing 

video recordings (Figure 5.2B). Therefore, taken together these results suggest that in the context 

of progeny, adult worms change their food leaving behaviour in which the number of partial food 

leaving events decreases and the number of full food leaving events increases.  

 

Figure 5.2 Progeny-enhanced food leaving shows inverted relationship between food leaving 

and partial food leaving. (A) Partial food leaving rate of N2 C. elegans in the absence 

and presence of progeny. A partial food leaving event is defined as when the worm’s 

head leaves the food lawn before the worm makes a reversal so that the whole of its 

body is back on the food lawn. Statistical analysis performed using an Unpaired 

Student’s t-test; P≤0.1, *. N=10. (B) Food leaving rate of N2 C. elegans in the absence 

and presence of N2 progeny. A food leaving event is defined as when the whole of 

the worm’s body comes off the food lawn. Statistical analysis performed using an 

Unpaired Student’s t-test; P≤0.0001, ****. N=10. Data are mean ±SEM. Videos were 

captured 2 hours after adult worms were placed on the centre of the food lawn. Data 

collected by me and analysed by me and Nicole Hubbard.  

For a partial food leaving event to take place a worm must come into contact with the border of 

the food lawn. Therefore, understanding how often worms contact the border and whether this 

changes in the context of progeny will be useful. Preliminary analysis of worm positioning on the 

food lawn during a food leaving assay showed that on both naïve and progeny-loaded food lawns 

worms spend the majority of the time in close proximity with the border (Figure 5.3). However, 

further analysis is required to quantify the number of times worms in each condition contact the 

border to understand if the frequency of partial food leaving events is a product of changes to 
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border exposure during the food leaving assay. Partial food leaving events, by definition, require 

the production of a reversal. Reversals are a type of sub-behaviour that have been used to gain 

insight into other complex C. elegans behaviours (Gray, Hill and Bargmann, 2005; Flavell et al., 

2013). Therefore, it would be interesting to extend the preliminary analysis to include all reversals 

at the border, not just those that meet the definition of a partial food leaving event. This will help 

to better define sub-behavioural changes underlying the progeny-induced food leaving behaviour. 

 

Figure 5.3 N2 C. elegans positioning on the food lawn is similar in the absence and presence of 

progeny. (A) Example plate showing how worm positioning was quantified. Green 

shading indicates the centre of the food lawn. Blue shading indicates the area of the 

food lawn which is within 2mm of the food border (thick blue line). Off food is not 

coloured. (B) The percent time N2 C. elegans spend within close proximity of the 

border (within 2mm), in the centre of the lawn and off food is similar in the absence 

and presence of progeny. Statistical analysis performed using a Two-way ANOVA with 

Sidak’s multiple comparison test; ns P≥0.05. No significant difference was found 

between naïve and N2 pre-loaded conditions. N=5. Data are mean ±SEM. 30-minute 

video recordings were analysed. Videos were captured 2 hours after adult worms 

were placed on the centre of the food lawn. Data collected by me and analysed by 

Nicole Hubbard.  

Identification of impaired sub-behaviour has the potential to provide insight into the circuitry 

underlying the social behaviour. This will pave the way for future investigations into the impaired 

food leaving behaviour of C. elegans ASD-associated mutants. Testing for sub-behavioural 

changes in these mutants may help to understand if sub-behavioural disruption is distinct across 

the different mutants or if there are any common sub-behavioural disruptions that could provide 

a clue as to the types of cells and circuits that are important for the proper co-ordination of social 

behaviour. 



Chapter 5 

125 

5.4 Circuit level understanding of the co-ordination of social behaviour 

Multi-sensory processing is impaired in ASD (1.1.3). The use of interneurons by C. elegans to 

integrate multiple sensory cues to co-ordinate complex behaviours mean they have been used to 

model multi-sensory integration (1.5.3). Based on the partial food leaving data (5.3) it can be 

hypothesised that one reason for progeny-enhanced food leaving may be the suppression of 

reversals at the food border (Figure 5.2) which leads to more food leaving events. At the food 

border the worm receives multiple mechanosensory and chemosensory cues that are 

representative of the ‘on food’ context and if the worm begins to transition off the food lawn it 

will receive cues representative of the ‘off food’ environment (Pradhan et al., 2019). Hence, at the 

border the worm will need to integrate multiple sensory modalities in order to decide whether to 

stay on the food lawn or leave. An interneuron in C. elegans called AIY has been shown to be a 

hub for processing information to control complex behaviours (Kimata et al., 2012; Ryu and 

Samuel, 2002; Tsalik and Hobert, 2003; Gray, Hill and Bargmann, 2005; Shtonda and Avery, 2006) 

and is functionally coupled to and downstream of sensory neuron AWC which responds to food 

cues (Gray, Hill and Bargmann, 2005). AIY is also known to be important for supressing reversal 

behaviour when worms are off food (Gray, Hill and Bargmann, 2005; Chalasani et al., 2016) 

however its control of reversals has not been investigated in relation to the food border. 

Therefore, this neuron represents an interesting candidate to investigate its possible role in social 

behaviour by controlling sub-behaviours at the food border.  

It can be hypothesised that if AIY were important for supressing reversals at the border and this 

neuron’s function was impaired, it could lead to more frequent reversals and hence result in an 

abnormally low food leaving rate. nlg-1 mutants have impaired progeny-induced food leaving 

(3.4.1) and this gene is expressed in 11 neurons (Table 1.1) including AIY interneurons (Hunter et 

al., 2010; Calahorro et al., 2019). An experiment which is currently ongoing is to test if nlg-1 

function is required in AIY for C. elegans social behaviour by performing cell specific rescue of nlg-

1 into AIY. The frequency of reversals performed at the border by wild type worms, nlg-1 null and 

nlg-1 R451C mutants could be quantified and compared to a rescue strain expressing nlg-1 

exclusively in AIY. This would facilitate insight into whether this neuron plays a role in reversal 

behaviours at the food border and if nlg-1 is important for its function in the co-ordination of 

social behaviour.  

Cellular activity is intrinsic to the function of interneurons for sensory integration (Macosko et al., 

2009; Kocabas et al., 2012). Calcium imaging allows for the investigation of the dynamics of signal 

integration by monitoring neuronal activity and in C. elegans this can be achieved for a single 

neuron in freely behaving animals (Li et al., 2014). Using this technique, AIY activity could be 
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monitored in wild type animals on naïve and progeny-loaded food lawns. This would allow AIY 

activity to be compared in the absence and presence of progeny to help understand if it is 

important for the integration of cues in the context of progeny to regulate enhanced food leaving 

behaviour. Following this, if AIY appeared to have a role in progeny-induced food leaving 

behaviour then the effect of genetic changes to nlg-1 could be investigated. Comparing AIY 

activity in wild type and nlg-1 mutants that have been shown to have social behaviour impairment 

would help to gain insight into any neural activity changes that may occur when the function of 

nlg-1 is disrupted. This would help to elucidate if altered neuronal signalling has a part to play in 

impaired social behaviour and if so would help to model a clinical feature in autism which is the 

imbalance of signalling in the nervous system (1.1.4). 

5.5 C. elegans as a model for genetic interaction in ASD 

ASD has a complex polygenic architecture with multiple genes of varying penetrance additively 

contributing to an individual’s risk for the disorder (1.2). In this thesis, orthologues of ASD-risk 

genes were investigated in C. elegans using single gene mutants (2.4). In doing so, 14 genes were 

identified as having a role in co-ordinating worm social behaviour. However, it is still unknown 

whether these genes interact at a genetic level to co-ordinate this behaviour (Figure 5.1).  

Performing STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) analysis on the 14 

genes with a role in social behaviour identified known and predicted interactions between 

proteins encoded by these genes. The majority of the genetic interaction is between genes within 

the same biological domain, with interaction identified or predicted between synaptic and 

epigenetic modifying genes (Figure 5.4). For example, nlg-1, nrx-1 and shn-1 are predicted to 

interact in C. elegans (Figure 5.4). The interaction of neuroligin, neurexin and shank is well 

understood at the human synapse (Chen et al., 2014) and the functional interaction of nlg-1 and 

nrx-1 in C. elegans has been suggested in multiple studies (Calahorro, Alejandre and Ruiz-Rubio, 

2009; Hu et al., 2012). Interestingly, the analysis also predicts possible crosstalk between 

epigenetic and cell signalling domains through the interaction of chd-7 and mbk-1 (Figure 5.4). 

Interaction of genes in distinct biological domains has been discussed in ASD (1.3.3) therefore it 

would be interesting to understand if these genes function together in the co-ordination of social 

behaviour. 
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Figure 5.4 Interaction map of the 14 genes identified as having a role in social behaviour.  

Protein-protein interaction network showing the linkage between 14 genes in the 

STRING database. Genes are represented as different coloured nodes. Shaded circles 

group genes into their biological domains. STRING is a database of known and 

predicted protein-protein interactions that can be direct (physical) or indirect 

(functional) interactions. Interaction is represented by grey bars, the thickness of 

which represent the confidence of evidence for protein-protein interaction. STRING 

confidence scores are set on a scale of 0-1 where 1 represents the highest confidence 

in the evidence for protein-protein interaction (Szklarczyk et al., 2020). STRING 

parameters were set as follows: active interaction sources included textmining, 

experiments, databases, co-expression, neighbourhood, gene fusion and co-

occurrence; minimum required interaction score set at ‘medium confidence (0.400)’. 

https://string-db.org/, Version 11.0. Red asterisks highlight two protein-protein 

interactions where a literature search identified experimental evidence from C. 

elegans studies to suggest the two genes functionally interact. For glr-1-glr-2, 

experimental evidence from: (Baidya et al., 2014). For nlg-1-nrx-1, experimental 

evidence from: (Calahorro, Alejandre and Ruiz-Rubio, 2009; Hu et al., 2012). 

The bioinformatic predictions (Figure 5.4) combined with the genetic tractability of the model 

system C. elegans, would enable genetic pathways and interactions that contribute to social 

behaviour to begin to be dissected. This approach has the potential to characterise novel 

functional interactions between biological domains described in this thesis and to further 

understand the polygenic nature of ASD. 
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5.6 Changes to the SFARI gene database 

5.6.1 Changes to the gene scoring criteria 

Since my original investigation of genes in SFARI categories 1 and 2, SFARI gene database has 

changed the way it categorises ASD-risk genes. For category 1 (high confidence) genes, now in the 

archived version of SFARI (https://gene-archive.sfari.org/, accessed October 2018), gene variants 

had to meet genome wide statistical significance and be independently replicated in more than 

one human study. A similar standard needed to be met by genes in category 2 (strong candidate) 

except that no replication was needed. In the revised version of the SFARI gene database 

(https://gene.sfari.org/, accessed May 2021) for a gene to meet the standards of category 1 there 

must be at least three de novo likely-gene-disrupting mutations that have been associated with 

autism and the gene must meet a threshold of false discovery rate <0.1 but does not need to 

meet genome wide significance. For genes in category 2 at least two de novo mutations must 

have been identified with accompanying evidence that the variant has an effect on gene function 

(https://gene.sfari.org/about-gene-scoring/, version Q4, accessed May 2021). Also, genes that 

used to be spread across six different categories are now grouped into just three. Overall, this 

means that the number of genes in category 1 has increased from 25 to 207 and the number of 

genes in category 2 has increased from 66 to 211.  

The lowering of statistical thresholds appears to have resulted in lower confidence genes being 

shifted up into categories 1 and 2. Interestingly, no genes in the SFARI gene database have moved 

down to a lower confidence category, all have remained the same or moved up therefore 

resulting in a larger number of genes in high confidence categories 1 and 2. However, the reason 

for this increase appears to be multifactorial, not only due to the alterations made to the gene 

scoring criteria. The addition of 200 novel genes into the database in the last two years and the 

accumulation of evidence for existing genes has also contributed to the changes seen within the 

database.  

5.6.2 Re-categorisation of genes in the SFARI Gene database 

Recently, SFARI have developed a new autism research initiative, recruiting 50,000 participants 

for autism research (https://www.sfari.org/resource/spark/). Access to this large cohort and the 

recent publication of the largest exome sequencing study to date (Satterstrom et al., 2020) has 

resulted in the rapid accumulation of evidence for ASD-risk genes. This accumulation of evidence 

has contributed to the re-categorisation of genes. An extreme example of this is the re-

categorisation of two category 5 genes into category 1. Category 5 in SFARI gene archive used to 
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list genes that were ‘hypothetically’ associated with ASD. This category was for genes where there 

was evidence from model organisms to suggest the gene was a risk factor for autism but no 

human studies to confirm this. The two genes are CREBBP, a histone acetyltransferase, and DLG4, 

a synaptic scaffold. For the DLG4 gene, the primary evidence that placed this gene into category 5 

was a study that modelled multiple autistic phenotypes in mice upon knockout of this gene 

(Feyder et al., 2010). Since then, the identification of these genes in the large human cohort 

exome sequencing study (Satterstrom et al., 2020) has provided evidence justifying their re-

categorisation. This suggests that the use of behavioural analysis in animal models is capable of 

identifying high risk ASD-associated genes before human evidence emerges. Therefore, the social 

behaviour used in this thesis and the ongoing analysis of underlying sub-behaviours could be used 

to investigate low confidence genes remaining in SFARI. Also, C. elegans behaviours can be used 

to investigate other neuropsychiatric disorders, such as SCZ (Dwyer, 2018). Ten of the human 

genes investigated in this thesis are thought to overlap with a risk for SCZ (Table 1.1). Also, one 

gene KDM6A has no associated psychiatric disorder listed on the SFARI database (Table 1.1). 

Therefore, it would be interesting to use C. elegans to investigate a link between these genes and 

other psychiatric disorders because it appears that model organisms can predict neuropsychiatric 

risk genes, the significance of which is currently underestimated in SFARI. 

The re-categorisation has also affected the genes investigated in this thesis. At the time of 

analysis the majority of genes that entered the bioinformatic pipeline were in category 2 (2.4.1). 

In comparison, after the re-categorisation most genes investigated in this thesis are now in 

category 1 (Table 5.1). Therefore, this highlights that whilst the distribution of genes in the SFARI 

gene database has changed since my analysis, the genes that have been investigated in this thesis 

are still representative of those where there is a high level of confidence in the evidence 

associating them with ASD. 

Table 5.1 The re-categorisation of genes investigated in this thesis by SFARI Gene database 

Human gene name SFARI Gene archive 

category 

SFARI Gene category 

GRIA1 2 2 

GRIN2B 1 1 

NLGN3 2 1 

NRXN1 2 1 
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Human gene name SFARI Gene archive 

category 

SFARI Gene category 

PTCHD1 2 1 

SHANK2 2 1 

SHANK3 1 1 

SLC6A1 2 1 

SYNGAP1 1 1 

CACNA1H 2 2 

CNTN4 2 2 

DYRK1A 1 1 

PTEN 1 1 

CHD8 1 1 

FOXP1 2 1 

IRF2BPL 2 1 

KDM6A 2 2 

KMT5B 1 1 

SETD2 2 1 

SETD5 1 1 

MBOAT7 2 1 

 

At the beginning of the bioinformatic filtering process the 91 genes in categories 1 and 2 on SFARI 

Gene Archive could be classified into 12 different categories based on function. A large proportion 

of those genes (41%) were either epigenetic or synaptic in function (Figure 5.5). This is similar for 
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the genes investigated in this thesis following the bioinformatic filtering process (2.4.1) (Figure 

5.5). Interestingly, re-analysis of genes in the latest version of SFARI showed that genes in 

categories 1 and 2 are still dominated by synaptic and epigenetic modifying genes. This shows 

that even though the genetic landscape in SFARI has changed dramatically since my analysis, the 

genes that have been investigated in this thesis are still representative of the functional domains 

which continue to be highly represented in both category 1 and 2. 

 

Figure 5.5 Epigenetic and synaptic genes are the dominant functional categories before and 

after the bioinformatic filtering process. High confidence ASD-associated genes in 

category 1 and 2 in SFARI Gene Archive were input. The pie chart shows the 
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percentage of the 91 genes that are placed into 12 different functional categories. 

The pipeline selects human genes which have an orthologue in C. elegans which can 

be studied in an available mutant strain which is neither lethal, sterile or 

uncoordinated. In brackets are the resources used for analysis. CGC – Caenorhabditis 

Genetics Center. NBRP – National BioResource Project. The number of genes 

analysed using SFARI Gene Archive (https://gene-archive.sfari.org/, accessed October 

2018) are stated. The pie chart indicates the percent of the 21 human genes that 

were placed into five functional groupings. This figure is based on Figure 2.1. 

5.7 Selecting genes for future study 

5.7.1 Genes excluded during the bioinformatic filtering process 

The bioinformatic pipeline developed in this thesis (2.4.1) led to the exclusion of human ASD-

associated genes that could not be investigated using a C. elegans orthologue gene, because the 

mutant was lethal or sterile, or the available mutant was inappropriate for behavioural analysis. 

As well as genes excluded for these reasons, 12 human genes were excluded because there was 

no homozygous C. elegans mutant available for study. For the majority of the excluded genes 

RNAi analysis has shown that silencing of the C. elegans orthologue causes early larval lethality 

(Vandamme et al., 2012; Maeda et al., 2001) hence there was no stable homozygous mutant line 

for investigation. I chose to focus on homozygous, non-lethal, mutants to simplify the 

maintenance of strains and maximise the number of genes that could be investigated in this 

project. Furthermore, heterozygous genotypes have the potential to give rise to subtle 

behavioural effects, which could be challenging to characterise given the intrinsic variability 

within the food leaving assay and the low number of food leaving events (on average 4 leaving 

events in 30 minutes on a naïve food lawn and 13 on a pre-loaded lawn (Figure 3.2B). Sub-

behaviours, like those previously described (5.3) may allow a more refined discrimination and 

identification of subtle behavioural differences within the food leaving assay and facilitate the 

investigation of heterozygous strains. With that in mind two of the excluded genes, one where no 

C. elegans mutant was available and one heterozygous mutant strain would be of interest for 

future study (Table 5.2). 
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Table 5.2 Two genes excluded during bioinformatic filtering of interest for future study 

Excluded human gene CNTNAP2 ILF2 

Function Neuron development 

(Rodenas-Cuadrado, Ho and 

Vernes, 2014).  

Transcription factor 

(Marcoulatos et al., 1996) 

Reason for exclusion No homozygous C. elegans 

mutant 

No C. elegans mutant available 

from CGC or NBRP 

C. elegans gene orthologue nlr-1 R11H6.5 

Reason for interest in gene Part of the neurexin family of 

genes. Important for gap 

junction formation and neuron 

function (Meng and Yan, 2020) 

RNAi of R11H6.5 produces 

worms with abnormal fat 

content suggesting a role in 

metabolism (Ashrafi et al., 

2003) 

How the gene can be 

investigated in the future 

Use of quantifiable sub-

behaviour to investigate 

heterozygous nlr-1 strain 

CRISPR to knock out or edit a 

precise lesion, for example 

point mutation Arg185Ter 

identified in association with 

autism (De Rubeis et al., 2014) 

Despite its relation to the well-known ASD-associated gene, neurexin, nlr-1 is not well studied in 

C. elegans. I have shown that nrx-1 mutants have an impaired social behaviour phenotype (2.4.4). 

Therefore, investigating nlr-1 heterozygous mutants in the social behaviour assay may help 

understand if the role of the neurexin family of genes is broadly important for coordinating social 

behaviour in C. elegans as this seems to be the case in humans based on its association with 

autism and other psychiatric diseases (Kasem, Kurihara and Tabuchi, 2018). As well as this, 

R11H6.5 would be of interest for future study because of its possible role in C. elegans 

metabolism (Ashrafi et al., 2003). Metabolism represents an underexplored area of biology in 

autism research (2.5). Therefore, understanding R11H6.5 in terms of its function may help to 

develop routes to investigate metabolic function in autism (Cheng, Rho and Masino, 2017). 

Investigating this gene’s impact on social behaviour would also help to elucidate if there are more 

metabolic genetic determinants for impaired C. elegans social behaviour and therefore could add 

gravitas to my current findings that metabolism plays a key role in regulating social behaviour.   
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5.7.2 Prioritising the remaining SFARI ASD-risk genes for study 

903 human genes remain in the SFARI Gene database that haven’t been investigated for a role in 

social behaviour (190 in category 1, 207 in category 2 and 506 in category 3). An approach that 

could be taken to prioritise the remaining genes is to use interaction analysis to identify possible 

interactions between the genes identified in this thesis and the remaining SFARI genes. As an 

example of how this approach could be used, a single human gene from each biological domain 

identified in this thesis has been preliminarily analysed for protein-protein interaction using the 

STRING database (Table 5.3). From this, interactions between a gene of interest and other ASD-

risk genes can be identified. For example, this analysis highlighted interaction between neuroligin, 

neurexin and shank, thus confirming the interest to investigate the possible interaction of these 

genes in C. elegans social behaviour (5.5). The analysis also highlights genes that haven’t been 

investigated for a role in social behaviour and the C. elegans orthologues that could be used in 

future studies (Table 5.3). This preliminary analysis is not exhaustive. Future interaction analysis 

of genes could include looking more widely at the interactomes of each of the genes identified in 

this thesis. This will not only help to prioritise future genes for study but will also likely facilitate 

an understanding of which ASD-associated genes may interact within networks to control social 

behaviour in C. elegans. 

Table 5.3 Prioritising SFARI ASD-risk genes for future analysis by analysing genetic interactions 

Human gene of 

interest (C. elegans 

orthologue) 

Predicted protein-protein interaction of human 

gene of interest with other SFARI ASD-risk genes 

C. elegans 

orthologue 

NLGN3 

(nlg-1) 

 

SHANK1 

SHANK2 

shn-1 

 

NRXN1 

NRXN2 

NRXN3 

nrx-1 

 

 

DLG2 

DLG4 

dlg-1 

 

DLGAP2 W03A5.6 
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Human gene of 

interest (C. elegans 

orthologue) 

Predicted protein-protein interaction of human 

gene of interest with other SFARI ASD-risk genes 

C. elegans 

orthologue 

GRM5 mgl-2 

PTEN 

(daf-18) 

USP7 math-33 

PIK3R2 aap-1 

CHD8 

(chd-7) 

KANSL1 None 

TAF1 taf-1 

KMT2A None 

CTNNB1 hmp-2, bar-1 

MBOAT7 

(mboa-7) 

None - 

5.7.3 Mapping gene interaction to identify cellular pathways that may have a role in social 

behaviour  

A key theory in the aetiology of autism, and other neuropsychiatric disorders, is that diverse 

cellular processes converge to disrupt nervous system formation and function (1.3). Therefore, 

understanding the types of cellular pathways that the genes identified in this thesis may have a 

role in will help to elucidate pathways that contribute to social behaviour and also highlight 

pathways for interrogation in other disorders. For example, MBOAT7 encodes an enzyme involved 

in phospholipid metabolism with a role in recycling lipids in and out of the cell membrane 

(Caddeo et al., 2019). This gene has been associated with serval other psychiatric disorders as well 

as autism (Table 1.1) however its functional role in these disorders is not well understood.  

Analysis of genetic interaction between ASD-risk genes showed that the MBOAT7 human gene 

had no interaction with other SFARI genes (Table 5.3) suggesting that its interactions with other 

ASD-risk genes may be limited or remain to be identified. To identify possible pathways that 

MBOAT7 may function in I analysed gene interactions of the C. elegans ortholog, mboa-7 with 

other C. elegans genes without limiting the analysis to genes that have been associated with ASD. 
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This showed interactions of mboa-7 with multiple genes with a similar role in lipid metabolism as 

well as genes with other functions, such as cell signalling (Figure 5.6). One of the predicted 

interactions of mboa-7 is with the gene mom-1 (Figure 5.6). mom-1 is involved in the Wnt 

signalling pathway in C. elegans as it is thought to modify lipids to synthesise Wnt signalling 

proteins (Sawa and Korswagen, 2013). The predicted interaction of mboa-7 with mom-1 suggests 

that mboa-7 may have functional interaction with a key regulator of the Wnt cell signalling 

pathway. Wnt signalling is important for various processes in C. elegans including development, 

aging and synapse formation (Sawa and Korswagen, 2013). The identification that MBOAT7 is 

associated with a number of psychiatric disorders (Table 1.1) suggests its dysfunction may impact 

pathways  that are common to autism and other comorbid disorders, like ID and anxiety which 

also have disruption in the social domain (1.1.5). This highlights how the mapping of functional 

interactions opens the possibility to identify candidate pathways that may underpin social 

behaviour and other psychiatric disorders.  

 

Figure 5.6 Interaction of mboa-7 with other C. elegans genes. (A) Protein-protein interaction 

network showing predicted interaction of mboa-7 with ten C. elegans genes in the 

STRING database. Genes are represented as different coloured nodes. Human 

orthologues are indicated in brackets. STRING is a database of known and predicted 

protein-protein interactions that can be direct (physical) or indirect (functional) 

interactions. Interaction is represented by grey bars, the thickness of which represent 

the confidence of evidence for protein-protein interaction. STRING confidence scores 

are set on a scale of 0-1 where 1 represents the highest confidence in the evidence 

for protein-protein interaction (Szklarczyk et al., 2020). STRING parameters were set 

as follows: active interaction sources included textmining, experiments, databases, 

co-expression, neighbourhood, gene fusion and co-occurrence; minimum required 

interaction score set at ‘medium confidence (0.400)’. https://string-db.org/, Version 

11.0. For this preliminary interaction analysis the number of interacting genes was 

capped at ten, further interactome analysis is needed to investigate the function of 
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other genes interacting with mboa-7. (B) Table of the ten mboa-7 interacting genes 

and their functions. 

5.8 Investigating the function of genes that are less well studied for 

their association with ASD 

Of the genes that have been shown to have a role in social behaviour there are two which, to the 

best of my knowledge, haven’t been investigated in C. elegans before in terms of how they impact 

an autism relevant behavioural phenotype. These genes are KDM6A and MBOAT7, the C. elegans 

orthologues of which are jmjd-3.1 and mboa-7 respectively. Both genes have been functionally 

characterised in C. elegans and have a similar proposed function to their human orthologue. jmjd-

3.1 has been shown to function as a histone methylase to regulate gene expression (Merkwirth et 

al., 2016; Vandamme et al., 2012) whilst mboa-7 is an enzyme that functions to recycle 

phospholipids (Lee et al., 2012b). How the biological function of these genes contributes to the 

properties of neuronal circuits that control social behaviour is of particular interest and can be 

addressed in the model organism C. elegans as outlined in the subsections that follow. Prior to 

any future experiments it will be important to confirm the phenotype observed is due to the 

genetic lesions in the gene of interest. This can be done by outcrossing mutant lines where 

necessary and conducting rescue experiments.   

5.8.1 Investigating the function of the jmjd-3.1 gene 

Overexpression of jmjd-3.1 in C. elegans has been shown to result in the differential expression of 

up to 7,000 genes, including genes involved in development, growth and translation (Merkwirth 

et al., 2016). Currently, there is a limited understanding of the expression pattern of jmjd-3.1 in C. 

elegans (Smith et al., 2010). Using a transcriptional reporter would allow a precise 

characterisation of tissue expression of this gene in C. elegans. Combined with circuit level 

understanding from sub-behavioural analysis (5.4) these two approaches would begin to unpick 

which neurons and circuits jmjd-3.1 functions within to co-ordinate social behaviour. The same 

construct would also allow for investigation of gene expression throughout development and may 

help elucidate if there is a developmentally timed role for this gene. The morphology of the 

nervous system in C. elegans is well characterised (1.5.3) and in conjunction with the 

investigations outlined above, morphological comparisons of candidate cells between wild type 

and mutant lines may help to establish if jmjd-3.1 contributes to the development of the nervous 

system and therefore might provide insight into how disruption to this gene contributes to the 

impaired social behavioural phenotype. 
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5.8.2 Investigating the function of the mboa-7 gene 

5.8.2.1 Confirming the food leaving phenotype of mboa-7 mutants 

The impaired food leaving response to progeny seen in three of the four mboa-7 mutant alleles 

highlighted this gene as a candidate for a role in C. elegans social behaviour. However, one of the 

mutants (mboa-7(gk399)) showed a food leaving response that was higher than the other 

mutants tested in both the 24 hour naïve food leaving assay and the pre-conditioned food leaving 

assay (Figure 5.7). For other genes tested as part of the same screen (2.4), differences in food 

leaving behaviour between different mutant alleles could be explained by differences in the other 

phenotypes investigated, for example egg laying deficiencies (2.4.3). However, in the case of the 

mboa-7 mutants the other phenotypes investigated look similar between the four mutants (Figure 

5.7), offering no obvious explanation as to why the food leaving rate of mboa-7(gk399) was higher 

than the others.  

Biochemical assay of the four mboa-7 deletion mutants showed that all had almost no 

acetyltransferase activity (Lee et al., 2012b). This was used to suggest that all four mutants are 

strong loss-of-function. In this study all mutants were outcrossed at least five times prior to 

investigation (Lee et al., 2012b). In contrast, when these mutants were assayed for food leaving 

behaviour they had not been outcrossed (Table 2.1). Therefore, it is possible that the food leaving 

phenotypes are confounded by extraneous mutations in the genetic background of these 

mutants. The fact that three of the four mutants phenocopied a food leaving deficit (Figure 5.7) 

suggests that the identification of this genes as a candidate for a role in C. elegans social 

behaviour is robust. However, to help confirm this suggestion, mutants should be outcrossed with 

N2 and food leaving behaviour should be re-tested and compared to the non-outcrossed strains. 

This will help to understand if the food leaving response of mboa-7(gk399) differed from the 

others due to background mutation effect. Furthering this, generation of a rescue construct to re-

express mboa-7 back into the mutants would allow the role of mboa-7 on food leaving behaviour 

to be validated. 
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Figure 5.7 Summary of the phenotypic data for mboa-7 mutants. (A) Food leaving rate of N2, 

nlg-1(ok259) and mboa-7 mutants 24 hours after being placed onto a naïve food 

lawn. This data can be found in Figure 2.2. (B) Pharyngeal pump rate for N2, nlg-

1(ok259) and mboa-7 mutants counted after a food leaving assay at 24 hours. This 

data can be found in Figure 2.3. (C) Percent total eggs and progeny produced by N2, 

nlg-1(ok259) and mboa-7 mutants at 24 hours. This data can be found in Figure 2.4. 

(D) Proportion of eggs and progeny produced by N2, nlg-1(ok259) and mboa-7 
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mutants after 24 hours. This data can be found in Figure 2.5. (E) Food leaving rate of 

N2, nlg-1(ok259) and mboa-7 mutants in the absence of progeny and exposure to N2 

progeny. This data can be found in Figure 2.7. (F) Thrashing behaviour of N2, nlg-

1(ok259) and mboa-7 mutants in liquid. This data can be found in Figure 2.8. (G) The 

number of eggs laid by N2, nlg-1(ok259) and mboa-7 mutants in the absence and 

presence of progeny. This data can be found in Figure 2.9. For more information 

relating to this data see the relevant figure legends.  

5.8.2.2 Probing the function of mboa-7 in C. elegans social behaviour 

Expression analysis of the mboa-7 gene in C. elegans has shown that it is expressed ubiquitously 

during development and in the adult worm (Lee et al., 2012b). Study of this gene in C. elegans and 

other model organisms is sparse, however it has been shown that it is important for proper brain 

development in mice (Lee et al., 2012a). Given this, it would be interesting to understand if this 

gene is important for nervous system development in C. elegans. I have shown that for all mboa-7 

mutants tested their developmental progression from egg to L2 was not affected, suggesting the 

gene is not crucial for early development (2.4.3). However, these data only inform on the 

developmental timings of the worms and do not inform on potential developmental defects 

within the nervous system that might impair the ability to co-ordinate social behaviour (Hobert, 

2010). Methods have been developed in C. elegans to selectively induce the degradation of a 

gene, allowing gene expression to be turned on and off during development (Zhang et al., 2015; 

McDiarmid et al., 2019). Similar techniques have been used to show that re-expression of a gene 

in late development can revert the effects of early development disruption and rescue 

behavioural phenotypes associated with another neurodevelopmental disorder (Ure et al., 2016; 

Lamonica et al., 2017). Therefore, investigating the effect of selectively expressing mboa-7 during 

development would facilitate insight into whether this gene is required during development for 

the proper functioning of the nervous system and control of social behaviour. Also, it may provide 

insight into whether selective expression of C. elegans genes is a potential avenue for therapeutic 

research. 

5.8.3 Mapping ASD mutations onto C. elegans proteins for future CRISPR analysis  

Taking a similar approach as that used for the R451C mutation, the remaining C. elegans genes 

identified as having a role in social behaviour could be analysed for conservation of amino acids 

mutated in autism. This information would guide future CRISPR experiments to mimic human 

genetic variants and investigate the effect this has on social behaviour. As an example of how 

human variants could be selected for this approach, three missense variants identified in the 
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human MBOAT7 protein have been mapped onto the C. elegans MBOA-7 protein (Figure 5.8). 

Sequence alignment shows that the amino acid sequences are 29% identical and 48% similar. 

From this it can be seen that two of the three amino acids mutated by missense variants are 

conserved in C. elegans MBOA-7 and hence are candidates for future study by CRISPR.  

 

Figure 5.8 Mapping human MBOAT7 missense mutations onto C. elegans mboa-7 protein. 

Cartoon showing human MBOAT7 protein (isoform 1). Amino acid positions 

indicated. Blue squares represent the parts of the protein sequence which is 

predicted to be transmembranous (Caddeo et al., 2019). Asparagine (N) and histidine 

(H) residues are highlighted, these residues are predicted to be a catalytic dyad 

important for MBOAT7 activity (Caddeo et al., 2019) and are conserved in C. elegans. 

Three human missense variants are shown in boxes. Partial sequence alignment 

between MBOAT7 and C. elegans mboa-7 protein sequences are shown. Shaded in 

green are conserved amino acids that are candidates for CRISPR editing to mimic the 

human variant in C. elegans. Shaded in red is an amino acid that is not conserved in 

C. elegans. ‘*’ indicates conservation of a single amino acid residue, ‘:’ indicates 

conservation between amino acid groups with similar properties and ‘.’ indicates 

conservation between amino acid groups with weakly similar properties. For 

Glu376Lys and Gly202Ser alignments MBOAT7 isoform 1 protein sequence was 

downloaded from UniProtKB, accession number: Q96N66. For Ala280His MBOAT7 

alignment isoform 2 protein sequence was downloaded from UniProtKB, accession 

number: Q96N66. For all alignments the MBOA-7 (F14F3.3) sequence was 

downloaded from WormBase version WS280. 

5.9 Summary  

In summary, this thesis has provided evidence that C. elegans can be used to identify genetic 

determinants with a role in social behaviour. Additionally, I have shown the dependence of social 
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behaviour on the function of the nlg-1 gene and that CRISPR editing can be used to probe the 

function of this gene in response to a human ASD-associated missense variant. The future 

directions discussed in this chapter highlight how my findings will facilitate the understanding of 

social behaviour at a level of genetic interaction, circuits and sub-behaviours. Continued 

understanding of the function of the genetic determinants I have identified at distinct levels of the 

biological system will facilitate the future aim to unpick the social circuit underlying social 

behaviour. An increased systems level understanding of C. elegans social behaviour will help to 

model systems level disruption associated with ASD and other brain disorders such as SCZ and 

epilepsy (1.3.4). This will ultimately help to understand how gene dysfunction impedes distinct 

levels of the biological system to result in the emergence of disrupted social behaviour and 

hopefully lead to the translation of these findings into the human system. 
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