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Abstract 

Developmental disorders (DD) are a group of heterogeneous disorders characterised 

by delayed physical and mental development. It is thought that 25-50% of DD have a 

genetic aetiology, yet a majority of patients remain undiagnosed through current 

testing procedures. In South Africa, chromosomal karyotyping (diagnostic rate of 3%) 

and MLPA (diagnostic rate of 5-10%) are the routine diagnostic testing approach for 

patients presenting with DD. Globally, experts are recommending WES as a first-line 

diagnostic test for DD, mainly due to its superior diagnostic rate (±40%), and the fact 

that it outperforms CMA (current gold-standard) for evaluation of unexplained DD. 

However, the utility of this test has not been investigated in a limited resource setting. 

This study aimed to implement a WES pipeline and investigate the diagnostic rate, 

clinical utility, and associated financial and computational costs, using the Thermo 

Fisher Ion Torrent S5™ NGS instrument. This was done by performing WES on seven 

DD patients and one sequencing control DNA sample. Data analysis was performed 

across three investigative platforms namely Moon (Diploid); an in-house, bespoke 

bioinformatics pipeline, and VarAFT; and all were complemented with manual analysis 

to identify possible putative disease-causing mutations. Identified variants were 

validated with Sanger sequencing. Of the seven patients tested we identified disease-

causing mutations in six individuals and validated said variants in five individuals. We 

determined that WES of a single patient cost approximately ZAR13,000.00 (laboratory 

cost and data analysis). The diagnostic rate was greater than 70% for this project and 

significant clinical interventions were identified for most patients. We refined a 

bioinformatic workflow for the effective analysis of WES data to identify putative 

disease-causing mutations in South African DD patients and concluded that WES 

would be a highly beneficial tool in the investigation of DD within the local context. 
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Preface 

This project is a sub-study of the larger Deciphering Development Disorders in Africa 

(DDD-Africa) project currently ongoing in the Division of Human Genetics, University 

of the Witwatersrand and the National Health Laboratory Service (NHLS) 

Braamfontein. This Division performs both research and diagnostic genetic services 

in South Africa. Individuals from both research (senior researchers, lecturers, and 

postgraduate students) and diagnostics (medical geneticists, clinicians, and genetic 

counsellors) are involved in this project. DDD-Africa is a research project that aims to 

better understand the genetic contributions to developmental disorders in Africa and 

effectively implement whole exome sequencing in a diagnostic setting to allow for 

better precision public health in Africa. The partners of this project include 

collaborators from the UK (the Wellcome Trust Sanger Institute and DDD-UK) and the 

Democratic Republic of Congo (University of Kinshasa); as well as other contributing 

institutions namely H3ABioNet, Wits Health Consortium, and the National Institute of 

Biomedical Research (INRB).  
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1. Introduction 

Quick, accurate, and affordable molecular testing is necessary for the better diagnosis 

and management of inherited diseases. Next generation sequencing (NGS), also 

known as massively parallel sequencing, stands out as a comprehensive and effective 

tool with significant diagnostic potential. The rapid evolution of NGS has stimulated 

conversation on how impactful this technology may be at increasing the diagnostic 

yield and clinical utility of the testing options for South African patients. Whole exome 

sequencing (WES, the unbiased analysis of all protein-coding sequences (Fogel et al., 

2016)) has been increasingly reported over the past few years as a possible candidate 

for testing of Mendelian disorders (Need et al., 2012) and has been suggested as the 

first-tier testing method for neurodevelopmental disorders (Srivastava et al., 2019). 

The use of this technology may shine a light on genetic variants that may be 

responsible for the symptoms found in previously undiagnosed patients (Wright et al., 

2015). In addition, it has been shown that WES has an increased diagnostic rate (25-

40%) across multiple Mendelian disorders (Córdoba et al., 2018; Need et al., 2012; 

Wright et al., 2015) when compared to traditional testing methods such as karyotyping 

and Sanger sequencing, that may end the diagnostic odyssey some patients have 

found themselves trapped in. In knowing how useful this technology may prove to be, 

it is necessary to have an estimate of the costing, timing, and workflow necessary to 

make this an effective diagnostic option in a local, often resource-poor setting.  

A significant number of patients who do not currently receive a diagnosis through 

locally available testing are those affected with developmental disorders (DD). 

Developmental disorders encompass a wide range of genetic diseases (Miclea et al., 

2015), however, the specific phenotypes expressed in these patients are usually 

typical of genetic heterogeneity (Soden et al., 2014), making the diagnosis of these 

patients highly taxing. The use of WES may allow us the possible identification of the 

causal variant that went undetected in previous, targeted diagnostic tests performed 

on these patients (Ewans et al., 2018). 

1.1 Developmental disorders 

Developmental disorders are characterised by abnormal and/or delayed mental or 

physical development (Boyle et al., 2011). These developmental impairments typically 

result in severe and chronic disabilities that impact a patient’s daily functioning. A 
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common symptom of many patients with DD is intellectual disability which is suggested 

to have a prevalence of roughly 3% worldwide (Shevell et al., 2003). The prevalence 

in South Africa is not known; however, limited data suggest it matched the global 

statistics (Fieggen et al., 2019). Intellectual disability is used when referring to children 

over the age of five and is not to be confused with global developmental delay, used 

when referring to children under the age of five. Global developmental delay is often 

identified as a notable delay in two or more developmental domains (Srour and 

Shevell, 2015).  

Developmental disorders arise from a wide range of both genetic and environmental 

elements but it is estimated that underlying genetic causes are a major contributor 

causing 25-50% of cases (Gilissen et al., 2014). Environmental causes contributing to 

the remainder of cases include infections and exposure to environmental and chemical 

toxins; malnutrition and nutritional deficiencies; perinatal and neonatal factors; and 

poverty and trauma. Although it is understood that the majority of cases have an 

underlying genetic cause, many of these cases are overlooked in low-to-middle 

income countries based on the prevalence of environmental impact. Due to low 

income and limited resources, much of Africa is still plagued by infectious diseases 

and malnutrition. For example, in 2019 it was reported the 20.7 million individuals 

infected with Human Immunodeficiency Virus (HIV) resided in east and southern 

Africa. This accounts for 54% of the world’s HIV infected population (UNAIDS 2020). 

HIV is a known cause of DD and is particularly noted as an issue in areas where it 

affects a large proportion of childbearing women who have limited access to 

antiretroviral therapies, caesarean deliveries and alternatives to breast-feeding 

(Institute of Medicine (US) Committee on Nervous System Disorders in Developing 

Countries 2001).  

Apart from the large number of environmental impacts leading to DD in the African 

population, the genetic causes of DD are overlooked based on their difficulty to be 

diagnosed, and as such a majority of cases go undiagnosed. The main reason for this 

difficulty can be attributed to the heterogeneity of these disorders both clinically and 

genetically (Soden et al., 2014). Genetic heterogeneity occurs when mutations at two 

or more distinct genetic loci result in the same or similar phenotypes. This increases 

the complexity of genetic testing because medical scientists are required to test 

multiple genes or loci in order to identify possible disease-causing mutations. This 
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direct/targeted testing is only possible when clinicians can narrow down a patient’s 

phenotype in order to identify a likely syndrome.  

The majority of DD show overlapping features and phenotypes along with clinical 

heterogeneity. Only a few syndromes have well-defined features and/or unique 

characteristics to drive molecular investigations (Larizza and Finelli 2018). Clinical 

heterogeneity can be understood as diverse phenotypic representations of the same 

disorder/syndrome (Ball et al., 2016). Due to this heterogeneity, it is always beneficial 

to rule out the most prevalent genetic aetiologies of DD (where relevant) to avoid 

unnecessary treatments, testing, and intervention and narrow down possible 

diagnoses. 

1.2 Prevalent genetic aetiologies of Developmental Disorders 

Chromosomal abnormalities are responsible for the majority (25%) of DD cases with 

a genetic aetiology, with trisomy 21 being the most common (Miclea et al., 2015). 

Trisomy 21, also known as Down Syndrome, is caused by the presence of an 

additional chromosome 21 (Hayes and Batshaw 1993). Additional chromosomal 

abnormalities such as trisomy 13 and 18, microdeletions, and partial duplications are 

also known to be associated with DD (Miclea et al., 2015). Chromosomal anomalies 

are tested for using karyotyping and multiplex ligation probe-dependent amplification 

(MLPA).  

Monogenic causes of DD are responsible for 10% of cases, where Fragile X syndrome 

(the most common associated disorder) contributes 5% of DD cases (Miclea et al., 

2015). While these statistics and prevalence rates are said to be a ‘global’ 

representation, it is important to note that the figures are based on European data and 

there is no clear representation of these figures in Africans. Fragile X syndrome 

(FRAX) has a prevalence of 1 in 5000 males affected and 1 in 8000 females affected 

(Rajaratnam et al., 2017). FRAX is caused by mutations in the FMR1 gene which 

generates a protein responsible for synapse development (Essop and Krause, 2013). 

Due to the high prevalence of this syndrome and the availability of a robust testing 

method for FRAX, it is necessary to implement this as a first-line test when a patient 

presents with the associated phenotype. Other monogenic causes of DD which have 

well-defined phenotypes can be tested for using a range of single-gene tests which 
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are typically requested by the referring clinician. In some cases of known genetic 

heterogeneity, multi-gene panels may be available for testing. 

1.3 Diagnostic testing for Developmental Disorders 

Until recently, the recommended first-tier genetic test, globally, for patients presenting 

with unexplained DD was a chromosomal microarray (CMA) (Kharbanda et al., 2015). 

This testing method identifies changes in copy number variants (CNVs) and its high 

sensitivity allows the detection of aberrations at a submicroscopic level. This method 

reportedly allows the detection of changes spanning only 5Kb in size indicating a 

resolution that is 1000 times higher than traditional karyotyping (Batzir et al., 2015). 

The use of microarray to replace the original routine testing method of karyotyping 

resulted in an increase in the diagnostic rate by approximately 10% (Miller et al., 2010). 

In South Africa, microarray is not currently routinely offered as a diagnostic test to state 

patients. The Division of Human Genetics (University of the Witwatersrand and 

National Health Laboratory Service), is one of the major service providers of clinical 

and laboratory-based genetic tests in South Africa and has been conducting research 

into DD for the past 35 years (Essop and Krause, 2013). Here, the current standard of 

testing for patients with DD involves karyotyping followed by MLPA analysis. 

Approximately 20% of patients receive a positive diagnosis from the above testing 

methods (personal communication from this laboratory). Many patients unfortunately 

remain undiagnosed after the first round of testing, and due to limited resources, the 

possibility of additional tests is out-of-reach for most, leaving them with no information 

or options for treatment and management of their disease.  

1.4 Evaluating Whole Exome Sequencing as a diagnostic test for Developmental 

Disorders 

The Deciphering Developmental Disorders study (DDD-UK) is a multidisciplinary 

research project with the aim of advancing clinical genetic practice for children with 

DD in the United Kingdom. This study began in 2011 and comprehensively 

investigated the clinical, ethical, and genomic components of DD. It aimed to minimise 

incidental findings and effectively showed the benefits of incorporating new genetic 

technologies into the research of DD. The study evaluated the effectiveness of WES 

as a diagnostic tool and achieved a 27% diagnostic yield for the 1,133 patients tested 
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(Wright et al., 2015). This group’s more recent publication showed that the continual 

generation of new genetic and disease information allows for the reanalysis of 

previously analysed data. Through the reanalysis of the original 1,133 patients tested, 

the overall diagnostic yield of the study rose to 40%, with an additional 182 individuals 

receiving a positive diagnosis (Wright et al., 2018).  

Other groups have emerged to investigate this technology as a means of effectively 

diagnosing individuals with DD; one of these is the NeuroDev study. The aim of their 

study involves the genetic characterisation of neurodevelopmental disorders in sub-

Saharan Africa. To achieve this, they plan to perform WES on 1800 individuals with 

neurodevelopmental disorders from South Africa and Kenya as well as 1800 matched 

controls and 1900 parental samples. This project is a collaboration between the Broad 

Institute in Cambridge Massachusetts; the University of Cape Town and the KEMRI-

Wellcome Trust Research Programme (de Menil et al., 2019).  

In support of the research being seen to date showing the use of WES as a potentially 

powerful tool in the diagnosis of DD, the consensus statement released by Srivastava 

et al., suggested WES be the preferred first-tier testing method in the diagnosis of DD 

as the method was shown to outperform CMA (2019). 

1.5 Next Generation Sequencing Platforms 

WES is a genomic sequencing technique used to sequence the protein-coding regions 

of a gene which is known as the exome (Arts et al., 2019). This method falls under the 

umbrella term of NGS alongside whole genome sequencing. The ability to sequence 

multiple samples in parallel and generate mass amounts of data in a relatively quick 

time-frame makes this technology highly desirable in a diagnostic and research setting 

(Goodwin et al., 2016). With the demand for the technology steadily rising over the 

past ten years there has been a dramatic expansion in the NGS market, with multiple 

suppliers offering a wide range of instruments and software that is constantly being 

upgraded and improved to match their competitors (Pereira et al., 2020).  

The most commonly referred to sequencing platforms are supplied by Illumina (USA) 

and Ion Torrent (Thermo Fisher, USA). These two companies have designed unique 

platforms using different chemistries. However, both work on the same second-

generation sequencing workflow of library preparation, amplification and clonal 
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expansion, sequencing, and analysis (Pereira et al., 2020). The chemistry of each 

company differs in that Illumina systems makes use of sequencing-by-synthesis (SBS) 

and Ion Torrent systems uses semiconductor sequencing (Bentley et al., 2008; Lahens 

et al., 2017). Many studies have compared the two systems through various 

applications and reported on the advantages and disadvantages. Due to rapid system 

updates and technological improvements, both are constantly upgrading and reporting 

better/newer features. This MSc project made use of Ion Torrent™ systems and 

technologies, due to the availability of the platform within the department. Therefore, 

the use of this platform will be discussed throughout and compared to other known 

systems later on. 

1.6 Ion Torrent S5™ system 

The Ion Torrent system sequences DNA using a metal-oxide-semiconductor chip 

(Merriman et al., 2012). Initially, DNA is fragmented, and each fragment is bound to a 

microbead. This fragment then replicates until the entire microbead is covered in the 

DNA fragment. Each bead then fills a microwell situated on the semiconductor chip. 

These microwells are flooded with a single deoxynucleoside triphosphate (dNTP) 

solution at a time (known as a flow) and incorporation of a nucleotide is noted by the 

release of a hydrogen ion (H+). A built-in pH meter (ion sensor) is used to detect pH 

changes and convert these chemical signals into digital voltage signals. This direct 

sequencing approach allows for ‘real-time’ base calling resulting in rapid sequencing 

technology (Ambardar et al., 2016).  

Limitations of the technology have been reported and include false positives; 

specifically, the calling of indels (insertion or deletion of bases in the genome) in 

homopolymer regions (Damiati, et al., 2016). A homopolymer occurs when one type 

of chemical unit or monomer (in this case a nitrogenous base A, C, G, or T) is repeated 

multiple times in succession. When sequencing these repeat regions, the same base 

is incorporated multiple times which releases a high hydrogen ion concentration during 

a single flow. A higher voltage will be recorded indicating the incorporation of more 

than one nucleotide. When long homopolymers are encountered the quantification of 

the voltage change is typically inaccurate due to the inefficiency of the system leading 

to the high error rate of indels being called within these regions (Quail et al., 2012). 
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These limitations need to be kept in mind when evaluating the system as well as other 

considerations associated with implementing new technologies.  

1.7 Considerations in evaluating WES as a diagnostic test 

1.7.1 The cost implications of WES 

Whilst the initial investment in sequencing infrastructure and reagents is quite high, 

the price per sample sequencing has decreased dramatically over the years. 

Commercial service providers have offered promotional sequencing at costs of 

US$250 in the past (“BGI- Exome Seq Fall Pricing Promotion,” 2015., Steenhuysen 

2015). A systematic review conducted by Schwarze et al. looked at the costs of WES 

listed in current literature. The review investigated 18 papers that had WES costs 

listed. These costs ranged from US$555 to US$5169 for a single WES test (Schwarze 

et al., 2018). A more recent review by Suwinski et al., reports the average cost of 

exome generation to be US$400 but the addition of data analysis and clinical 

interpretation typically results in costs greater than US$1000 (Suwinski et al., 2019). 

The implementation of WES would involve costs outside of the test itself as well. A 

study conducted by Monroe et al. suggested that the use of WES, as opposed to the 

traditional course of diagnostic tests, results in significantly lower costs. The difference 

was substantial enough, that WES was suggested as a cheaper first-line genetic test 

overall. In addition, the implementation of WES would not only reduce the cost of 

genetic testing but also the number of unnecessary non-genetic tests patients 

undergo; thus, reducing the overall health-care costs of some patients by 50% 

(Monroe et al., 2016).  

Although the price has decreased and appears more feasible, it is necessary to 

explore the cost-effectiveness of such a test in a resource-limited. Understanding the 

costs associated with doing these tests ‘in-house’ would enable laboratories to 

determine whether or not it was feasible to set up the infrastructure locally or more 

cost-effective to outsource the testing. Local infrastructure has added benefits of 

knowledge generation, skill development, student training, job creation, and increasing 

local resources. However, due to the country’s low economic status, this can only be 

implemented if proved to be cost-effective.  
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1.7.2 Data storage, processing and analysis challenges 

The ability to sequence multiple samples in parallel and generate mass amounts of 

data is highly useful in a diagnostic and research setting. However, the consequence 

of large data generation is the necessity of computational hardware; software; and 

individuals who are trained computationally and bioinformatically to manage, analyse, 

and interpret this data.  

 

Next generation sequencing data generation and management are typically divided 

into three phases known as primary, secondary, and tertiary analysis. Primary analysis 

involves the analysis of raw data, base calling, and then scoring the called base 

quality. On the Ion Torrent system, this is outputted as an unmapped binary alignment 

file (uBAM). Overall, this process is relatively complicated and involves nucleotide 

incorporations being identified by the ion sensor and converted into general data 

(DAT) files. These files are inputted into the server and converted into an alternative 

file format. The Ion Torrent Basecaller module is able to read the files and generates 

the uBAM file. The uBAM file is then mapped and produces a binary alignment file 

(BAM) in which the sequencing data is stored (Ion Torrent 2014).  

 

This is followed by secondary analysis in which the sequence is aligned to a selected 

reference and then variants are called. For this project the hg19 reference, also known 

as GRCh37 (Genome Reference Consortium Human Build 37) was selected. This is 

the human reference genome to which the Ion Torrent system is currently compatible 

and is still used by the majority of downstream analysis software. The Ion Torrent 

system uses the Torrent Mapping Alignment Program (TMAP) for this step (Homer et 

al., 2009). The TMAP uses the Smith-Waterman algorithm for initial mapping (Smith 

and Waterman 1981), after which the alignment is refined and a post-alignment 

processing step is performed (Pereira et al., 2020). The last step of secondary analysis 

is variant calling; for this Ion Torrent incorporates the Torrent Variant Caller (TVC) 

which uses a Bayesian statistical method and flow space data to generate a Variant 

Call Format (VCF) file.  

 

Tertiary analysis is the final major step in the analysis pipeline and mainly involves 

data interpretation. This step can be broken down into variant annotation (determining 

the biological context of variants), variant filtering (narrowing down a list of possible 
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putative disease-causing mutations based on the annotations), and prioritisation and 

visualisation (identifying a few variants suggestive to be causative and validating them 

further with molecular techniques) (Pereira et al., 2020). 

 

These three main areas of analysis are large and complex in and of themselves and 

yet still provide additional tasks, challenges, and limitations towards the researchers 

that need to be considered. Beginning with primary analysis, the amount of data 

generated from WES is much larger than any other genetic test that this Division 

currently offers, thus data management may be a challenge initially.  

 

This includes the long-term storage of the generated data as well. This data includes 

primary sequencing data such as BAM files; and secondary data such as annotation 

files, and reports (Shabani, et al., 2018). While the secondary data is relatively simple 

to store using online cloud services, local computers, and hard drive backups; primary 

data files are much larger and therefore require more intensive storage solutions. This 

may not present as a challenge initially, however, the more exomes sequenced, the 

more data generated, and the more storage space required. On average a single 

exome of 40X coverage (average number of reads that align to a target/reference), 

with 110,000,000 reads at a read length of 75 typically generated a BAM file of 5.7-

10GB (Strand Life Sciences 2016). Therefore, the data generated from 200 exomes 

would be roughly 1.6TB. If one where to generate and store backups of this data for 

safety and security measures the data would likely double in storage requirements 

(Strand Life Sciences 2016). With fluctuating read lengths and exome coverage, BAM 

files may reach up to 30GB, which poses a greater challenge to data storage. 

The term of how long data is stored is typically determined by the service provider of 

the test, and can vary based on whether the data will be subjected to reanalysis at a 

later date and if it will be used for means of validation and/or research (Shabani, et al., 

2018). It is the recommendation of the American College of Medical Genetics (ACMG) 

clinical laboratory standards for next-generation sequencing (Rehm, et al., 2013), that 

laboratories enforce a minimum term of two years for the storage of primary data (e.g. 

BAM files).  

A final consideration for when looking at storage solutions and analysis of such large 

datasets, is the security associated with sharing and access to the data. Anonymised 
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patient and sequencing data need to be stored on secure servers/systems where 

access is granted and monitored by local administrators to ensure the privacy and 

confidentiality of the data as well as the security of the system (Kulkarni and Frommolt 

2017; Moorthie et al., 2013).  

Secondary analysis is a largely automated process, this leaves only a few challenges 

that a bioinformatician or researcher would need to consider. The main challenges 

that arise here are errors during sequencing and quality control procedures. The errors 

that arise during sequencing cannot typically be prevented however they can be 

monitored with the use of base quality scores known as Phred scores. The scores are 

based on a logarithmic error probability so, for example, a Phred score of 20(Q20) 

would have a 1 in 100 probability of being inaccurate indicating accuracy of 99% 

(Ewing et al., 1998). An additional consideration would be the use of a sequencing 

control to assess sample quality. A sequencing control is designed or selected to 

contain DNA sequences from a known species (specifically Homo Sapien for this 

project) that is processed jointly with selected samples during sequencing. The use of 

a sequencing control will allow one to detect or estimate sequencing errors through 

bioinformatic analysis following sequencing (Cao et al., 2017).  

 

Tertiary analysis is the final step and involves active participation on the part of 

bioinformaticians and researchers. Data analysis and interpretation is a procedure 

containing multiple steps and makes use of various software to generate a 

manageable and interpretable set of results. As one of the main aspects of this project 

this topic will be discussed in-depth later on. Some of the broad categories used to 

narrow down or prioritise possible causative variants include: ethnically specific allele 

frequencies of variants; the possible impact of a variant on protein function; 

evolutionary sequence conservation and comparison with existing disease-specific 

databases containing known variant-disease/phenotype associations (Lee et al., 

2014). One of the biggest challenges of this step, as suggested by researchers, is the 

determination of causal versus non-casual variants and understanding the 

clinical/medical significance of the information (Swaminathan et al., 2012; Daber et al., 

2013).  
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1.7.3 Reanalysis of inconclusive results 

The new developments and hope that arrive in the presence of WES being offered to 

families with patients suffering from undiagnosed genetic disorders, although 

astounding is not always successful or promising (Rosell et al., 2016). This technology 

provides a unique look at the human exome which may shed light on the disease of 

undiagnosed patients, however, it does not guarantee a diagnosis. In some cases, it 

may shed no light on the disease of the patient in question, because much of the 

impact of variation in the human genome is still unknown. However, new information 

on multiple Mendelian disorders (including DD), and their causative variants is 

emerging monthly within the field of genetics (Xiao et al., 2018). This allows scientists 

to reanalyse previously generated data to search for a possible diagnosis. As 

mentioned above, the work by Wright and colleagues showed that three years after 

initial testing, 182 patients received a diagnosis through reanalysis (Wright et al., 

2018). With this in mind, the challenge becomes setting up a system whereby the data, 

of individuals who did not receive a diagnosis, is stored, tracked, managed, and 

reanalysed at certain intervals in the hopes of identifying new information associated 

to variants found within that individual. 

1.8 Diagnostic Yield and Clinical utility 

Diagnostic yield is defined as the likelihood of a test/procedure providing the 

information necessary and adequate to indicate a diagnosis and is a statistic 

commonly associated with the effectiveness of diagnostic technology. However, a 

diagnosis is not always the outcome for each patient, thus the clinical utility of the test 

may prove more beneficial in the overall treatment and management of patients. 

Clinical utility is the personal benefit that a patient receives due to an offered test 

and/or medical intervention (Lesko et al., 2010). While the concepts are somewhat 

connected the figures have shown to be discordant in multiple studies with the clinical 

utility of the tests appearing much lower than the diagnostic yields (Iglesias et al., 2014; 

Thevenon et al., 2016; Srivastava et al., 2014) which may impact the perceived utility 

of the test. The utility of WES in a low-resource setting may additionally be impacted 

by a lack of practical experience; transferable skills; bioinformatics knowledge and 

experience; monetary resources; data management and storage solutions; and the 

inaccurate clinical phenotyping of African DD patients who are vastly understudied. 
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1.9 Rationale 

Deciphering Developmental Disorders-Africa is a research project based in the 

Division of Human Genetics, in partnership with DDD-UK. The overarching aim of this 

multifaceted project is to generate a pipeline for research and diagnostic purposes that 

will enable a better understanding of the genetic contribution of DD among African 

patients. This pipeline will be structured around the use of WES as a method of 

pathogenic variant detection.  

Whole exome sequencing has emerged as a possible first-line genetic test for the 

diagnosis of individuals affected with DD. This technology has been shown to have a 

higher diagnostic rate than regular testing procedures, allowing for better detection of 

the causal variants of these heterogeneous disorders. The utility of this test has not 

been investigated in a limited resource setting. The availability of an Ion S5™ 

Semiconductor sequencer within the Division makes it possible to analyse the 

feasibility, diagnostic rate and clinical utility of WES in identifying pathogenic mutations 

in South African DD patients. Therefore, the research question for this study is: Is WES 

a viable and cost-effective approach to diagnose DD in a South African setting? 

1.10 Aims and Objective 

1.10.1 Aim  

To implement a WES workflow and evaluate the financial and computational costs 

involved in this technique. 

1.10.2 Objectives 

1. Plan an effective WES laboratory and data analysis workflow using the Ion 

AmpliSeq™ and appropriate bioinformatics tools. 

2. Perform WES on 8 DD patient samples to evaluate and refine the workflow. 

3. Analyse WES data generated to identify any putative disease-causing 

mutations and optimize the bioinformatics pipeline. 

4. Test parental samples for identified putative disease-causing mutations to 

establish variant inheritance. 

5. Perform a cost and diagnostic yield analysis for WES to enable an indication of 

the cost-to-benefit ratio for this strategy and compare the Ion Torrent S5™ 

system to other available systems.  
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2. Methods 

 

This chapter will describe the methods used to achieve the aim and objectives set out 

in Chapter 1 (Section 1.11). The chapter discusses the ethics clearance received for 

this project; the planning of a WES workflow necessary to conduct this project; the 

WES procedure on the Ion Torrent S5™ system; data analysis; and the validation 

procedures using Sanger sequencing. Lastly, this chapter addresses the methodology 

of performing a cost and diagnostic yield analysis.  

2.1 Ethics 

Ethics clearance for this project was granted by the Human Research Ethics 

Committee (Medical) of the University of the Witwatersrand, under certificate number 

M190578, see Appendix 1. This study is operating under the larger DDD-Africa study 

with ethics certificate number M180678, see Appendix 2. 

2.2 Objective 1: Planning a whole exome sequencing workflow/pipeline 

A basic outline of the laboratory and analytical procedure expected to be performed in 

the project can be seen below in Figure 1. This workflow was adapted from the work 

published by the DDD-UK project (Wright et al., 2015), however, it contains information 

more directed to the objectives of this project and the use of Ion Torrent platforms.  
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2.3 Objective 2: Performing whole exome sequencing on 8 DD patient samples to 

evaluate and refine the workflow 

2.3.1 Sample Selection 

The patient samples used for this study were selected from a pre-approved list 

(provided by the clinicians and senior researchers in the Division) based on 

deoxyribonucleic acid (DNA) quality and concentration. These patients had already 

been recruited for the DDD-Africa study. Seven samples were selected for WES with 

the addition of one control sample to account for sequencing quality (control DNA from 

CEPH individual 1347-02, Thermo Fisher, USA). DNA extraction was previously 

performed using the salting-out method (Miller et al., 1988) and stored at 4°C in Tris-

EDTA Buffer (TE Buffer). Quality and quantity were ascertained using a UV 

spectrophotometric approach using the Thermo Fisher™ NanoDrop 2000 (Thermo 

Fisher, USA). DNA quality was further visualised using gel electrophoresis, where 1µl 

Figure 1. Planned workflow of whole exome sequencing. The above flow diagram illustrates 

the procedure of whole exome sequencing from the first step of patient/sample selection 

until the final step of reporting results. Sequencing is performed using the Ion Torrent S5™ 

platform and sequencing data will undergo primary and secondary analysis using the Torrent 

Suite™ and Ion Reporter™ software. Tertiary analysis will be performed using multiple 

variant analysis methods in conjunction with online databases for manual investigation. 

Significant variants are confirmed using Sanger sequencing before reporting. Adapted from 

(Wright et al., 2015). 



15 
 

of DNA was visualised on a 0.8% (w/v) agarose gel that was electrophoresed at 

5V/cm. The samples for this study were selected based on this information. DNA 

quantification of the selected samples was then performed using a Qubit™ 3.0 

fluorometer; this was one of the suggested methods of quantification as recommended 

by the Ion AmpliSeq™ Exome RDY Library Preparation User Guide (Thermo Fisher, 

USA). The samples were initially quantified using the Qubit™ dsDNA BR (broad 

range) Assay Kit (Thermo Fisher, USA) which has a range of 2-1000ng. The second 

quantification used the Qubit™ dsDNA HS (high sensitivity) Assay Kit (Thermo Fisher, 

USA) which has a range of 0.2-100ng. Both quantification kits were used to allow for 

an additional dilution step for more accurate dilutions. DNA was diluted to ~50ng 

genomic DNA (gDNA), using nuclease-free water as recommended by the reference 

guide. 

2.3.2 Whole Exome Sequencing 

WES was performed using the Ion Torrent S5™ system housed at the Division of 

Human Genetics, the procedure is summarised in Figure 2. The procedure itself 

involves three main steps namely library preparation, library templating, and finally 

sequencing.  

 

 

Figure 2. Flow diagram illustrating the procedure of whole exome sequencing on 

the Ion Torrent S5™ platform. Adapted from the Ion AmpliSeq™ Exome RDY 

Library Preparation User Guide (Thermo Fisher, USA).  
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i. Library Preparation 

Library preparation is the first step of NGS and produces a collection of targeted DNA 

fragments for sequencing. This was performed following the procedure outlined in the 

Ion AmpliSeq™ Exome RDY Library Preparation User Guide (Thermo Fisher, USA); 

using an Ion AmpliSeq™ Exome RDY Kit 1x8 (Thermo Fisher, USA), and Ion Xpress™ 

Barcode Adaptors 1-16 (Thermo Fisher, USA). Target regions were initially amplified 

using 12 primer pools in 1x8 Exome RDY Plate. The target amplification reactions 

were then combined and partially digested. Barcoded adaptors were ligated to the 

partially digested amplicons and this was followed by two purification steps. The 

exome libraries require amplification before quantification for enrichment and to 

ensure there is sufficient material available for quantification. The barcoded libraries 

were thus amplified and underwent an additional two rounds of purification. The exome 

libraries were then stored at -20°C until used for sequencing. 

The amplified libraries were quantified using a Qubit™ 3.0 fluorometer and a Qubit™ 

dsDNA HS Assay Kit (Thermo Fisher, USA). Exome libraries typically have yields of 

300-1500ng/ml, therefore the Qubit™ dsDNA HS Assay Kit (Thermo Fisher, USA) was 

used. Libraries were diluted (based on the calculated concentrations) to a final 

concentration of ~22ng/ml (100pM) using the Low TE buffer provided in the Ion 

AmpliSeq™ Library Kit Plus (Thermo Fisher, USA).  

The reference guide used suggested that two barcoded libraries could be pooled onto 

a single 540™ Chip (Thermo Fisher, USA) for a targeted average coverage depth of 

100X. This recommendation was followed and exome libraries 1 and 3; 2 and 4; 5 and 

6; 7 and 8 (control) were paired off and combined respectively. Libraries were paired 

based on quantified concentrations that were closely matched. The individual libraries 

of a designated pair were separately diluted to the same concentration and the 

combined. Each combined library was then diluted to a final concentration of 75pM 

(this was mid-range of the suggested final concentration range 50-100pM).  

Library dilution and combination were performed directly before template preparation 

was initialised and therefore not all libraries were diluted and combined at the same 

time. 
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ii. Library Templating 

Library templating is the second step of NGS and this step aims to generate multiple 

copies of each amplicon to increase the strength of nucleotide base detection during 

sequencing. A planned run was created using the Torrent Suite™ Software to provide 

instructions directing the templating, performed using the Ion Chef™, and the 

sequencing, performed using the Ion S5™. Template preparation was performed on 

the Ion Chef™ using Ion 540™ Chef Reagents (Thermo Fisher, USA), Ion S5™ Chef 

supplies (Thermo Fisher, USA), and Ion S5™ Chef Solutions (Thermo Fisher, USA). 

This was performed using the Ion 540™ Kit-Chef Quick Reference as a guide. The 

reagents, combined barcoded libraries, and chips were loaded onto the Ion Chef™. 

This process involves an emulsion PCR step that fragments and amplifies exome 

targets and binding these fragments to microbeads. Following this, the templated 

libraries are loaded onto the 540™ chips. Upon completion of the Ion Chef™ run, the 

chips and reagents were unloaded. One chip was moved to the sequencer to begin 

sequencing (only one chip can be sequenced at a time), whilst the other was placed 

in a storage container and refrigerated at 4°C until it was ready to be sequenced.  

iii. Sequencing 

Whole exome sequencing was performed using the Ion S5™ System. After an 

initialisation step, the first templated chip removed from the Ion Chef™ was loaded 

into the Ion S5™ for sequencing. This was performed following the guidelines set out 

in the Ion 540™ Kit-Chef Quick Reference and used Ion S5™ sequencing solutions 

(Thermo Fisher, USA) and Ion S5™ Sequencing Reagents (Thermo Fisher, USA). 

The sequencing of the prepared whole exome libraries is based on 200bp chemistry 

and uses a Samba flow order. This flow order is a step sequence of 32 nucleotides 

that is repeated 15.63 times to reach a total of 500 flows (Sarkozy et al., 2014). Upon 

completion of this sequencing (2.5 hours), the first chip was removed and the second 

was loaded to begin sequencing. The sequencing of 4 chips took two days to 

complete, upon which Binary Alignment Map (BAM) files were generated containing 

the sequence output. 
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2.4 Objective 3: Analysing whole exome sequencing data generated to identify any 

putative disease-causing mutations and optimise the bioinformatics pipeline 

2.4.1 Data Processing 

A flow diagram illustrating the data processing of the BAM files and generation of the 

Variant Call Files (VCFs) can be seen below in Figure 3. The Ion Torrent associated 

software(s): Torrent Suite™ and Ion Reporter™ (version 5.12.0 Thermo Fisher, USA) 

were used for these processes. VCF files were analysed using multiple software and 

pipelines and the results compared in order to identify the most effective and time-

efficient programs to identify possible putative disease-causing variants in South 

African DD patients. 
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Figure 3. Summary of data analysis pipelines created to investigates exomes of DD 

patient samples.  
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i. Torrent Suite™ Software 

The Torrent Suite™ Software (version 5.12.0) allows a user to view current 

sequencing activity, plan and monitor sequencing runs, and review sequencing data 

post-run. The ‘planned run’ was created prior to sequencing whereby the sequencing 

run information, sample identifiers, and analysis preferences were selected. 

Sequencing can be monitored in real time using key metrics provided by this software; 

and by including the Coverage Analysis Plugin, run statistics can be viewed and data 

quality analysis performed. The BAM file generated during sequencing is accessible 

through this software and allows one to directly upload said file to the Ion Reporter™ 

software (version 5.12.0, Thermo Fisher, USA) and request the analysis pipeline of 

interest. The AmpliSeq Exome single sample (germline) workflow was selected, this 

was the recommended pipeline for proband exome analysis as suggested by the 

Thermo Fisher technicians. The software produced an annotated VCF for each patient 

that was then downloaded. Filtering parameters are available within the Ion Reporter™ 

software; however, they were not capable of performing all of the filtering steps 

required and different software and platforms were investigated. 

ii. Ion Reporter™ Software 

The Ion Reporter™ software (version 5.12.0) is a collection of bioinformatics tools that 

allow for data analysis, annotation, filtering, and the export of sequencing data. The 

BAM file generated by the Torrent Suite™ was uploaded to the Ion Reporter™. The 

data was run through the AmpliSeq Exome single sample (Germline) workflow. This 

workflow uses the ‘variantcaller’ plugin to generate a VCF file, after which it runs this 

file through multiple annotation databases. The VCF files for one of the downstream 

software applications required pre-filtered files based on quality control; the built-in 

filter system of the Ion Reporter™ Software was used for this. The parameters 

included a CNV confidence range filter (10.0≤ CNV confidence range≤ 1.x107) to 

return CNVs with confidence ranging between 10 and 10,000,000. As no CNV 

baseline is currently set up on the specific system used for this project, CNVs could 

not confidently be called and were therefore filtered out. The second parameter 

involved filtering for quality, thus an allele read count was set to filter out variants with 

an allele depth of ≤8. Unfortunately, no filter was available to remove variants of a low-

quality score (PHRED score ≤40) therefore, this parameter was left out.  
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iii. Moon Software  

Moon (Diploid) software (version 3.2.0) is a web-based software that uses artificial 

intelligence to diagnoses rare diseases from NGS data (Clark et al., 2019). WES VCF 

files were uploaded to Moon and the patient’s disease age of onset, gender, and 

symptoms (Human Phenotype Ontology (HPO) terms, see Table 1) were entered. The 

Moon software analyses this input and suggests a prioritised possible causal variant. 

Additional variants were also suggested for review. The variants listed contain 

annotation data from multiple sources which can be seen in Table 1 (associated URLs 

can be found in Appendix 3). Filter parameters were set to remove all variants with an 

allele depth of ≤8; a quality score of ≤40 and/or a frequency of ≥1% seen in GnomAD 

(see Table 1). These were the default filter parameters suggested by Moon and were 

kept constant across the different analysis platforms used. Specific filter values are 

useful as they narrow down the potential list of causative variants. Filtering for allele 

depth allows the removal of variants that were poorly covered during sequencing and 

similarly, filtering with a quality score removes variants of poor quality leaving a list of 

variants with sufficient coverage and good quality for investigation (Harel and Lupski 

2017). Further, filtering according to allele frequencies is greatly beneficial in reducing 

the list of potentially causative variants as it is known that variants likely to be causative 

of rare genetic diseases are typically rare within the population and are expected to 

have an allele frequency of less than 1% (Gibson 2011). Filters were also set to only 

include non-synonymous coding variants and all zygosity options (homozygous, 

heterozygous, hemizygous, compound heterozygous, homoplasmic and 

heteroplasmic).  
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Table 1. Variant annotation tools used by Moon (v3.2.0) 

Tool Description Reference 

ClinVar Online database of genomic 
variation and associations to 
human health 

Landrum and Kattman 2018 

dbNSFP (v4.0) Database for the functional 
prediction and annotation of 
non-synonymous SNVs in 
the human genome 

Liu et al., 2016 

dbSNP (v151) Public database of known 
genetic variation across 
different species 

Sherry et al., 2001 

Apollo Web-based genome 
annotation editor 

Dunn et al., 2019 

RefSeq (v37) Database of curated 
nucleotide sequences 

Haft et al., 2018 

GnomAD (v2.1.1) Aggregation of whole exome 
and genome data providing 
allele frequencies 

Karczewski et al., 2020 

HPO A vocabulary of phenotypic 
abnormalities associated 
with human disease 

Kohler et al., 2018 

DGV Database of human 
genomic structural variation 

MacDonald et al., 2014 

dbVar Database of human 
genomic structural variation 

Lappalailen et al., 2013 

Mitomap A human mitochondrial 
genome database 

Lott et al., 2013 

Mitimpact (v2.9.1) A collection of pathogenicity 
prediction for variants of the 
human genome and 
mitochondrial genome 

Castellana et al., 2015 

Mastermind Genomic search engine 
identifying publications 
associated to known 
variants 

Genomenon 2020 

 

iv. Customised Pipeline 

The Wits Core Cluster is a computer cluster shared between different academic units 

at the University of the Witwatersrand. A computer cluster is an assemble of connected 

computers that work together to essentially be viewed as a single unit. Computer 

clusters can have multiple uses but are highly beneficial in a genomic setting, as the 

processing power, analysis speed, and availability of data storage are drastically 

increased in comparison to that of a single computer. Due to the mass of data 

generated by NGS, the availability of a computer cluster would be a valuable resource 

for researchers and bioinformaticians. The Wits Core Cluster contains two log-in 
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nodes, 9 storage servers, and 45 worker nodes with approximately 1PB of globally 

addressable disk space. These features allowed for the rapid analysis and processing 

of the WES data generated by this project. 

The use of this computer cluster allowed for automated batch sample annotation and 

filtering of WES data. VCFs were uploaded onto the cluster where they underwent 

analysis. VCFs were initially run through a ‘VCFtools’ script that filtered out variants 

based on allele depth (≤8) and quality (PHRED scores ≤40). This script is shown 

below: 

 

The quality-filtered VCFs generated from the above script were then run through a 

second script with variant annotation using the command line version of VEP (McLaren 

et al., 2016) with an additional plugin to assist filtering. A gene2phenotype (G2P) VEP 

plugin was added to the script to filter for variants in likely disease-causing genes found 

in the G2P database (see Appendix 3 for URL). G2P is a dataset constructed from 

published literature that combines phenotype, gene, and variant data (Thormann et 

al., 2019). The database contains 2500 genes known to be associated with DD and 

the allelic requirements necessary for disease expression, variants that overlap the 

genes on this list will be prioritised and variants within genes not found on the list will 

be filtered out. This was developed by EMBL-EBI in association with the Wellcome 

Sanger Institute and TGMI and operates as a part of VEP (Wright et al., 2015). These 

filtering parameters were ideal for our investigation into identifying possible disease-

causing mutations in South African DD patients. This script showing our use of the 

plugin (written by Mr Shaun Aron) is shown below: 

#!/bin/bash 

#PBS -N vcftools 

#PBS -l walltime=2:00:00,mem=4GB 

#PBS -q batch 

#PBS -o /home/kait/VCFs 

#PBS -e /home/kait/VCFs 

DATA=/home/kait/VCFs 

cd $DATA 

module load vcftools 

for K in {1..8};do vcftools --vcf Sample_${K}_vcf.vcf --min-

meanDP 8 --minQ 40 --recode --recode-INFO-all --out 

vcftools_${K}.vcf; 

done 

 

#!/bin/bash 

#PBS -N vcftools 

#PBS -l walltime=2:00:00,mem=4GB 

#PBS -q batch 

#PBS -o /home/kait/VCFs 

#PBS -e /home/kait/VCFs 

DATA=/home/kait/VCFs 

cd $DATA 

module load vcftools 

for K in {1..8};do vcftools --vcf Sample_${K}_vcf.vcf --min-

meanDP 8 --minQ 40 --recode --recode-INFO-all --out 

vcftools_${K}.vcf; 

done 
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v. VarAFT 

VarAFT is a downloadable software that was created to improve the annotation and 

filtrations steps associated with the data analysis of NGS data (see Appendix 3 for 

URL). The software is freely available to non-commercial users and was developed by 

the Genetics and Bioinformatics team at INSERM UMR 1251, Medical School, la 

Timone Aix-Marseille University in Marseille, France (Desvignes, et al., 2018). VCF 

files were uploaded and annotated through multiple annotation tools including 

ANNOVAR (16/04/2018; Wang et al., 2010) and UMD-Predictor (v2; Salgado et al., 

2016). Filtering parameters were manually selected and included variant type (only 

exonic variants were selected); variant effect (nonsynonymous, stop loss, stop gain, 

frameshift insertion, frameshift deletion, and frameshift substitution were selected for); 

frequency (variants with frequencies ≤0.01 found in GnomAD and 1000 Genomes 

were included); prediction (all indicators of polymorphisms, neutral and benign variants 

were filtered out); and gene information (this filter was inapplicable in this study as no 

disease, pathway or gene associations were known). The list of prioritised variants 

generated from this software was too large for manual review and these results were 

therefore not taken further. 

 

#!/bin/bash 

#PBS -N vep_g2p 

#PBS -l walltime=200:00:00,mem=100GB 

#PBS -q batch 

#PBS -o /home/kait/VCFs 

#PBS -e /home/kait/VCFs 

DATA=/home/kait/VCFs 

cd $DATA 

module load perl526 

for K in {1..8};do vep -i Sample_${K}_vcf.vcf --

output_file="variant_effect_${K}.txt" --

dir_plugins="/opt/exp_soft/bioinf/ensemble-

vep/plugins/VEP_plugins_Jan_2019' --plugin 

G2P,file="DDG2P.csv",log_dir="g2p_log_dir_${K}",txt_report="

repoort_${K}.txt",html_report="report_${K}.html" --

dir_cache="/dataB/aux/37/cadd/vep_caches" --cache --port 

3337; 

done 

 

#!/bin/bash 

#PBS -N vep_g2p 

#PBS -l walltime=200:00:00,mem=100GB 

#PBS -q batch 

#PBS -o /home/kait/VCFs 

#PBS -e /home/kait/VCFs 

DATA=/home/kait/VCFs 

cd $DATA 

module load perl526 

for K in {1..8};do vep -i Sample_${K}_vcf.vcf --

output_file="variant_effect_${K}.txt" --

dir_plugins="/opt/exp_soft/bioinf/ensemble-

vep/plugins/VEP_plugins_Jan_2019' --plugin 

G2P,file="DDG2P.csv",log_dir="g2p_log_dir_${K}",txt_report="

repoort_${K}.txt",html_report="report_${K}.html" --

dir_cache="/dataB/aux/37/cadd/vep_caches" --cache --port 

3337; 

done 
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2.4.2 Variant Prioritisation Through Manual Analysis 

Manual analysis was performed on all variants prioritised by the Moon (Diploid) 

software and custom pipeline for each patient. Once variants were prioritised to 

roughly 30 variants per sample the automatic filtering chains and programs were no 

longer able to prioritise the lists further. At this stage, each variant on the list was 

investigated to determine its possible validity in being the most likely disease-causing 

variant. Each variant was analysed following the guidelines for variant interpretation 

set out by the ACMG (Richards et al., 2015). Online software and web-browsers were 

used to analyse all criteria for each variant, these criteria can be seen in Appendix 4. 

Examples of online software and databases that were used can be seen below in 

Table 2 (the associated URLs can be found in Appendix 3). These software have 

multiple purposes such as variant visualisation with tools such as the Ion Reporter 

Genomic Viewer (version 5.12.3.0); variant annotation using the Variant Effect 

Predictor; pathogenicity prediction using PolyPhen-2 and SIFT; and additional tools 

for literature review, variant evolutionary conservation analysis, frequency analysis, 

and genotype-phenotype correlation.  

Variants classified as benign or likely benign were ruled out to be causative and thus 

removed. Variants identified with an unknown significance were removed in most 

cases unless the implicated gene was strongly indicative of being the causative gene, 

in this case, the variant went through a more thorough investigation to determine 

whether or not it could be upgraded to likely pathogenic. Pathogenic and likely 

pathogenic variants were prioritised further in cases where the variant and affected 

gene were highly likely to be causative of the disease. If the phenotype of the patient 

was a strong match to that of the suggested disorder, they were presented to the 

clinical and senior research team for discussion. The outcome of this discussion 

determined which variants were validated using Sanger sequencing.  
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Table 2: Variant annotation and analysis tools used during manual analysis 

Tool or Website Functionality of tool Version  Reference 

GnomAD Aggregation of whole 
exome and genome data 
providing allele 
frequencies 

v2.1.1 Karczewski et al., 
2020 

VEP Variant annotation tool Release 99 McLaren et al., 2016 

ENSEMBL Genome browser with 
annotation, alignment 
and prediction functions 

Release 99 Cunningham et al., 
2019 

IRGV Genomic viewer used to 
visualise sequencing 
data within BAM files 

5.12 Thermo Fisher 
Scientific Inc. 2019 

Varsome Variant search engine 
containing annotated and 
current variant 
classifications 

- Kopanos et al., 2018 

Mutalyzer Checking of sequence 
variant nomenclature 

2.0.32 Wildeman et al., 
2008 

DECIPHER Online collection of tools 
to aid genomic variant 
interpretation 

v9.31 Firth et al., 2009 

OMIM Database of human 
genes and associated 
genetic diseases 

- McKusick 1998 

ClinVar Online database of 
genomic variation and 
associations to human 
health 

- Landrum and 
Kattman 2018 

PubMed Online literature search 
engine 

- NCBI Research 
Coordinators 2018 

Mastermind Genomic search engine 
identifying publications 
associated to known 
variants 

- Genomenon 2020 

PolyPhen-2 Prediction tool of variant 
impact on a protein 

v2 Adzhubei et al., 
2010 

SIFT Prediction tool of variant 
impact on a protein 

- Sim et al., 2012 

Pfam Database of protein 
families 

32.0 El-Gebali et al., 
2019 

CADD Tool for scoring the 
deleteriousness of 
variants 

GRCh37-v1.6 Rentzsch et al., 
2018 

Moon Software able to identify 
rare diseases from NGS 
data 

3.2.0 Clark et al., 2019 
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2.5 Objective 4: Variant validation and testing parental samples to determine the mode 

of inheritance 

 

2.5.1 Variant Validation 

Prioritised variants underwent Sanger sequencing as a means of validation. When 

available, the parental samples were also sequenced in order to determine the mode 

of inheritance.  

 

i. Primer Design 

A summarised flow diagram of the primer design procedures can be seen in Figure 4. 

Variants were identified on the Ensembl (GRCh37-Release 99) transcript from which 

they were called by the Moon analysis software. Ensembl is a genome browser that 

supports a collection of vertebrate genomes including Homo Sapiens (Cunningham et 

al., 2018). The RefSeq gene reference sequence was obtained from NCBI RefSeq 

(accessed 20 February 2020) in order to design primers and downloaded as a FASTA 

file. The National Center for Biotechnology Information (NCBI) is an online database 

containing genomic and biomedical information. Included in this resource are the 

reference sequences of multiple genes within the human genome (NCBI Research 

Coordinators 2018). The sequence surrounding the variant (taken from Ensembl) was 

then identified in the NCBI RefSeq sequence, this area and surrounds were used for 

primer design. A hundred base pairs were selected before and after the variant (where 

possible) to ensure enough sequence space for disrupted sequencing that occurs at 

the beginning of Sanger sequencing. The selected sequence was then entered into 

Primer3 (v4.1.0). Primer3 is an online automatic primer design tool used to design 

primers for PCR (Untergasser et al., 2012). Selected primers generated by the tool 

were then run through primer specificity tools such as Primer BLAST and UCSC in 
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Variant was found and 

viewed on the 

corresponding 

ENSEMBL transcript 

 

Variant was found in 

FASTA file retrieved 

from NCBI Reference 

Sequence 

 

FASTA file copied to 

Primer3 to generate 

primers 

 

Primer BLAST used to 

ensure selected primer 

were unique to the 

gene of interest 

 

Primers were checked 

using UCSC in silico 

PCR to determine 

target compatibility 

 

Primers were checked 

using SNPCheck to 

ensure no SNPs were 

present within the 

primers 

 

Figure 4. Flow diagram illustrating the steps taken in PCR primer design. 
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silico PCR. Primer BLAST is an online tool used to design PCR primers and check 

them for specificity. In our case, the tool was only used to determine specificity. UCSC 

in silico PCR is an online tool that determines primer specificity, much like Primer 

BLAST. These two tools were used to ensure all primers isolated the specific target 

region on the current chromosomal location. Lastly, primers were entered into 

SNPCheck, which is an online web tool used to identify SNPs within oligonucleotide 

primers designed for PCR that may prevent the binding of the primer to the target 

sequence (Lai and Love 2012). The tool checks primers against data from dbSNP, 

1000 genomes, and the Exome Sequencing Project, these databases contain 

European, African, Asian, and American genome data. The presence of African data 

comparisons makes the tool applicable to our data. The URLs for all of the above-

mentioned tools can be found in Appendix 3. 

 

ii. PCR Optimisation and DNA Amplification 

Primers were supplied by Inqaba Biotec™ (Pretoria, South Africa) and are shown in 

Appendix 5. The primers were resuspended in the recommended volumes of TE Buffer 

for a stock concentration to 100ng/µl; and then diluted to 10ng/µl for use in PCR. The 

annealing temperature for each primer pair was determined using a temperature 

gradient experiment ranging ±5°C from the primer’s melting point, and a control DNA 

sample. Specific annealing temperatures were selected for each primer pair based on 

the results of the temperature gradient. PCR was performed using a Bio Rad T100™ 

Thermal Cycler (Thermo Fisher, USA) and an Applied Biosystems SimpliAmp Thermal 

Cycler (Thermo Fisher, USA). PCR reagents and thermal cycling conditions can be 

found in Tables 3 and 4 respectively. 
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 Table 3. Polymerase Chain Reaction (PCR) protocol for DNA amplification 

PCR Component Volume (µl)   

DNA [100ng/µl] 1   

Forward Primer [10ng/µl] 1   

Reverse Primer [10ng/µl] 1   

dNTP Mix [10mM per dNTP] 2.5   

AmpliTaq Gold Buffer II [10X] 2.5   

AmpliTaq Gold MgCl2 [25nM] 2.5   

ddH2O 14.3   

AmpliTaq Gold DNA Polymerase [5U/ µl] 0.2   

TOTAL 25   

 

Table 4. PCR cycling conditions 
 
Cycling Conditions 

Step(s) Temperature (°C) Duration Cycles 

Initial denaturation 95 3min 1 

Denaturation 95 30sec 

35X Annealing 51-55* 30sec 

Elongation 72 30sec 

Final Elongation 72 1min 1 

Hold 5 ∞ 1 

*Annealing temperatures were unique to each primer pair but were all between the 

range of 51-55°C. 

PCR products were run on a 3% (w/v) agarose gel to ensure amplification of the 

desired DNA product, SeaKem LE Agarose (Lonza, Basil, Switzerland) was used to 

make the gel. Two microlitres of PCR product was added to 3µl of agarose gel loading 

buffer (6X, 15%Ficoll Dye) and run on the agarose gel at 5V/cm. 

Post-PCR and cycle sequencing clean-up were performed using double distilled water 

(ddH2O) and Millipore Injection Solution respectively in PCR Cleanup Filter Plates on 

the Millipore Millivac Maxi SD1P014M04 (MilliporeSigma, USA). Cycle sequencing 

was set up using the BigDye™ Terminator v3.0 Cycle Sequencing Kit and run on a 

Bio Rad T100™ Thermal Cycler (Thermo Fisher, USA). All patient samples were 

sequenced in both forward and the reverse directions for the specific variants being 
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validated. Cycle sequencing reagents and thermal cycler conditions can be seen in 

Tables 5 and 6 respectively.  

Table 5. Cycle Sequencing Protocol 

Reagent Volume 

Cleaned PCR Product 5µL 

BigDye™ Terminator 3.1 Ready Reaction Mix 2µL 

BigDyeTM Terminator 5X Sequencing Buffer 1µL 

Primer (forward or reverse) [10ng/µl] 1µL 

ddH2O 1µL 

Total 10µL 

 

Table 6. Thermal Cycler Conditions for Cycle Sequencing 

Temperature Time Cycles 

96°C 1 min 1 

96°C 30 sec  
25 50°C 15 sec 

60°C 4 min 

5°C ∞ 1 

 

Sanger sequencing was performed on cycle sequencing product suspended in 

Millipore Injection Solution using an Applied Biosystems 3500XL Genetic Analyzer 

(Thermo Fisher, USA). Sequencing electropherograms were then analysed using the 

CLC Main Workbench (version 20.0.3, Qiagen, the URL can be found in Appendix 3). 

Sequences were uploaded onto the CLC Main Workbench where they were visualised 

and then trimmed. Trimming is performed to remove the poor sequencing data at the 

ends of the sequence, these trimmed areas are then excluded from further analysis. 

After trimming, sequences were selected for secondary peak calling. Secondary peak 

calling identified locations where initially only one peak was called but there are two 

peaks present, this function allows for the detection of heterozygous mutations 

(Qiagen 2020). Once complete, reference sequences (obtained from NCBI RefSeq 20 

March 2020) were uploaded and used to align the generated sequencing data. Once 

aligned, conflicts could be identified (areas where the generated sequence data 

differed from that of the reference), should a conflict exist at the specific variant 

location then the variant was confirmed (Qiagen 2020). If no conflict was present then 

the variant was not valid and cannot be attributed to the cause of the disease.  
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2.6 Objective 5: Cost and Diagnostic Yield Analysis 

Costing was determined with the NHLS costing tool and included the costs of WES 

reagents, consumables and labour. The pricing of WES was also obtained from other 

commercial companies providing the service in South Africa and internationally for 

comparison.  

The diagnostic yield was determined by dividing the number of positive results by the 

total number of patients tested (de Haan et al., 2012). A positive diagnosis was 

confirmed by a group of clinicians and researchers. The confirmation was based on 

the identification of a pathogenic or likely pathogenic variant that was validated through 

Sanger sequencing. The variant needed to suggest a phenotype the was a clinical 

match or close clinical match to that of the patient.  

Finally, the specifications of the Ion Torrent S5™ were compared to that of the Illumina 

MiSeq (an alternative, locally available NGS platform) to understand how the output 

of each platform may differ to its competitor. 
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3. Results 

 

The results obtained from the methodologies implemented in Chapter 2 are presented 

in this chapter. NGS data quality and run results, followed by the laboratory work 

timelines are shown. The data analysis platforms used and their performance leading 

to the patient-specific results. Lastly, the chapter shows the results of the cost and 

diagnostic analysis and the comparison of the Ion Torrent S5™ system to the Illumina 

MiSeq system.  

3.1 NGS Quality and Run Results 

Upon completion of sequencing, the Torrent Suite™ Software produces a ‘Run Report’ 

containing important quality control and sequencing run statistics. The results in this 

report are separate from those reported from the Coverage Analysis Plugin which will 

be discussed later. This ‘Run Report’ can be separated into two sections namely the 

quality control and run statistics before alignment (Figure 5) and the quality control 

and run statistics post-alignment (Figure 6). The statistics provided before alignment 

include the chip loading statistics (Figure 5A), showing the Ion Sphere Particle (ISP) 

loading percentage. This is the percentage of wells in the chip that contain a live ISP. 

A heat map shows the loading across the physical surface of the chip. The chip loading 

step is performed by the Ion Chef™ and was, in this case, of good quality with 88% of 

the chip showing wells containing live ISPs (Figure 5A).  
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Figure 5. Quality control and run statistics before alignment. This figure is a collection 

of the quality control and run statistics of Chip 3 (containing Sample 7 and the Control 

sample) before alignment to a reference. A: Graphical representation of chip loading 

performed by the Ion Chef™ and the percentage of Ion Sphere Particles (ISP) loaded 

on the chip. B: Bar graph showing an ISP summary and the percentage of usable 

reads detected. C: A histogram showing the read length distribution and average. D: 

Average signal readings for the flows of nitrogenous bases T (red), C (blue), and A 

(green). E: Numerical representation of the available wells for ISP loading on the given 

chip and filtering steps leading to the final library ISPs with usable reads. F: Run 

statistics of barcoded samples and reads identified without a barcode. G: Run 

statistics and quality control of the Test Fragment (positive control). 

 

A B C 

D 
E 

F 

G 
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The second statistic is an ISP summary (Figure 5B). This summary includes a 

percentage of usable reads which is the percentage of library ISPs that pass the 

polyclonal, low quality, and primer dimer filters. These filters are illustrated as a bar 

graph, however, the factors taken into account to determine the percentage of usable 

reads is better depicted by the information provided in Figure 5E. This figure shows 

that of the initial 151,543,787 available wells initially present on the chip, 88.4% were 

loaded with ISPs, and of those, 99.9% were live. The ISPs containing Test Fragments 

(1.4%) were then subtracted leaving a library containing 131,970,671 wells containing 

live ISPs. This number was further filtered to remove polyclonal ISPs (22.2%). An ISP 

is reported as clonal if all of its DNA fragments are cloned from a single original 

template, thus all the fragments on the bead are identical. Polyclonal ISPs arise when 

DNA fragments are cloned from two or more templates. This disrupts sequencing and 

downstream analysis as the fragments won’t respond in unison to each nucleotide 

flowed across the chip. Therefore, they are removed from the final library. Additional 

filters were implemented to remove low-quality reads (9.8%) and adapter dimers 

(0.9%). This left the final library of ISPs at 88,514,879 (67.1% of Library ISPs). 

 

Read length statistics (Figure 5C) show an average read length of 189bp aligning to 

the 200bp chemistry that was used for exome sequencing. The nucleotide flow 

statistics can be seen in Figure 5D. The average signal readings for the flows of 

nucleotides T, C, and A are shown; where the count is dependent on the number of 

times the nucleotide appears in the Samba flow and how many flows were sent across 

the chip.  

 

The sample-specific statistics for each chip are available due to the demultiplexing of 

the barcoded samples, this can be seen in Figure 5F. Here, the total number of bases 

called per sample can be found; and the number of bases with a Phred quality score 

greater than 20 (≥Q20). This is suggestive of an error rate of less than 1%. The mean 

read length and a read length histogram are provided for each sample. The read length 

histograms show a distribution skewed to the right; this is indicative of longer read 

lengths. Lastly, in this section, run statistics of the Test Fragment are provided, see 

Figure 5G. A Test Fragment is a positive control incorporated into the Ion Torrent™ 

chemistry. The ‘Run Summary’ provided the number of filtered reads identified for the 

Test Fragment (775,990) and the percentage of reads for the Test Fragment with a 
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minimum of 50 base pairs in length and an error rate of 1 in 50 or a Phred score of 

greater than 17, this is depicted as 50AQ17 (88). A read length histogram is provided, 

and shows the distribution skewed to the right in the sample-specific histograms.  

 

Post-alignment of sequencing data to the hg19 (GRCh37) human reference sequence 

resulted in an alignment summary found within the ‘Run Report’. This summary 

provided alignment quality data (Figure 6A). The data covers three different quality 

criteria namely:  

• AQ17: alignment data with a Phred quality score of greater than 17, suggestive 

of an error rate less than 2%  

• AQ20- alignment data with a Phred score of greater than 20, suggestive of an 

error rate less than 1%  

• ‘Perfect’ alignment data which provided information on the longest perfectly 

aligned segment.  

Post-alignment read length histograms were also provided showing how many reads 

of a certain read length were obtained under different quality filters (Figures 6 B, C, D, 

and E). Across these different quality cut-offs, the distributions are consistently skewed 

towards the right indicating reads of greater length. However, as the quality cut-offs 

increase (AQ47) we can see that the amount of reads at the desired 200bp length 

decrease by half, and the amount of low read length (50bp) has doubled.  
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The overall NGS run statistics for all four chips used can be seen below in Table 7. 

Two samples were loaded per chip by the Ion Chef™ and a high loading percentage 

can be seen across all four chips. The clonality was consistent across all four chips as 

well as the percentage of library consisting of Test Fragments. Low quality, however, 

is shown to have doubled in chips 3 and 4 in comparison to chips 1 and 2, including 

the percentage of adaptor dimers identified.  

 

 

 

 

A 

B C 

D E 

Figure 6. Quality control and run statistics post-alignment. This figure is a collection 

of the quality control and run statistics of Chip 3 (containing Sample 7 and the 

Control sample) post-alignment to a reference. A: Numerical representation of the 

alignment quality. Statistics provided at three different quality intervals: AQ17*, 

AQ20* and Perfect. B: Filtered read length histogram after alignment with a quality 

of 10 (AQ10*). C: Filtered read length histogram after alignment with a quality of 17 

(AQ17*). D: Filtered read length histogram after alignment with a quality of 20 

(AQ20*). E: Filtered read length histogram after alignment with a quality score of 

47 (AQ47*). 
*Quality scores provided are based on Phred scores. 
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Table 7: NGS sequencing run statistics 
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1 5 and 6 90 100 78 22 84 2 1 13 

2 7 and 
control 

88 100 78 22 85 2 1 12 

3 1 and 3 84 100 80 20 68 2 2 28 

4 2 and 4 84 100 79 21 73 2 2 23 

 

The NGS run statistics of each sample are further broken down in Table 8. The 

mapped reads per sample vary between 15 and 60 million reads. With samples of 

lower mapped reads, such as Sample 2 and 3, showing a decrease in mean read 

depth and a sampler BAM file size (GB). The mean read length is consistent aligning 

to the 200bp chemistry used by the Ion Torrent™ exome platform, as well as the 

percentage of reads on target and the uniformity of the data. 

 
Table 8: Individual NGS sample sequencing statistics 

Sample Mapped 
Reads 

Mean 
Read 

Length 

On Target Mean 
Read 
Depth 

Uniformity BAM 
File 
Size 
(GB) 

1 50,309,845 187bp 92,85% 151,2 94,97% 32,04 

2 15,055,080 193bp 95,09% 47,18 94,18% 9,59 

3 16,938,249 189bp 92,77% 51,42 94,87% 10,67 

4 56,585,087 189bp 93,97% 173,6 95,19% 36,18 

5 26,673,505 192bp 94,72% 83,41 94,44% 17.37 

6 60,666,515 190bp 93,75% 186,3 95,02% 38,96 

7 41,685,579 191bp 94,86% 129,8 92,67% 27,2 

Control 45,097,195 186bp 93,09% 135,3 94,99% 28,92 

 

3.1.1 Coverage Analysis Plugin Results 

The report generated by the Coverage Analysis Plugin contains some of the results 

generated by the ‘Run Report’ discussed above, however, it is more specifically 

focussed on each sample sequenced. Such information includes the base read depth 

coverage across each chromosome (Figure 7A); the average amplicon reads per 

primer pool (Figure 7B); and the number of amplicons according to increasing 

amplicon C/G base content (Figure 7C). From these graphs, it is seen that the base 
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read depth is relatively constant with chromosome 19 showing a higher than average 

read depth, and chromosomes 13 and 18 show less than average coverage. The 

mean amplicon reads were consistent across primer pools. In the third graph we can 

see a typical distribution of the number of amplicons according to an increasing 

amplicon C/G base content, with only minimal amplicon failure and amplicon drop out 

only identifiable at a high C/G base content (≥75%).

 

 

A 

B 

C 

Figure 7. Graphical results of the Coverage Analysis Plugin performed on the control 

sample. A: Bar graph of the base read depth across human chromosomes 1-22 and 

chromosomes X and Y. Dark blue bars show actual base read depth, light blue bars 

show the expected base read depth according to the reference. ChrM represents 

the mitochondrial genome (was not sequenced). B: Bar graph illustrating the 

average amplicon reads across 12 primer pools used in the Ion Torrent™ Exome 

RDY Kit. C: Bar graph illustrating the number of amplicons according to increasing 

amplicon C/G Base content (%), passed amplicons are shown in green, failed 

amplicons are shown in yellow and drop-out amplicons are shown in red. 
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3.2 Whole Exome Sequencing Laboratory Work Timeline 

The process of library preparation through to sequencing completion took 

approximately 50 hours. A breakdown of the time taken to complete each step can be 

seen in Table 9 below. The laboratory work was conducted across four 12-hour 

workdays but could be extended over more days when working less hours.  

Table 9: Approximate duration of whole exome sequencing procedures from library 
preparation to sequencing of a 1X8 reaction plate. 

 Procedure Duration Repeated Total Duration 

H
a

n
d

s
-o

n
 

Library Preparation 18hrs - 18hrs 

Quantification; 
dilution; combining 
libraries 

1hr X2 2hrs 

Creating a planned 
run 

20min 40min 

A
u

to
m

a
te

d
 Library templating 

and chip loading 
8-12hrs 16-24hrs 

Sequencer 
initialisation 

1hr 2hrs 

Sequencing 2.5-3hrs X4 10-12hrs 

Total duration of whole exome sequencing in hours 48.6-58.6hrs 

Total duration of whole exome sequencing in 12-hour work days ±4 days 

 

3.3 Data Analysis Platform Performance 

Three alternative data analysis methods were used in this project and the inputs, 

outputs, and performance of each method are compared in Table 10 below. The first-

hand interaction with all three analysis platforms allowed the design of a 

recommended WES pipeline for the investigation of possible putative-disease causing 

mutations in South African DD patients, which is outlined in Figure 8. 
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Table 10: Comparison of data analysis platforms. 

 
Moon (Diploid) 

Software 
Custom Pipeline VarAFT 

Hardware and 
software 

requirements 

Online web-based 
software 

Program made from 
BASH scripting run 

on a computer 
cluster/server 

Downloadable 
desktop application 

with supporting 
software downloads 

Data Security 
Password protected 
(software account) 

Password protected 
with secure server 

access control 

Password protected 
(computer-user 

account) 

Data accessibility Remote access Remote access On-site access 

Clinical information 
used to inform 
prioritisation 

Combination of 
multiple HPO terms 
illustrating patient’s 

phenotype 

G2P list of 2500 
known associated 

DD genes 

Gene and disease 
phenotype 
information 

Software user 
requires training 

prior to use 
No Yes No 

Linux coding skills 
required 

No Yes No 

Capable of 
identifying 
compound 

heterozygotes 

Yes Yes Yes 

Quality-based filter 
parameters 
available 

Yes Yes No 

Number of 
prioritised variants 
per sample post-

analysis 

±20 ±30 ±300 

Time taken for 
analysis per sample* 

2 minutes 1 day 2 hours 

Cost of analysis per 
sample 

US$49 N/A US$0 

Number of patients 
in which a 

prioritised/causative 
variant was 
identified 

86% (6/7) 71% (5/7) 29% (2/7) 

* The time estimates in the table for analysis did not include the manual analysis of prioritised 

variants.  
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3.4 Patient Results 

3.4.1 Patient 1  

i. Clinical Description 

This is a 9-year-old, female patient who was born to a phenotypically normal, non-

consanguineous couple. Ultrasounds performed during the pregnancy found no 

abnormalities, but a complication of threatened miscarriage was noted. The child was 

born at full gestation through caesarean section and was postnatally admitted for two 

weeks due to congenital cardiac defects. Prior to enrolment in the DDD-Africa study, 

karyotyping, MLPA, FISH (22q11), and microarray diagnostic tests were performed, 

yielding normal results. The reported system anomalies identified in this patient and 

their associated HPO codes are shown in Table 11. Neurodevelopment assessment 

identified inappropriate fine motor development, abnormal behaviour (occasionally 

aggressive and hyperactive), and moderate intellectual disability. A CT-scan was 

performed but found to be normal. No clinical diagnosis was provided, but the 

suggested working differential were ‘Turner like’ and Noonan syndrome noting that the 

facial features were not typical of either of these syndromes.  

 

 

Figure 8. Whole exome sequencing pipeline for the genetic testing of patients with 

developmental disorders.  
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Table 11. System anomalies recorded for Patient 1 

HPO Term HPO ID 

Thickened nuchal skin HP:0000286 

Short nose HP:0003196 

Anteverted nares HP:0000463 

Low-set posteriorly rotated ears HP:000368 

Short neck HP:0000470 

Epicanthus HP:0000286 

Generalised Hypotonia HP:0001290 

Transposition of the great arteries HP:0001669 

Atrial septal defect HP:0001631 

Ventricular septal defect HP:0001629 

Pulmonic stenosis HP:0001642 

Wide intermammillary distance HP:0006610 

Blue nevus HP:0100814 

Sparse scalp hair HP:0002209 

 

ii. Variant Prioritisation  

The results of the Moon (Diploid) software for Patient 1 prioritized a missense mutation 

in the Cell Division Control Protein 42 Homolog (CDC42) gene. The classification of 

this variant can be seen in Table 12 and the variant information is summarised in 

Appendix 6. The variant was classified as likely pathogenic due to three or more 

moderate criteria supporting pathogenicity. The corresponding possible diagnosis (as 

suggested by Moon) was Takenouchi-Kosaki syndrome (OMIM:616737), which has 

overlapping clinical features with those seen in this patient.  

Table 12: ACMG classification of CDC42 c.68A>G variant. 

ACMG 
Code 

Reason 

PS3 Pathogenic Supporting. A well-conducted functional study shows a deleterious 
effect (Martinelli et al., 2018). Downgraded to supporting evidence based on the 
fact that the study has not been replicated (Brnich et al., 2020). 

PM2  Pathogenic Moderate. Variant not found in GnomAD exomes 15/11/2019. 

PM1 Pathogenic Moderate. Variant located in the N-terminal α Helix (Martinelli et al., 
2018) of the Ras domain (Pfam 11/02/2020). 

PM6 Pathogenic Moderate. De novo, without maternity and paternity, confirmed. 
Determined with Sanger sequencing. 

PP2 Pathogenic Supporting. 11 non-VUS missense variants in this gene are 
pathogenic. (Varsome- 15/11/2019). 

PP3 Pathogenic Supporting. 10/14 pathogenicity predictors determined the variant 
to be pathogenic/deleterious. (Moon- 15/11/2019). 

PP5 Pathogenic Supporting. ClinVar classifies the variant as pathogenic 15/11/2019. 
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This variant was covered 120 times during WES and can be seen visually through the 

Ion Reporter Genomic Viewer (IRGV) screenshot below in Figure 9. 

 

The custom pipeline results for this patient identified variants in 23 genes, see 

Appendix 7 (Table A7A). After manual analysis, only one variant was prioritised with 

a likely pathogenic status in the Lysine Methyltransferase 2D (KMT2D) gene, where 

the suggested disease phenotype was somewhat similar to that of the patient. Further 

investigation of this variant did not provide sufficient support in pathogenicity; thus the 

variant was excluded as being causative. The variant identified by Moon (CDC42 

c.68A>G) for this patient was filtered-out in the custom pipeline results as the specific 

gene was not listed on the DD-G2P list of 2500 associated DD genes used for filtering. 

None of the variants identified by the custom pipeline were taken forward for validation 

in this patient. 

 

 

 

Figure 9. IRGV image of CDC42 variant found in Patient 1. This image shows a screenshot 

of the IRGV output illustrating the CDC42 c.68A>G variant on chromosome 1 that was 

identified in Patient 1. Pink tracks represent forward strands and blue tracks represent 

reverse strands. The location was covered 120 times; an A allele was recorded 54 times 

and a G allele was recorded 66 times. This shows Patient 1 to be an A/G heterozygote at 

this position. 
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iii. Variant Validation 

The CDC42 variant identified in this patient was selected for variant validation as the 

suggested phenotype was most closely matched to the phenotype of the patient. The 

results of the validation can be seen below in Figure 10. The parents of the patient 

were also sequenced for this variant and were found to be homozygous for the wild-

type allele (A) indicating a de novo mutation in the child. 

 

3.4.2 Patient 2 

i. Clinical Description 

A 6-year-old, male patient born to non-consanguineous parents. The father was 

unavailable for recruitment, thus only the child and his mother were involved in the 

study. The mother reported being concerned about decreased foetal movements 

during the pregnancy, however, all prenatal scans performed returned normal. The 

child was born through normal vaginal delivery, without complications, at 36 weeks’ 

gestation, and no congenital abnormalities were identified. Neurodevelopment 

assessment identified delayed gross motor development; delayed speech and 

language; and moderate intellectual disability in the child. System anomalies that were 

Figure 10. CDC42 c.68A>G variant validation through Sanger sequencing. A: 

Electropherogram identifying Patient 1 as an A/G heterozygote (variant is present). B: 

Electropherogram identifying Patient 1’s mother as an A/A homozygote (variant is 

absent). C: Electropherogram identifying Patient 1’s father as an A/A homozygote 

(variant is absent). Variant location is indicated by the black arrows. 

B 

 

A 

 

C 
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later identified are shown in Table 13. A CT-scan was performed and found to be 

normal. Prior to recruitment in the DDD-Africa study, karyotyping, microarray, FISH 

and MLPA were performed but returned normal results. Clinicians suspected possible 

Williams syndrome; however, the test results were negative. 

Table 13. System anomalies recorded for Patient 2 

HPO Term HPO ID 

Prominent metopic ridge HP:0005487 

Down slanted palpebral fissures HP:000494 

Epicanthus HP:0000286 

Depressed nasal bridge HP:0005280 

Anteverted nares HP:0000463 

Micrognathia HP:0000347 

Abnormality of the helix HP:0011039 

Postnatal microcephaly HP:0005484 

Brisk reflexes HP:0001348 

Generalised hypotonia HP:0001290 

Umbilical hernia HP:0001537 

Cryptorchidism HP:0000028 

Decreased palmar creases HP:0006184 

Café-au-lait spot HP:0000957 

 

ii. Variant Prioritisation  

The Moon (Diploid) software identified a missense mutation in the Casitas B-lineage 

Lymphoma (CBL) gene in Patient 2. The classification criteria applied to this variant 

can be seen in Table 14 and detailed variant information is summarised in Appendix 

6. The variant was classified as a VUS due to contradictory supporting criteria and 

thus was not investigated further. 

Table 14: ACMG classification of CBL c.2520T>G variant.  

ACMG 
Code 

Reason 

PP2 Pathogenic Supporting. 39/50 non VUS variants in this gene are pathogenic 
(Varsome 18/11/2019). 

PP1 Pathogenic Supporting. Co-segregation with disease reported by Tekendo-
Ngogang, et al., 2019. 

BS2 Benign Strong. Observed in healthy individuals, GnomAD allele count=8. (1 
African individual reported 02/12/2019) 

BP4 Benign Supporting. 9/14 pathogenicity predictors reported the variant as 
benign/neutral (Moon 02/12/2019). 

 

The custom pipeline results for this patient identified variants in 18 genes, see 

Appendix 7 (Table A7B). After manual analysis no variants were prioritised further as 
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all were identified as VUS (without enough evidence to support pathogenicity or further 

investigation), likely benign or benign.  

iii. Variant Validation 

No variants were selected for validation for this patient.  

3.4.3 Patient 3 

i. Clinical Description 

A 14-year-old, male patient born to a phenotypically normal, non-consanguineous 

couple. Reduced foetal movement was noted during prenatal scans, and the child was 

born through normal vaginal delivery, without complications, at 36 weeks’ gestation 

presenting with a cleft palate. The patient reportedly had a twin brother who was 

stillborn from an unknown cause, however, the mother did not report any abnormalities 

in the stillborn. Neurodevelopmental assessment identified profoundly delayed gross 

motor development, fine motor development, speech and language, and severe 

intellectual disability in the child. Social behaviour was described as inappropriate 

along with abnormal behaviour, specifically sleep disturbance. System anomalies are 

reported in Table 15. Prior to recruitment in the DDD-Africa study, MLPA and 

karyotyping were conducted and yielded normal results.  

Table 15. System anomalies recorded for Patient 3 

HPO Term HPO ID 

Microcephaly HP:000252 

Microtia HP:0008551 

Abnormality of the pinna HP:0000377 

Cleft palate HP:0000175 

Microdontia HP:0000691 

Wide nasal bridge HP:0000431 

Underdeveloped nasal alae HP:0000430 

Coarse facial features HP:0000280 

Seizures HP:0001250 

Brain atrophy HP:0012444 

Cryptorchidism HP:0000028 

Unilateral conductive hearing impairment HP:0040119 

 

ii. Variant Prioritisation 

The Moon (Diploid) software identified a stop gain mutation in the Elongation Factor 

Tu GTP Binding Domain Containing 2 (EFTUD2) gene in Patient 3. The classification 

of this variant can be seen in Table 16 and the variant information is summarised in 
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Appendix 6. The variant was classified as pathogenic due to one very strong and two 

moderate pathogenicity criteria. The possible diagnosis (as suggested by Moon) was 

Mandibulofacial dysostosis with microcephaly (OMIM:610536).  

Table 16: AMCG classification of EFTUD2 c.1732C>T variant.  

ACMG 
Code 

Reason 

PVS1 Pathogenic Very Strong. Null variant in gene, which is a known mechanism of 
disease associated with Mandibulofacial dysostosis. (Varome-15/11/2019). 

PM2 Pathogenic Moderate. Variant not found in GnomAD-15/11/2019. 

PM6 Pathogenic Moderate. De novo, without maternity and paternity confirmed. 
Determined with Sanger Sequencing. 

PP3 Pathogenic Supporting. 11/13 pathogenicity predictors identify the variant as 
pathogenic/deleterious. (Moon-15/11/2019). 

PP5 Pathogenic Supporting. ClinVar classifies the variant as pathogenic 15/11/2019. 

 

As a stop gain the variant would result in a truncated protein, this variant was viewed 

in Mutalyzer to examine the effect on the protein. The results can be seen in Figure 

11 below. 

 

 

Figure 11. Screenshot of Mutalyzer results for EFTUD2 c.1732C>T variant.  

The reference protein shows a protein of 972 amino acids in length. The letters in red 

represent the amino acids affected by the variant. The protein predicted from the 

variant coding sequence shows a protein of only 577 amino acids in length. 
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This variant was covered 52 times during WES and can be seen visually in Figure 12 

below. 

 

The custom pipeline results for this patient showed variants identified in 37 genes, see 

Appendix 7 (Table A7C). The same variant was identified in the EFTUD2 gene as 

found by Moon. An additional variant identified in the Treacle Ribosome Biogenesis 

Factor 1 (TCOF1) gene was initially prioritised, but after a thorough investigation it was 

determined to be an indel in a homopolymer and was excluded. All other variants were 

excluded after being identified as VUS, likely benign or benign. 

iii. Variant Validation 

The EFTUD2 variant identified in this patient was selected for variant validation using 

Sanger sequencing. The results can be seen below in Figure 13 below. The parents 

of this patient were also sequencing and found to be homozygous for the wild-type 

allele (C), indicating a de novo mutation within the child.  

Figure 12. IRGV image of EFTUD2 variant found in Patient 3. This image shows a 

screenshot of the IRGV output illustrating the EFTUD2 c.1732C>T variant on 

chromosome 17 that was identified in Patient 3. Pink tracks represent forward strands 

and blue tracks represent reverse strands. The location was covered 52 times; an A 

allele was recorded 21 times and a G allele was recorded 31 times. This shows Patient 

3 to be an A/G heterozygote at this position. 
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3.4.4 Patients 4 and 5 

Patients 4 and 5 are presented together as they are fraternal twins and the same 

possible putative disease-causing variants presented here were found in both patients.  

i. Patients 4 and 5 Clinical Descriptions 

Two 4-year-old males, born to a phenotypically normal non-consanguineous couple. 

The father was unavailable for recruitment, thus, only the mother was included. No 

abnormalities were detected in ultrasounds during the pregnancy, and a caesarean 

section was performed at full gestation, without complications. Neurodevelopmental 

assessment of both patients identified delayed motor development; speech and 

language; and inappropriate social behaviour. The overall assessment determined 

severe intellectual disability in both patients. The system anomalies of Patient 4 can 

be seen in Table 17 and the anomalies of Patient 5 can be seen in Table 18. Prior to 

recruitment for the DDD-Africa study, MLPA was performed but identified no 

anomalies. The referring clinicians raised the concern of possible congenital myopathy 

and suggested a differential diagnosis of congenital muscular dystrophy. A creatinine 

kinase test was requested and showed elevated levels in both patients’ indicative of 

muscle damage. A CT scan (performed in 2016) showed global atrophy of the cerebral 

cortex. 

 

C 

 

Figure 13. EFTUD2 c.1732C>T variant validation through Sanger sequencing. A: 

Electropherogram identifying Patient 3 as a C/T heterozygote (variant is present). B: 

Electropherogram identifying Patient 3’s mother as a C/C homozygote (variant is 

absent). C: Electropherogram identifying Patient 3’s father as a C/C homozygote 

(variant is absent). Variant location is indicated by the black arrows. 

A 

 

B 
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Table 17. System anomalies recorded for Patient 4 

HPO Term HPO ID 

Microcephaly HP:000252 

Sparse scalp hair HP:0002209 

Synophrys HP:0000664 

Facial hirsutism HP:0009937 

Bitemporal hollowing HP:0025386 

Curly eyelashes HP:0007665 

Upslanted palpebral fissure HP:0000582 

Muscular hypotonia HP:0001258 

Lower limb hypertonia HP:0006895 

Skeletal muscle atrophy HP:0003202 

Knee flexion contracture HP:0006380 

Hip contracture HP:0003273 

Ankle contracture HP:0006466 

Slender finger HP:0001238 

Blue nevus HP:0100814 

Café-au-lait spot HP:0000957 

 

Table 18. System anomalies recorded for Patient 5 

HPO Term HPO ID 

Microcephaly HP:000252 

Upslanted palpebral fissure HP:0000582 

Narrow forehead HP:0000341 

Frontal hirsutism HP:0011335 

Exaggerated cupid’s brow HP:0002263 

Reduced tendon reflexes HP:0001315 

Muscle flaccidity HP:0010547 

 

As fraternal twins, patients four and five are expected to share 50% of their DNA the 

same as ‘normal’ siblings. The number of variants shared between these Patients and 

the number of unique variants can be seen in Figure 14.  
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ii. Variant Prioritisation 

The Moon (Diploid) Software identified two missense mutations in the Protein O-

mannosyl-transferase 2 (POMT2) gene of Patients 4 and 5 presenting as a compound 

heterozygote. The classification of these variants can be seen in Tables 19 and 20 

and the specific variant information is shown in Appendix 6. Both variants are classified 

as likely pathogenic due to two moderate and two supporting pathogenicity criteria. 

The possible diagnosis (as suggested by Moon) is Muscular Dystrophy-

Dystroglycanopathy with Mental Retardation, type B2 (OMIM:613156). 

 

Table 19: ACMG classification of POMT2 c.2232G>T variant.  

ACMG 
Code 

Reason 

PM1 Pathogenic Moderate. Hot-spot, length of 61 bases with 6 known pathogenic 
variants and 0 benign (Varsome 18/11/2019). Variant lies within the PMT 4TMC 
domain (Pfam 04/12/2019). 

PM2 Pathogenic Moderate. Variant not found in GnomAD 18/11/2019. 

PP3 Pathogenic Supporting. 14/14 pathogenicity predictors support 
pathogenic/deleterious effect (Moon 18/11/2019). 

PP4 Pathogenic Supporting. Patient’s phenotype or family history is highly specific 
for the gene (applied at the discretion of the referring clinician). 

 

 

 

 

 

Figure 14. Venn diagram illustrating the shared and unique variants of patients 4 and 

5 (fraternal twins).  A: Variants unique to Patient 4 (18040). B: Variants unique to 

Patient 5 (16497). C: Variants shared by both patients (48454).  

 

A: 18040 B:16497 C: 48454 

Patient 4 Patient 5 
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Table 20: ACMG classification of POMT2 c.1424G>C variant.  

ACMG 
Code 

Reason 

PM1 Pathogenic Moderate. Variant lies within the MIR3 domain (Pfam 04/12/2019). 

PM2 Pathogenic Moderate. Variant not found in GnomAD 18/11/2019. 

PP3 Pathogenic Supporting. 14/14 pathogenicity predictors support 
pathogenic/deleterious effect (Moon 18/11/2019). 

PP4 Pathogenic Supporting. Patient’s phenotype or family history is highly specific 
for the gene (applied at the discretion of the referring clinician). 

 

The POMT2 c.1424G>C variant was covered 156 times in Patient 4 and 67 times in 

Patient 5. The POMT2 c.2232G>T variant was covered 161 times in Patient 4 and 49 

times in Patient 5 through WES. These variants were visualised and IRGV 

screenshots can be seen in Figures 15 (Patient 4) and 16 (Patient 5). 
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Figure 15. IRGV image of POMT2 variants found in Patient 4. This image shows two 

screenshots of the IRGV outputs illustrating the POMT2 A: c.2232G>T and B: 

c.1424G>C variants on chromosome 14 that were identified in Patient 4. Pink tracks 

represent forward strands and blue tracks represent reverse strands. The first 

location A was covered 161 times; an A allele was recorded 80 times and a C allele 

was recorded 81 times. This shows Patient 4 to be an A/C heterozygote at this 

position. The second location B was covered 156 times; a C allele was recorded 76 

times and a G allele was recorded 79 times. An A allele was erroneously recorded 

once, thus Patient 4 is a C/G heterozygote at this position. 

A 

B 
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Figure 16. IRGV image of POMT2 variants found in Patient 5. This image shows two 

screenshots of the IRGV outputs illustrating the POMT2 A: c.2232G>T and B: 

c.1424G>C variants on chromosome 14 that were identified in Patient 5. Pink tracks 

represent forward strands and blue tracks represent reverse strands. The first location 

A was covered 49 times; an A allele was recorded 24 times and a C allele was recorded 

25 times. This shows Patient 5 to be an A/C heterozygote at this position. The second 

location B was covered 67 times; a C allele was recorded 34 times and a G allele was 

recorded 33 times. This shows Patient 5 to be a C/G heterozygote at this position. 

 

B 

A 
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The custom pipeline results showed variants in 18 genes in Patient 4 see Appendix 7 

(Table A7D) and in 19 genes in Patient 5 (Table A7E). The POMT2 variants were 

found in both patients in the custom pipeline results and all other variants identified 

were excluded as VUS, benign, or likely benign.  

iii. Variant Validation 

Both POMT2 variants were selected for validation through Sanger sequencing. The 

results of this sequencing can be seen below in Figure 17. Only the maternal sample 

of these patients was available and sequenced for both variants. The maternal sample 

was heterozygote for the one variant (c.1424G>C) but a wild-type homozygote for the 

second variant (c.2232G>T). Patients 4 and 5 were heterozygote for both variants. 

From this, we can confirm that the first variant (c.1424G>C) was inherited by the 

children from the mother.  
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3.4.5 Patient 6 

i. Clinical Description 

A 13-year-old male born to a phenotypically normal non-consanguineous couple by 

caesarean section, performed at 34 weeks gestation due to oligohydramnios. The 

pregnancy was only diagnosed during labour, as the mother did not experience any 

pregnancy symptoms. The mother was 40-years-old at the time of conception of this 

pregnancy, and she had been previously diagnosed with hyperthyroidism, for which 

she was taking neomercazole during pregnancy. Neurodevelopmental assessment 

A1 

 

B1 

 

C1 

 

A2 

 

B2 

 

Figure 17. POMT2 c.1424G>C and c.2232G>T variant validation through Sanger 

sequencing. A1: Electropherogram identifying Patient 4 as a G/C heterozygote at 

position c.1424 (variant present). B1: Electropherogram identified Patient 4 and 5’s 

mother as a G/C heterozygote at position c.1424 (variant present). C1: 

Electropherogram identifying Patient 5 as a G/C heterozygote at position c.1424 

(variant present). A2: Electropherogram identifying Patient 4 as a G/T heterozygote 

at position c.2232 (variant present). B2: Electropherogram identifying Patient 4 and 

5’s mother as a G/G homozygote at position c.2232 (variant not present). C2: 

Electropherogram identifying Patient 5 as a G/T heterozygote at position c.2232 

(variant present). Variant locations are indicated by the black arrows. 

C2 

  



58 
 

identified inappropriate social behaviour and abnormal behaviour, with an overall 

conclusion of moderate intellectual disability. System anomalies reported in this 

patient can be seen in Table 21. Prior to recruitment in the DDD-Africa study, 

karyotyping and MLPA were performed but returned normal results.  

Table 21. System anomalies recorded for Patient 6 

HPO Term HPO ID 

Scaphocephaly HP:0030799 

Narrow forehead HP:0000341 

Oval face HP:0000300 

Maxillozygomatic hypoplasia HP:0005439 

High anterior hairline HP:0009890 

Upslanted palpebral fissure HP:0000582 

Epicanthus palpebralis HP:0031770 

Bilateral ptosis HP:0001488 

Proptosis HP:0000520 

Long nose HP:0003189 

Lower limb hyperreflexia HP:0002395 

Hallux valgus HP:0001822 

Tapered finger HP:0001182 

 

ii. Variant Prioritisation 

The Moon (Diploid) software results identified a frameshift deletion in the proto-

oncogene B-Raf (BRAF) of Patient 6 and a frameshift insertion in the KMT2D gene. 

The classification of these variants can be found in Tables 22 and 23 respectively and 

the variant information can be found in Appendix 6. Both variants are classified as 

likely pathogenic due to one very strong and one moderate supporting criteria for each. 

The associated disorders (as suggested by Moon) are Cardiofaciocutaneous 

syndrome (OMIM:115150) for the BRAF variant and Kabuki syndrome 

(OMIM:147920) for the KMT2D variant.   

Table 22: ACMG classification of BRAF c. 87_88delCG variant.  

ACMG 
Code 

Reason 

PVS1 Pathogenic Very Strong. Null variant caused by frameshift affecting gene, which 
is a known mechanism of disease associated to Noonan syndrome, 
Cardiofaciocutaneous syndrome, and LEOPARD syndrome (Varsome 
15/11/19).  

PM2 Pathogenic Moderate. Variant not found in GnomAD 15/11/2019. 
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This variant is a frameshift deletion leading to the insertion of a stop codon which 

would result in a truncated protein. The variant was examined using Mutalyzer to 

examine the effect of the variant on the protein and results can be seen in Figure 18 

below. 

 

Table 23: ACMG classification of KMT2D c.2243_2244insC variant.  

ACMG 
Code 

Reason 

PVS1 Pathogenic Very Strong. Null variant caused by frameshift affecting gene, which 
is a known mechanism of disease associated to Kabuki Syndrome (Varsome 
15/11/2019). 

PM2 Pathogenic Moderate. Variant not found in GnomAD (15/11/2019). 

 

This variant is a frameshift insertion which introduces a premature stop codon resulting 

in a truncated protein. The variant was viewed in Mutalyzer and the results can be 

seen in Figure 19 below. 

Figure 18. Screenshot of Mutalyzer results showing BRAF c.87_88delCG variant. 

The reference protein shows a protein of 766 amino acids in length. The letters in red 

represent the amino acids affected by the variant. The protein predicted from the 

variant coding sequence shows a protein of only 53 amino acids in length. 
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The BRAF variant was covered 10 times during WES and the KMT2D variant was 

covered 185 times, they can be seen visually below in Figure 20. 

Figure 19. Screenshot of Mutalyzer results of KMT2D c.2243_2244insC variant. 

The reference protein (top) shows a protein of 5537 amino acids in length. The letters 

in red represent the amino acids affected by the variant. The protein predicted from the 

variant coding sequence shows a protein of only 756 amino acids in length. Image 

begins at amino acid 4501. Due to the size of the protein the complete image could not 

be included. 
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A 

B

B 

Figure 20. IRGV image of BRAF and KMT2D variants found in Patient 6. This image 

shows two screenshots of the IRGV outputs illustrating the A: BRAF c.87_88delCG 

and B: KMT2D c.2243_2244insG variants on chromosomes 7 and 12 respectively that 

were identified in Patient 6. Pink tracks represent forward strands and blue tracks 

represent reverse strands. The first location A was covered 10 times; the deletion was 

identified 5 times (represented as a dash). This shows Patient 6 to be a heterozygote 

for the deletion at this position. The second location B was covered 187 times; the 

insertion was reported 102 times as shown in C. Thus Patient 6 is a heterozygote for 

the insertion at this position. 

C 
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The custom pipeline results showed variants in 26 genes in Patient 6, see Appendix 7 

(Table A7F). The same BRAF and KMT2D variants were identified as found by Moon. 

All other variants were excluded as being VUS, benign, or likely benign.  

iii. Variant Validation 

Both the BRAF and KMT2D variants were selected for validation through Sanger 

sequencing. The Sanger sequencing could not confirm the presence of the BRAF 

variant. The sequencing results for this variant (BRAF c.87_88delCG) can be seen 

below in Figure 21. The assay to validate the KMT2D variant could not be optimised 

after multiple optimisation attempts and thus the variant could not be validated. The 

optimisation strategies undertaken can be seen in Appendix 8. 

 

3.4.6 Patient 7 

i. Clinical Description 

A 33-year-old female, born to a phenotypically normal non-consanguineous couple. 

The father was unavailable for recruitment; only the mother was included. Ultrasound 

scans were reported as normal, and the child was born through normal vaginal delivery 

at full gestation, without complications. Congenital anomalies were present in the form 

of a soft palate cleft and bilateral ear anomalies. Neurodevelopmental assessment 

identified delayed motor development; speech and language; and overall mild 

intellectual disability. The reported system anomalies can be seen in Table 24. Prior 

to recruitment in the DDD-Africa study, karyotyping and MLPA were performed and 

returned normal results. A CT scan was performed in 2015 and was normal.  

 

 

 

 

Figure 21. BRAF c.87_88delCG variant validation through Sanger sequencing. 
Electropherogram showing the absence of the suspected 2bp BRAF deletion in patient 

6, location indicated by the black arrow. 
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Table 24. System anomalies recorded for Patient 7 

HPO Term HPO ID 

Cleft Palate HP:0000175 

Widow’s peak HP:0000349 

Slender nose HP:0000417 

Microretrognathia HP:0000308 

Abnormality of the ear HP:0000598 

Hearing impairment HP:0000365 

Microcephaly HP:000252 

Short stature HP:0004322 

Intellectual disability, mild HP:0001256 

 

ii. Variant prioritisation 

The Moon (Diploid) software results identified a frameshift deletion in the EFTUD2 

gene of Patient 7. The ACMG classification of this variant can be seen in Table 25 

below and the variant information can be found in Appendix 6. The variant was 

classified as likely pathogenic due to one very strong and one moderate criterion 

supporting pathogenicity. The possible diagnosis associated to the variant (as 

suggested by Moon) was Mandibulofacial dysostosis with microcephaly 

(OMIM:610536). 

Table 25: ACMG classification of EFTUD2 c.263_264delCT variant.  

ACMG 
Code 

Reason 

PVS1 Pathogenic Very Strong. Null variant caused by frameshift affecting gene, which 
is a known mechanism of disease associated to Mandibulofacial dysostosis, 
Guion-Almeida type and Esophageal atresia, syndromic (Varsome 16/11/2019). 

PM2 Pathogenic Moderate. Variant not found in GnomAD 16/11/2019. 

 

This variant is a frameshift deletion that results in a premature stop-codon. The variant 

was viewed in Mutalyzer and the results can be seen in Figure 22 below. 
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The variant was covered 159 times by WES and can be seen visually in Figure 23 

below.  

 

Figure 22. Screenshot of Mutalyzer of EFTUD2 c.263_264delCT variant. 

The reference protein shows a protein of 962 amino acids in length. The letters in red 

represent the amino acids affected by the variant. The protein predicted from the 

variant coding sequence shows a protein of only 93 amino acids in length. 
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The custom pipeline results showed variants in 15 genes in patient 7, see Appendix 7 

(Table A7G). The same EFTUD2 variant was identified as found by Moon and the 

additional variants were all excluded as VUS, benign, or likely benign.  

 

iii. Variant Validation 

The EFTUD2 variant was selected for validation through Sanger sequencing. The 

results of the sequencing can be seen below in Figure 24. Only the maternal sample 

of this patient was available for validation and was sequenced for the variant. Both the 

patient and her mother indicated the presence of the deletion in the sequencing 

results, suggesting the child inherited the deletion from her mother.  

Figure 23. IRGV image of EFTUD2 variant found in Patient 7. This image shows a 

screenshot of the IRGV output illustrating the EFTUD2 c.263_264delCT variant on 

chromosome 17 that was identified in Patient 7. Pink tracks represent forward strands 

and blue tracks represent reverse strands. The location was covered 159 times; the 

deletion was identified 77 times. Thus Patient 7 is a heterozygote for the deletion at 

this position. 
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3.4.7 Same Variants identified in Multiple Patients 

Through manual analysis, it was found that 15 variants in different genes appeared in 

multiple patients (Table 26). Of the 15 variants, 3 were identified as likely pathogenic 

whilst the others were all VUS, benign, or likely benign. The three variants classified 

as likely pathogenic were investigated further and found to be indels lying within 

homopolymers. As the Ion Torrent is known to have a high error rate for calling indels 

within homopolymers, one of these variants in the IQ Motif and Sec7 Domain ArfGEF 

2 (IQSEC2) gene was selected for investigation. Classification of this variant is shown 

in Table 27 and additional information is in Appendix 6.  

 

 

 

 

 

 

A1 

A2 

B1 

B2 

Figure 24. EFTUD2 c.263_264delCT variant validation through Sanger sequencing. 

A1: Electropherogram identifying CT deletion in Patient 7 through forward strand 

sequencing. A2: Electropherogram identifying CT deletion in Patient 7 through 

reverse stand sequencing. B1: Electropherogram identifying CT deletion in Patient 

7’s mother through forward strand sequencing. B2: Electropherogram identifying CT 

deletion in Patient 7’s mother through reverse strand sequencing. Variant location is 

indicated by the black arrows. 
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Table 26. Variants that were identified in multiple patients through manual analysis. 

 

 

Gene Variant location and nucleotide change 
ENSEMBL 
Transcript 

Patients in 
which variant 
was found 

ACMG 
classification 

COL18A1 chr21:46924425:46924434:CGGCCCCCCA:- ENST00000342220 1, 2, 3, 4, 5, 7 VUS 

RTTN chr18:67863852:67863851:-:TCC ENST00000437017 1, 2, 3, 4, 5, 6, 7 Benign 

ATN1 chr12:7045892:7045903:CAGCAGCAGCAG:CAG ENST00000356654 1, 4, 6, 7 VUS 

TH chr11:2189728:2189728:C:- ENST00000333684 1, 6, 7 Likely Pathogenic 

PKD1L1 chr7:47913579:47913580:TG:CG ENST00000289672 1, 2, 5, 6, 7 VUS 

ARMC9 chr2:232087474:232087475:AT:GA ENST00000349938 
1, 2, 3, 4, 5, 6, 7, 
8 

VUS 

CLCNKB chr1:16375063:16375064:CA:GC ENST00000375679 1, 4, 5, 6, 8 Benign 

IQSEC2 chrX:53285132:53285133:GC:- ENST00000375365 1, 3, 4, 5, 7 Likely Pathogenic 

SIK1 chr21:44838333:44838333:G:- ENST00000270162 1, 3, 4, 5 Likely Pathogenic 

SMARCA2 chr9:2039815:2039817:GCA:- ENST00000357248 1, 3, 6, 8 Benign 

CUL7 chr6:43014298:43014299:TT:CC ENST00000265348 
1, 2, 3, 4, 5, 6, 7, 
8 

VUS 

HYDIN chr16:70975565:70975565:T:C ENST00000393567 1, 2, 3, 4, 5, 6, 7 Likely Benign 

KIF1A chr2:241696871:241696873:TCC:- ENST00000404283 1, 2, 3, 4, 5, 6, 8 Benign 

CRYBB1 chr22:27012207:27012207:G:C ENST00000215939 2, 3, 4, 5, 7 VUS 

WRAP53 chr17:7606722:7606722:C:- ENST00000457584 4, 5, 6 VUS 
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Table 27: ACMG classification of IQSEC2 c.848_849delGC variant. 

ACMG 

Code 

Reason 

PVS1 Pathogenic Very Strong. Null variant in gene, which is a known mechanism of 

disease. Associated with X-linked mental retardation (Mutalyzer 18/11/2019). 

PM2 Pathogenic Moderate. Variant not found in GnomAD 18/11/2019. 

 

The variant was covered 140 times in Patient 1; 32 times in Patient 3; 63 times in 

Patient 4; 50 times in Patient 5 and 160 times in Patient 7 by WES. A visual of the 

variant in Patient 5 can be seen below in Figure 25. 

 

 

 

 

 

Figure 25. IRGV image of IQSEC2 variant found in Patient 5. This diagram shows a 

screenshot of the IRGV output illustrating the IQSEC2 c.848_849delGC variant on 

chromosome X that was identified in Patient 5. Pink tracks represent forward strands 

and blue tracks represent reverse strands. The location was covered 50 with a GC 

deletion identified 48 times.  
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The IQSEC2 variant was selected for validation through Sanger sequencing. The 

variant was sequenced in Patients 1, 3, 4, 5, and 7. The results can be seen below in 

Figure 26 and show that no deletion was identified in any of the samples tested.  

 

3.5 Whole exome sequencing cost analysis 

The costing for whole exome sequencing was determined using the NHLS costing 

model. This model incorporates the cost of reagents and consumables and includes a 

consumable wastage fee. The labour charges attributed to the test are determined by 

the number of Medical Scientists required to perform the test, their corresponding skill 

level, and the percentage of time required to run the test and analyse the data. Fixed 

equipment costs and their associated depreciation rates are also included. The overall 

cost per annum is calculated from which the costing of a single test is then determined. 

VAT is added to the total price at 15%, resulting in the final testing cost.  

Through the use of the NHLS Costing Model, the cost of performing WES on the Ion 

Torrent™ S5 within this Division would amount to R8989.67 per sample sequenced. 

A 

 

B 

 

C 

D 

E 

Figure 26. IQSEC2 c.848_849delGC variant validation through Sanger sequencing. A: 

Electropherogram showing no deletion at position c.848_849 in Patient 1. B: 

Electropherogram showing no deletion at position c.848_849 in Patient 3. C: 

Electropherogram showing no deletion at position c.848_849 in Patient 4. D: 

Electropherogram showing no deletion at position c.848_849 in Patient 5. E: 

Electropherogram showing no deletion at position c.848_849 in Patient 7. The variant 

location is indicated by the black arrows. 
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However, this is not the total cost inferred by each patient tested as the pricing for 

DNA extraction, Moon software sample analysis, and Sanger sequencing for variant 

validation need to be accounted for. The Moon software cost was included as a cost 

estimation for data analysis. The addition of these subsequent tests/factors totals the 

price at R13,128.80 per patient tested (Table 28).  

Table 28. Costing per sample for WES according to the NHLS Costing Model 

Test or Procedure Cost per sample (South African Rands) 

DNA Extraction 700 

Whole Exome Sequencing 8989.67 

Moon Sample Analysis 806 

Sanger Sequencing 2633.13 

TOTAL 13,128.8 

 

3.6 Diagnostic Yield Analysis 

The diagnostic yield analysis of this test was determined by dividing the number of 

positive results by the total number of cases tested. The calculation can be seen 

below: 

# 𝑜𝑓 𝑐𝑎𝑠𝑒𝑠 𝑤𝑖𝑡ℎ 𝑎 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑟𝑒𝑠𝑢𝑙𝑡

𝑇𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑐𝑎𝑠𝑒𝑠 𝑡𝑒𝑠𝑡𝑒𝑑
𝑋100 = 𝐷𝑖𝑎𝑔𝑛𝑜𝑠𝑡𝑖𝑐 𝑌𝑖𝑒𝑙𝑑 (%) 

5

7
 𝑋 100 = 71.43% 

 

3.7 Comparing Ion Torrent S5™ to the Illumina MiSeq™ 

With the information gained about performing WES on human samples using the Ion 

Torrent™ S5 system, it was decided to compare the specification of this procedure on 

another available system. The only other system to which we would have direct access 

is an Illumina MiSeq™ (Illumina, USA) housed at the University of the Witwatersrand 

Medical School. The specifications of this system were obtained from the Illumina 

website (Illumina Inc. 2020) and compared to the specifications of the Ion Torrent™ 

S5 system used for this project. These specifications can be seen in Table 29 below. 
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Table 29. Specification comparison of WES on the Ion Torrent S5™ ad Illumina MiSeq™ 
systems. 

 Ion Torrent S5™ Illumina MiSeq™ 

Number of exomes 
sequenced per run 

2-3 1 

Read length sequencing 
chemistry 

200bp 2x300bp 

Number of mapped reads 
per sequence 

15 million-35 million ±25 million 

BAM file size (GB) per 
sample 

10-30 ±15 

Library preparation time 18 hours (8 samples) 48 hours (8 samples) 

Library templating, 
sequencing and base calling 
time 

±34 hours per chip (2-3 
samples) 

±112 hours (2 samples) 
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4. Discussion 

This project aimed to implement a WES workflow on the Ion Torrent S5™ platform 

and evaluate the financial and computational costs involved in this technique. This 

was carried out by following the methodology outlined in Chapter 2 that subsequently 

provided the results shown in Chapter 3. This chapter will go on to discuss the results 

and overall outcomes of this project, by firstly discussing the quality control and WES 

performed on the Ion Torrent S5™ system. This will be followed by discussing the 

bioinformatic pipelines used and their associated performance, leading to the Patient 

results and diagnosis. Lastly, the cost analysis; diagnostic yield analysis; and the 

comparison of the system to an alternative available system. Concluding the chapter 

by discussing the project limitations, future directions, and overall conclusion. 

4.1 Quality Control and Whole Exome Sequencing on the Ion Torrent S5™ 

According to the information provided by the coverage analysis report and the WES 

run report, the Ion Torrent™ S5 efficiently sequenced the exomes of seven DD patient 

samples and one sequencing control. Each individually sequenced sample produced 

libraries of ≥78% clonality and final libraries (usable reads) of ≥68%. It was noted that 

the percentage of low-quality reads doubled in the sequencing of the third and fourth 

chips as opposed to the first two, however, we are unaware as to the cause of this 

increase. All eight sample libraries were prepared together on the same 1x8 exome 

RDY plate (Thermo Fisher, USA) and all samples were quantified and diluted using 

the same method. The only difference in procedure was that chips one and two were 

sequenced first and the libraries of the remaining chips were frozen for an additional 

two-three days before sequencing. However, as recommended by the manufacturer, 

libraries can safely be stored at -20°C for two to three months prior to sequencing we 

do not believe this to be the cause. An attempt was made to reach out to the 

technicians at Thermo Fisher to provide some insight into the cause of this. 

The average read length across all samples was 185bp which aligns with the 200bp 

chemistry used by the Ion Torrent™ platform for exome sequencing. As this 

technology makes use of short-length reads, this average is expected. The mean read 

depth of each sample was also well above that of the recommended mean read depth 

for diagnostic exome sequencing of 35X (Ajay et al., 2011). In our samples, the mean 

read depth ranged from 47X to 186X. While all samples were above the recommended 
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value, there was a noticeable difference in the mean read depth across samples. This 

was most likely caused by dilution errors introduced when combining the final libraries. 

Library quantification was performed using the Qubit™ 3.0 fluorometer, one of the 

recommended quantification methods as suggested by the Ion AmpliSeq™ Exome 

RDY Library Preparation User Guide (Thermo Fisher, USA). Dilutions were performed 

based on these results. This quantification method has many benefits including low 

cost and rapid quantification in comparison to other methods such as qPCR. It is 

shown to have quantitative results with comparable sensitivities to these other 

methods (Robin et al., 2016). However, errors were introduced as a result of this 

quantification method most likely due to diluting libraries of a higher concentration to 

a much lower concentration in a single dilution step. Alternatively, accurate Qubit 

quantification of frozen DNA samples has been reported to require sufficient salt 

(NaCl) concentrations in DNA solutions (Nakayama et al., 2016). Our libraries were 

frozen prior to quantification; thus, this may have influenced the effectiveness of the 

quantification method. To avoid this during future sequencing endeavours, different 

quantification methods could be investigated. Quantitative PCR, the use of the 

Agilent™ 2100 Bioanalyzer™, or additional dilutions (serial dilution) could be used 

with the Qubit™ system to ensure a more accurate final concentration of each library.  

The mean read depth indicates the possibility of including an additional sample to each 

chip, thus enabling the sequencing of three exomes per run. However, in order to 

implement this, the quantification and dilution method would need to be as accurate 

as possible to ensure equal coverage of each sample above the recommended 35X. 

Sequencing three samples instead of two would also decrease the size of the BAM 

file generated per sample as this is dependent on the number of reads generated 

through sequencing. The BAM files generated through this project’s sequencing 

ranged between 10GB-40GB, this large range was dependent on the extent to which 

each sample was covered during sequencing. The equal loading of two samples (seen 

in chip 4) showed an average BAM file size of 30GB. If three samples were loaded 

this file size would drop to roughly 20GB per sample which may help with storage 

capacity.  

Additional considerations of data quality involve the presence of sequencing errors. 

Sequencing errors are found across all next generation sequencing platforms and thus 

quality scores (typically Phred scores) have been implemented during base calling to 



74 
 

determine the accuracy of called bases. To address this, we filtered out all variants 

with a quality score of less than Q40, such that all remaining variants had a predicted 

accuracy of 99.99%. Sanger sequencing was also conducted on prioritised variants to 

ensure the validity of the call. We did not initially filter out indels identified in 

homopolymer regions. We had not come across any recommendations to do so, even 

though we were aware that the Ion Torrent system is notorious for the false error rate 

of calling indels in long homopolymer stretches of DNA (Yeo et al., 2012; Bragg et al., 

2013; Song et al., 2017). One indel in a homopolymer region was identified through 

variant prioritisation and selected for validation. Through this validation, it was 

identified as an erroneous call. Based on this evidence and the newly published 

suggestion by Pereira et al., we would recommend filtering out indels called in 

homopolymer stretches of longer than five base pairs in future sequencing endeavours 

using this platform (Pereira et al., 2020).  

4.2 Bioinformatic Workflow 

The data analysis of this project consisted of multiple steps performed across a wide 

range of software and platforms (Chapter 2, Figure 3). We made use of the Torrent 

Suite™ and Ion Reporter™ software (Thermo Fisher, USA) for primary and secondary 

analysis as this software was designed for the Ion Torrent platform with the ability to 

adequately analyse Ion Torrent sequencing data. These software performed well at 

these stages of analysis, however, several limitations were seen in the software’s 

tertiary analysis capabilities, more specifically the variant filtering capabilities. Filtering 

based on quality control (Phred scores) was not available at the time of investigation 

and the filtering according to other parameters was not always efficient or easily 

manipulated to the requirements of the researcher. A CNV confidence range filter was 

applied to all VCFs prior to download. The CNV calling baseline has not been set up 

on the Ion Torrent system used for this project, therefore we did not have the 

capabilities to call and investigate CNVs. We used alternative tertiary analysis 

software based on our interaction with the Torrent Suite and Ion Reporter software. It 

would thus be our recommendation to use alternative data analysis methods for 

tertiary analysis of human exome data.  

In conducting tertiary analysis, we compared three annotation and filtering platforms, 

namely the Moon Diploid software (online automated web-service), a bioinformatic 
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pipeline (referred to as the Custom Pipeline), and lastly VarAft (a downloaded desktop 

application). Each filtering platform generated a prioritised variant list for each patient 

that then underwent manual analysis using a multitude of online tools and software. 

The automated online web-service tool known as Moon (Diploid) was the first 

investigated platform in this project. As previously mentioned, Moon is a relatively 

recent software package that makes use of artificial intelligence to rapidly analyse and 

interpret variants and has been seen in literature as an aid in the diagnosis of rare 

disease and cases of intellectual disability and DD (Clark et al., 2019; Lumaka et al., 

2018). This software prioritised 10-20 variants per patient from the ±50000 variants in 

the each uploaded VCF file. A list of 20 prioritised variants is more manageable to 

manually investigate, and significantly reduces the labour costs of data analysis. 

However, perhaps the most beneficial aspect of the software is its ability to generate 

a prioritised variant list from WES data in mere minutes. The machine-learning-based 

functionality of the software along with the built-in filtering parameters allows for rapid 

variant prioritisation. This reduces the typical manual investigation time per sample, 

from between 20 and 40 hours (Wenger et al., 2017) to three to five hours.  

In addition to providing rapid analysis, the Moon (Diploid) output was highly accurate 

with the possible putative disease-causing mutation found in Moon’s top three listed 

variants in six of the seven patients. Similarly, the software developers tested Moon 

on 30 WES cases, and in all cases, the causal variant was identified in the top three 

variants listed. A study by Clark et al. used the Moon (Diploid) software to analyse 100 

WGS cases and showed a 99% accuracy rate (Clark et al., 2019). As the software 

was only launched in 2017, very few publications involving the use of Moon (Diploid) 

software are available. However, many diagnostic laboratories and facilities have 

posted promising reviews of the software and incorporated the software into their own 

NGS pipelines. These facilities include Leiden University Medical Center 

(Netherlands); Antwerp University Hospital (Belgium); and the Center for 

Cardiovascular Genetics and Gene Diagnostics (Switzerland).  

This software is not freely available and works on a credit-based system. At the time 

of this investigation (November 2019), a single analysis run per sample cost US$49 

which amounted to approximately ZAR806. The software was developed by a 

company called Diploid (Belgium) which has recently been purchased by the American 
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genomics company Invitae and it is unknown how the analysis costing may be affected 

by the change of ownership. Nonetheless, the ability of the software to rapidly reduce 

analysis time ensures the cost-effectiveness of the program, as the process becomes 

much less labour intensive on the part of the medical scientists analysing the data. 

Using the NHLS costing model, the labour costs of a Senior Medical Scientist 

performing 20 hours of manual analysis would amount to ZAR5,000.00. This makes 

the software highly desirable in a diagnostic setting where there are multiple cases 

awaiting analysis. Medical scientists are inundated with cases for sequencing and 

other genetic test which prevents the undivided attention of exome data analysis. This 

was the main contributing factor to our decision that the Moon (Diploid) software would 

be the most beneficial to the implementation of this test locally.  

The second tertiary analysis method investigated was the use of a bioinformatics 

pipeline. The bioinformatics pipeline designed in this project applies specifically to 

identifying possible putative disease-causing variants in patients presenting with DD. 

The pipeline consists of two separate BASH scripts that are run one after the other. 

The application of these scripts prioritised approximately 30 variants per patient that 

then underwent manual analysis. The possible putative disease-causing mutations 

identified in each patient from this application aligned to the variants prioritised by the 

Moon software with a few exceptions. One major limitation of this plugin application is 

that the final list of prioritised variants is determined only by the 2500 genes within the 

database, so any causative variants found in genes, not on this list would be filtered 

out. This was seen in Patient 1 were the causative variant identified by Moon was in a 

gene not found on the DDG2P list (namely the CDC42 gene) and was thus filtered out 

and missed in the initial custom pipeline analysis. As the DDG2P list expands over 

time to include more DD associated genes, this limitation may be overcome. However, 

until such time, the list could serve as a starting point in variant prioritisation and if no 

causal variants are identified then analysts would need to broaden the scope of variant 

investigation to variants in genes not found on the list.  

Apart from this limitation, the pipeline performed well overall and accomplished the 

aim of filtering variants into a manageable data-set for manual investigation, and would 

most likely serve as a beneficial tertiary analysis method in the investigation of WES 

data in DD patients. The DDG2P list is currently contributing to a wide range of DD 

research on-going globally. Many pathogenic variants associated to DD patients are 
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found in genes on this list (Gazdagh et al., 2015; Choi et al., 2017; Wright et al., 2018) 

and other lists/databases that are being compiled, combined and curated (Erger et al., 

2019). An additional benefit of this platform that should be mentioned is that the online 

web-tools and software used during the application are free. Apart from the initial 

hardware requirements and labour costs there is no service fee per sample as there 

is with the Moon (Diploid) software. While the costing is a major advantage of this 

custom pipeline, the lack of the applicable Linux coding skills necessary to operate 

this program locally is a major deterrent to its implementation. Thus, system 

administrators and trained bioinformaticians with the necessary skills would be needed 

to effectively establish and implement this pipeline.  

The VarAft software was the third analysis platform investigated, and while the 

software is free and relatively user-friendly it did not meet the needs of our data 

analysis requirements. One of the major limitations encountered with this software was 

the ‘gene information’ section within the filtering pipeline. HPO terms could be 

incorporated as well as suspected disorders, affected organ function, and suspected 

molecular pathways. We made use of the HPO term input as we only had phenotypic 

data for each patient under the umbrella term of DD. Due to the heterogeneous nature 

of these disorders, we did not have any suspected genes or molecular pathway 

implications upon which we could act. The limitation arose as only a single HPO term 

could be selected at a time, where variants were prioritised based on a small list of 

genes associated with the specific term. In cases where there are no major 

malformations to lead this search, the filtering is then ineffective as was the case with 

the patients in this study.  

For Patients 4 and 5, we had a working differential of congenital muscular dystrophy; 

when this term was selected, the causative variant was identified (which had been 

confirmed with the previously mentioned platforms). Thus, with specific disease 

suspicions’ or gene information this software may be beneficial in identifying putative 

disease-causing mutations. As such, it could be implemented into the investigation of 

WES data of samples with suspected clinical diagnoses.   

Overall, we had a prioritised list of variants totalling at approximately 300 variants per 

patient using this platform. It was decided that the time taken for manual analysis of 
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300 variants per patient would not be feasible in either a research or diagnostic setting 

when better-performing platforms had already been identified. 

4.3 Patient Results and Diagnoses 

We identified possible putative disease-causing mutations in six of the seven DD 

patients sequenced in this project; five of these were subsequently validated.  

4.3.1 Patient 1 

In Patient 1 a possible pathogenic variant was identified in the CDC42 gene. The gene 

encodes a small GTPase protein of the Rho-subfamily, which is known to regulate 

signalling pathways, controlling multiple cellular functions such as migration, 

morphology, cell cycle progression, and endocytosis (Johnson and Pringle 1990). 

Mutations in this gene have been associated with two different autosomal dominant 

disease phenotypes commonly known as Takenouchi-Kosaki syndrome (Takenouchi 

et al., 2015) and Wiskott-Aldrich syndrome (Ochs 2009). We identified a missense 

mutation (c.68A>G) in the CDC42 gene that affects the N-terminal α Helix of the Ras 

domain within the associated protein (Pfam 11/02/2020). This mutation has previously 

been described in a functional study, that performed in silico, in vitro, and in vivo 

analysis, and it was found to be pathogenic illustrating a phenotype closely resembling 

Takenouchi-Kosaki syndrome (OMIM:616737), also known as 

Macrothrombocytopenia and Mental Retardation syndrome (Martinelli et al., 2018).  

Following the guidelines set out by the ACMG for the interpretation of sequence 

variants, we applied three moderate criteria supporting pathogenicity and three 

supporting criteria supporting pathogenicity (Chapter 3, Table 12). The PS3 code was 

also applied, which is a strong pathogenicity indication based on a well-conducted 

functional study (in vivo/in vitro) showing a damaging effect on a gene or gene product. 

However, based on the recommendation published earlier this year (Brnich et al., 

2020), this code was downgraded to supporting for this variant based on the fact that 

the functional study in question (Martinelli et al., 2018) has not yet been replicated. A 

second functional study (in vivo) of this gene was identified (Uehara et al., 2019) 

however, the study only looked at the effect of a single variant (p.Tyr64Cys) and while 

the same hypomorphic effect was identified for this variant as seen in the variant in 

Patient 1, it was decided to not upgrade the code, until further functional studies of the 

same variant have been performed. Thus, the variant currently presents as likely 
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pathogenic according to our interpretation. The variant was validated using Sanger 

sequencing and the parental samples were also sequenced showing the variant to be 

de novo in the child as the parents were both homozygous for the wild-type allele.  

Upon consultation with the referring clinicians and senior research team, it was 

determined that this variant could be the causative variant of this patient’s phenotype. 

As this disease has only recently been identified and described and not yet seen in 

African patients (to our knowledge), further clinical investigation will be performed 

before providing a definite diagnosis. A blood test testing for enlarged platelets 

(macrothrombocytopenia) will be requested as this appears to be a common 

phenotype and a more comprehensive clinical exam to identify any phenotypes that 

may have been overlooked initially. The clinicians will contact the authors of the 

functional study (Martinelli et al., 2018) to discuss the phenotype in our patient in order 

to gain a more experienced opinion. There are additional complications associated 

with this disorder, such as renal and urogenital anomalies which would need to be 

investigated and monitored in this patient due to the findings of this study. 

4.3.2 Patient 2 

In Patient 2 no possible putative disease-causing variants were identified during the 

initial analysis. Of the prioritised variants that were identified, none of the associated 

diseases were a match to our patient’s phenotype or else the variants were classified 

as benign, likely benign, or VUS and thus disregarded. The top prioritised variant 

identified in this patient was a missense mutation in the CBL gene (c.2520T>G). The 

protein encoded by this gene is a negative regulator of many tyrosine kinase signalling 

pathways as it functions as an E3 ubiquitin ligase (Thien et al., 2001). Mutations in this 

gene have been associated with Noonan syndrome-like disorders (OMIM:607721) 

which explains why this variant may have been prioritised by Moon as our patient has 

many features typical of Noonan syndrome. Additionally, this variant was erroneously 

or perhaps rather ambiguously described as pathogenic in an abstract of a recently 

published paper that Moon would have taken into account (Tekendo-Ngongang et al., 

2019). The authors of this paper were contacted and confirmed the classification of 

the variant as a VUS due to contradictory pathogenicity criteria applied using the 

ACMG guidelines (Chapter 3, Table 14).  
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The VCF was recently reanalysed which identified additional variants in four genes 

namely: TOP2B, PPP1R12A, TTN, and EXOC8. All variants were determined to have 

unknown significance; however, it does support that reanalysis at a later date may 

provide more insight into possible pathogenic variants within patients who do not 

receive a diagnosis through WES (Xiao et al., 2017; Ewans et al., 2018; Baker et al., 

2019). 

4.3.3 Patient 3 

In Patient 3 a known pathogenic mutation in the EFTUD2 gene was identified. This 

gene encodes a subunit of two complexes known as the minor and major spliceosome 

(Beauchamp et al., 2019). Mutations in this gene are known to cause an autosomal 

dominant disorder called Mandibulofacial Dysostosis with Microcephaly 

(OMIM:610536), also referred to as the Guion-Almeida type (Sarkar et al., 2014). We 

identified a stop-gain mutation (c.1732C>T) that was previously reported in literature 

as pathogenic (Sarkar et al., 2014). Using the ACMG guidelines we applied one very 

strong criteria of pathogenicity, two moderate criteria, and two supporting criteria 

resulting in an overall classification as pathogenic (Chapter 3, Table16). Validation 

was performed using Sanger sequencing and the parents of the child were also 

sequenced for the variant, but were both homozygous for the wild-type, thus identifying 

the mutation to be de novo within the child. Based on this evidence and consultation 

with the referring clinicians and senior research team it was determined that this was 

the disease-causing variant of this patient.  

4.3.4 Patients 4 and 5 

In Patients 4 and 5 (fraternal twins) the same compound heterozygous variants were 

identified in both patients. These variants were found in the POMT2 gene and have 

not previously been reported in literature. This gene encodes a portion of the protein 

O-mannosyltransferase enzyme complex which is responsible for α-dystroglycan 

protein modification and is found in a multitude of body tissues (Akasaka-Manya et al., 

2006). Mutations in this gene are known to cause disorders of congenital muscular 

dystrophy that can range in severity (Yanagisawa et al., 2009). More specifically the 

phenotype expressed within these patients is suggestive of congenital muscular 

dystrophy with mental retardation, type B2 (OMIM:613156). As this disorder follows 

an autosomal recessive mode of inheritance, two defective gene copies/alleles would 

be necessary to invoke the disease phenotype. As mentioned, we identified a 
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compound heterozygous mutation which is the presence of two different mutations at 

a particular gene locus with one on each chromosome pair (Zhong et al., 2017). Both 

variants identified were likely pathogenic, and are found in two adjacent functional 

domains namely the MIR3 domain (variant c.1424G>C) and the PMT 4TMC domain 

(variant c.2232G>T).  

Following the ACMG guidelines, we applied two moderate criteria and two supporting 

criteria supporting pathogenicity to each variant thus, providing an overall classification 

as likely pathogenic (Chapter 3, Tables 19 and 20). One of the supporting codes, 

namely PP4, was applied at the discretion of the clinicians as this code makes use of 

phenotypic data to support the variant classification (Richards et al., 2015). Prior to 

WES, the working differential for these patients was congenital muscular dystrophy. A 

high creatine kinase value indicated muscle damage; and together with other evidence 

supported application of PP4.  

Sanger sequencing was used for variant validation and to determine the mode of 

inheritance. The father was unavailable for testing, thus, only the patients’ and 

maternal samples were tested. The first variant (c.1424G>C) was identified in both 

twins and the mother, all three samples were heterozygous for the mutation and from 

this we can assume that they inherited the mutation from their mother. The second 

variant (c.2232G>C) was identified in Patients 4 and 5 (both heterozygous) and absent 

in the mother (homozygous wild-type). As the mother was negative for the presence 

of the second mutation, we can assume that this mutation would have been inherited 

from the father; and with each parent only carrying one mutation, neither were 

affected. As the two mutations were found in both patients, we can apply the ACMG 

code PP1, which is a supporting criterion of pathogenicity and indicates the co-

segregation of a mutation within multiple affected family members.  

4.3.5 Patient 6 

In Patient 6, two possible putative disease-causing variants in different genes were 

identified; a frameshift deletion in the BRAF gene (c.87_88delCG) and a frameshift 

insertion in the KMT2D gene (c.2243_2244insC). The variants were classified as likely 

pathogenic following the application of ACMG codes (Chapter 3, Tables 22 and 23).  

The BRAF gene variant lies within a GC-rich region which made it challenging to select 

suitable primers for amplification and sequencing (Flores-Juárez et al., 2016). In the 
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WES the coverage around this variant was considerably lower than neighbouring gene 

regions, and the variant itself was only covered ten times during WES, with the deletion 

seen in five of the ten reads. We determined this variant to be a false positive call as 

the deletion was not confirmed by Sanger sequencing, and as such was not 

investigated further.  

The variant identified in the KMT2D gene was better covered during WES, with a total 

read depth of 185 and the insertion was seen in 102 of the 185 reads which increases 

the likelihood of the variant being a ‘true’ call. Mutations in this gene have been 

associated with Kabuki syndrome (Cheon and Ko 2015). Kabuki syndrome is an 

autosomal dominant disorder characterised by intellectual disability and multiple 

congenital abnormalities; however, the phenotypic features of the disorder have not 

been well characterised or defined which increases the difficulty of providing a clinical 

diagnosis (Cheon and Ko 2015; Wang et al., 2019). The assay for the validation of this 

variant could not be optimised after multiple attempts (see Appendix 7) due to the 

variant’s location in a GC-rich region. Therefore, we cannot confirm whether or not this 

is the possible putative disease-causing mutation in this patient at this time.  

4.3.6 Patient 7 

In Patient 7 a possible putative disease-causing mutation was identified in the 

EFTUD2 gene. This is the same gene in which a variant was identified for Patient 3, 

and is associated with Mandibulofacial Dysostosis with Microcephaly (OMIM:610536). 

A frameshift deletion (c.263_264delCT) was identified in this patient that was classified 

as likely pathogenic following the guidelines set out by the ACMG. We applied one 

very strong criterion and one moderate criterion supporting pathogenicity (Chapter 3, 

Table 25).  

We validated this variant using Sanger sequencing and sequenced the maternal 

sample for the variant. The mutation was identified in the child through both forward 

and reverse sequencing and was also identified in the maternal sample. The maternal 

sample was sequenced a second time to ensure that the mother did possess the 

mutation and there was not any sample cross-contamination during the initial 

sequencing. Through this, it was confirmed that the mother does have the variant and 

passed it on to the child.  
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Mandibulofacial Dysostosis with Microcephaly is an autosomal dominant disorder, 

only one mutated allele is necessary for the development of the disorder. While a 

majority of the cases reported have shown a de novo occurrence of the disorder 

(Luquetti et al., 2013; Matsuo et al., 2017) some cases of autosomal dominant 

inheritance have been reported (Lines et al., 2014). The disease has been reported in 

literature as highly penetrant (meaning the trait expressed by a variant allele will 

almost always be present in individuals with that allele) however, it presents with a 

large variable expressivity (meaning the degree to which the trait is expressed is 

largely variable among affected individuals) (Huang et al., 2016). One such case was 

illustrated by Voight and colleagues, where they presented the case of an 

intellectually-normal mother, with two affected children, that did carry the same 

mutation as her offspring and was later described as having sub-clinical features 

(Voight et al., 2013), and we hypothesise a similar scenario in Patient 7 and her 

mother. 

4.4 Cost Analysis 

The price of a single sample WES comprehensive diagnostic test was determined to 

total at approximately ZAR13,128.00 if performed locally in this laboratory. The 

implementation of this test in a limited resource setting would provide unique benefits. 

These benefits include job creation for local scientists and technologists; and the 

implementation of a platform from which students and researchers can gain practical, 

hands-on experience in this important genetic testing niche. However, at the same 

time with resources being limited it is necessary to provide an adequate test at an 

affordable price (for state laboratories servicing state patients). The service should 

allow for the testing of the majority of the population as opposed to a minority due to 

costing restraints. Thus, if the use of an outsourced testing provider would be more 

cost-effective then it would be necessary for us to investigate this option.  

Comparative costs were requested from both local and international exome service 

providers whose services encompass both research and diagnostic needs. At present 

there are no local diagnostic exome sequencing service providers within South Africa 

(ZA), all diagnostic WES tests are outsourced to international companies. For this 

reason, quotes were requested from two international service providers, one based in 

the USA and one based in the Netherlands. Quotes were requested for the exome 
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sequencing of a single sample (proband only) to compare with the sequencing costs 

determined within this laboratory. The USA company quoted US$1250 for a ‘Boosted 

Exome, Proband-Only test’. This package includes DNA extraction, sequencing, data 

analysis, and report generation. With the exchange rate at the time of the in-house 

estimation (1US$/ZAR15.20- 09/10/2019) this amounts to ZAR19,000.00 per sample 

and additional courier chargers would need to be added. The Netherlands’ company 

offers two possible exome options that could apply to DD, namely a WES Intellectual 

Disability test and a WES Mendelian inherited disorders test. Both of these options are 

priced at €990, with the exchange rate at the time of the in-house estimation 

(1€/ZAR16.71- 09/10/2019) this would cost ZAR16,542.90 per patient. This service 

would include DNA extraction, WES, and data analysis with additional courier fees 

required. 

Additional quotes were requested from local research facilities in order to have a local 

comparison on testing costs within South Africa. The first quote for whole exome 

sequencing for a single sample was ZAR22,776.70 (28/04/2020). This price covered 

only the sequencing itself. DNA extraction, data analysis, and courier charges were 

not included. A second company quoted exome sequencing at ZAR6840 (based on 

2019 prices) per patient and covered only the sequencing itself. Based on these 

prices, WES on the Ion Torrent S5™ is a reasonably priced option and may prove to 

be more feasible than outsourcing sequencing to international service providers.  

As mentioned above the Moon software data analysis cost was included in the total 

WES cost calculation, and currently stands at US$49 per sample analysed. However, 

the cost of using the bioinformatics pipeline generated in this project was also 

investigated to provide a comprehensive understanding of the total costs necessary if 

this workflow were to be implemented. This project was conducted in a research 

environment and as such the Wits Core Cluster was used to meet the processing 

power requirements of the pipeline. A similar set-up would need to be established in-

house with the necessary security and storage measures to align with a diagnostic 

environment. We would need to invest in an on-site server that met the processing 

power requirements of the program. A standard quad-core server with 2.10GHz 2MB 

processing power was determined to be sufficient for the power requirements of the 

programs within this workflow and the base cost for such a server is ZAR12,906.00. 

Additional requirements would be necessary such as the purchase of additional RAM, 
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as the VEP script used a relatively large amount of RAM during analysis. It was 

suggested that the minimum amount of RAM needed would be 30GB. We requested 

additional RAM and hard drive storage, and other server kits necessary for installation 

and set-up, and the price rose to ZAR40,829.00. While this price appears large, it 

would be a beneficial start-up investment as this is only a once-off cost.  

Subsequent costs would include yearly maintenance and additional storage if needed. 

Staffing requirements for effective implementation and upkeep would also be 

necessary, such as system administrators, server managers, and bioinformaticians. 

Some of these services, such as server management, can be outsourced to 

professional companies. This would be preferable as the service involves 24/7 

monitoring, auditing, running updates, ensuring backups are working, and additional 

administrative tasks (SolarWinds Worldwide 2019). Whether the service is outsourced 

or monitored by an in-house staff member, it is of high importance as the service 

maintains server security and functionality. Data breaches and server malfunction 

would be of great risk when dealing with sensitive diagnostic testing. Bioinformaticians 

and data analysts would also be required to manage and analyse the large data sets 

generated through this type of diagnostic testing. The actual programs and web-

sources used when running the programs hold no additional charges.  

The final cost considerations involved the long-term storage of raw data (BAM files). 

It is typically the decision of the laboratory conducting the tests, as to how long the raw 

data should be stored and the NHLS in South Africa requires the data is stored 

indefinitely. As this data would contain sensitive and confidential information, on-site 

storage would provide the greatest security measures, and as such two on-site storage 

solutions were investigated namely a physical storage server and tape drives. A 

storage server was quoted at ZAR221,986.95 with 192TB storage capacity (24 x 8Tb) 

and this would allow the indefinite storage of between 30-50 years’ worth of data, 

depending on the fluctuation of file sizes. Alternatively, an LTO-8 tape drive kit was 

quoted at ZAR66,706.50, capable of storing 30Tb of compressed data per LTO-8 

cartridge. A single LTO-8 cartridge was quoted at ZAR2383.42, capable of storing five 

to seven years’ worth of data. The total cost of ownership (TCO) following the tape 

drive solution is much less than that of the storage server and has been shown to have 

and 86% lower TCO than ‘all-disk’ storage solutions and 66% lower TCO than cloud 

storage solutions (IBM 2020). The use of tape drives also offers added data security 
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as it a stable storage solution designed for archiving data offline. As the raw data (BAM 

files) won’t be accessed often a tape drive storage solution is most suitable to meet 

the storage requirements of this data.  

4.5 Diagnostic yield analysis 

The diagnostic yield for this small sub-study was calculated to be 71.43%. This was 

determined by dividing the number of positive cases by the total number of cases 

tested. A positive case was defined as one in which a possible putative disease-

causing mutation was identified and classified as either likely pathogenic or pathogenic 

according to the ACMG guidelines; validated using Sanger sequencing and then 

confirmed through consultation with a referring clinician. The diagnostic yield of this 

project is much higher than the global diagnostic rate of approximately 40% (Córdoba 

et al., 2018; Need et al., 2012; Wright et al., 2015). Two to three patients were 

expected to be diagnosed in this study as per this statistic however, causal variants 

were identified and validated in five of the patients.  

This was likely due to the pre-selection of patients with well-defined phenotypes 

capable of leading the variant investigation and prioritisation. HPO terms allow the 

linking of phenotypes to genes and disease (Köhler et al., 2017), thus the well-

structured phenotyping and incorporation of HPO terms into variant investigation is an 

effective approach in narrowing down possible putative disease-causing variants and 

improving the diagnostic rate (Bone et al., 2016; Frésard and Montgomery 2018).  

4.6 Comparing the Ion Torrent S5™ to the Illumina MiSeq Platform 

As a final consideration in the investigation of WES on the Ion Torrent S5™ as a 

potential tool for diagnosing DD patients in South Africa, we compared the 

specifications of our system to the Illumina MiSeq platform (Illumina, USA). The 

comparison made use of the specifications identified in our project for the Ion Torrent 

S5™ system and the specifications described on the Illumina website for the Illumina 

MiSeq system (Illumina Inc. 2020); additional comparisons were sought after in 

literature, however, there is very limited published data available. A cost comparison 

was not performed however, the price of high-throughput sequencing on both 

platforms has been reported as ‘cost-competitive’ (Marine et al., 2020). The major 

differences seen between the two systems were the number of samples that could be 
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sequenced per run and the time taken for library preparation, templating, and 

sequencing. The Ion Torrent system outperformed the Illumina system on both counts 

making it the ideal system for implementation in this laboratory.  

4.7. Project Limitations 

One major limitation identified in our project was the lack of African databases in which 

we could compare the allelic frequency of the variants identified in our patients. We 

did make use of GnomAD and the 1000 Genomes data which has limited African data. 

However, we are well aware of the large amount of genetic variation among African 

patients (Campbell and Tishkoff 2010; Gomez et al., 2014; Rotimi et al., 2017) 

therefore, access to African specific data would be greatly beneficial in understanding 

the frequencies of these variants within the general population (Shearer et al., 2014; 

Deepti et al., 2019). We are currently in the process of requesting access to the African 

Genome Variation Project (AGVP) data which consists of genotyping data collected 

from Sub-Saharan African patients (Gurdasani et al., 2015), in order to circumvent this 

limitation. As African populations are largely understudied, there is only a minimal 

number of samples and data (GWAS data and some low-coverage WGS data) 

available within these databases, highlighting this as a limited resource in African 

based genetic studies. 

A second limitation to consider is associated to the cost estimation. Due to import costs 

(reagents and consumables), fluctuating exchange rates (Habanabakize, T., 2020), 

and local demand the cost estimate identified in this project may increase and/or 

decrease drastically with time. The absence of local manufacturing means this 

limitation cannot easily be overcome, however, exchange rates and import costs can 

continuously be monitored to predict costing fluctuation. 

4.8 Future Directions 

Research reports will be generated and provided to the referring patient’s clinician in 

order to feedback on the results found in this project. These patients form a subset of 

the DDD-Africa project, as such feedback of results is done as part of a research 

report. At the Johannesburg, South Africa site of the project, genetic counsellors will 

form part of the team that provide feedback to patients. Feedback of findings takes 

place for multiple reasons such as when a significant associated risk to disease is 
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identified; when the identified disease has future implications (co-morbidities, 

reproductive implications, premature death); or when therapeutic and preventative 

interventions are available (Bookman et al., 2006; Budin-Ljøsne et al., 2016). Genetic 

counsellors are included in the feedback of findings as their unique skill set allows 

them to provide adequate risk assessment, and education and support to the patients 

and families receiving this feedback (Skirton et al., 2015; Joseph, F.M., 2018; Papaz 

et al., 2019). 

Once permission has been granted to access the data available through the AGVP we 

will investigate the allele frequencies of the variants identified in this project and add 

them to the research reports being generated for the clinicians. This is necessary as 

allele frequencies contribute to the categorisation of variants and population-specific 

frequencies allow for better categorisation (Shearer et al., 2014). We will then also 

input this avenue of investigation into the recommended data analysis pipeline of 

investigating WES data of DD patients in South Africa which was developed in this 

project (Chapter 3, Figure 8).  

The KMT2D variant that was not validated, will be investigated to identify possible 

ways of further optimising the assay. New PCR primers may be designed or alternative 

validation methods will be sought out, such as making use of long-range PCR. In 

current literature, the recommendations for Sanger sequencing to validate NGS results 

varies among researchers, with some suggesting it is not necessary (Beck et al., 

2016); some suggesting it is necessary (Lier et al., 2018); and others suggesting the 

necessity in certain circumstances, such as in regions of poor base coverage (Mu et 

al., 2016; Celestino-Soper et al., 2017; Zheng et al., 2019). As this was a research 

project, validation was necessary before providing results, even though the specific 

variants showed high coverage during WES. In a diagnostic environment, it would be 

necessary to validate variants until a threshold of variant accuracy is identified; this 

would likely only be established by the sequencing of thousands of samples.  

In patients where no possible putative disease-causing mutations were identified (such 

as Patient 2), reanalysis would be possible at a later date. Reanalysis of this specific 

sample five months after the initial analysis identified four new variants for 

investigation. Although none of these mutations were found to be causative, their 

emergence and other reports in literature (Wright et al., 2018) hold positive 
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expectations for later reanalysis. It is unknown how many of the patients recruited in 

this project as well as patients outside of this project that request exome sequencing, 

have monogenic aetiologies for their disorders. While this testing method drastically 

improves the diagnostic yield of these patients, there is no guarantee that a diagnosis 

is possible. As such, clinicians and counsellors will need to be prepared to counsel 

and support families in which no diagnosis is identified. Following this, alternative 

testing methods are available such as whole genome sequencing, RNA analysis 

(transcriptomics), long-read sequencing, and investigating alternative cell-types. 

These methods have been shown to provide some diagnoses in cases of ‘negative’ 

exome results (Meienberg et al., 2016; Byron et al., 2016; Frésard and Montgomery 

2018; Merker et al., 2018).  

We have successfully investigated the potential of locally implementing WES to detect 

putative disease-causing SNVs in South African DD patients however, we did not 

investigate the detection and analysis of CNVs. In the near future, a CNV baseline will 

need to be generated for this laboratory’s Ion Torrent system to efficiently call CNVs 

and then set up a pipeline for their analysis. Generating this baseline in-house creates 

a unique opportunity of using ethnically and racially matched controls to allow for better 

analysis of African data. This would be a step towards the implementation of 

personalised precision medicine in South Africa.  

An additional consideration arising from the results of this project was to implement a 

clinical meeting with medical geneticists to describe and discuss the phenotypes of 

Patients’ 3 and 7 and the corresponding variants identified in the EFTUD2 gene. This 

would provide clinicians with a better indication of the phenotypical presentation of 

Mandibulofacial Dysostosis with Microcephaly in African patients. Additionally, this 

data and the other patient data/results will contribute to the accurate clinical 

phenotyping of DD patients in South Africa which is a larger aim of the DDD-Africa 

study under which this project operated.  

4.9 Conclusion 

This project aimed to implement a WES workflow and evaluate the financial and 

computational costs involved in the technique. The workflow was achieved and refined 

by performing WES on seven DD patients on the Ion Torrent S5™ sequencing 

platform and analysing the generated data across three comparative programs. 
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Positive diagnoses were identified in 70% of patients involved in this small sub-study, 

showing the benefits of WES in increasing the diagnostic yield of patients with DD in 

comparison to current locally available testing methods. This study identified the first 

reported case (to our knowledge) of Takenouchi-Kosaki syndrome in Africa and 

extended the phenotype of two additional rare genetic disorders.  

The financial and computational costs were estimated to be approximately R13,000.00 

per patient which was a cheaper alternative to the current practice of outsourcing 

sequencing services internationally. Additionally, the costing appeared comparative to 

that of local research testing facilities highlighting the feasibility of implementing this 

test at this local laboratory. 

The resources necessary to establish and implement a custom in-house bioinformatic 

pipeline for data analysis in a diagnostic setting were investigated. Absent resources 

were identified and quoted to better understand the requirements of possibly 

implementing this pipeline in the future with the expansion of local diagnostic NGS 

testing.  

To conclude, it was determined that WES would be a highly beneficial tool in the 

investigation of DD within this department. The feasibility of local implementation 

would allow steps towards personalised precision medicine in South Africa, job 

creation, and local skill development.  
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Appendix 3 

List of Websites 

CADD: https://cadd.gs.washington.edu/ 

CLC Bio Main Workbench: https://digitalinsights.qiagen.com/products-overview/discovery-

insights-portfolio/analysis-and-visualization/qiagen-clc-main-workbench/  

ClinVar: https://www.ncbi.nlm.nih.gov/clinvar/ 

dbSNP: https://www.ncbi.nlm.nih.gov/snp/ 

DGV: http://dgv.tcag.ca/dgv/app/home 

ENSEMBL: https://www.ensembl.org/index.html 

G2P: https://www.ebi.ac.uk/gene2phenotype/g2p_vep_plugin 

GnomAD: https://gnomad.broadinstitute.org/ 

HPO: https://hpo.jax.org/app/ 

Illumina: https://emea.illumina.com/systems/sequencing-platforms/miseq/specifications.html 

Invitae: https://www.invitae.com/en/physician/category/CAT000168/#exome-faq-panel-

reporting 

Ion Reporter: https://ionreporter.thermofisher.com/ir/ 

Mastermind: https://mastermind.genomenon.com/ 

Moon: http://www.diploid.com/moon 

Mutalyzer: https://mutalyzer.nl/ 

NEB Tm Calculator: https://tmcalculator.neb.com/#!/main 

OMIM: https://omim.org/ 

Pfam: https://pfam.xfam.org/ 

PolyPhen-2: http://genetics.bwh.harvard.edu/pph2/ 

Primer 3: http://primer3.ut.ee/ 

Primer BLAST: https://www.ncbi.nlm.nih.gov/tools/primer-blast/ 

PubMed: https://www.ncbi.nlm.nih.gov/pubmed/ 

Radboudumc, Maatricht UMC+: https://order.radboudumc.nl/en/services/exome-sequencing-

diagnostics#grid[%220%22]=eJyrVipITE9VsjLSUUrLzClJLSpWssorzcmpBQBqEQik 

RefSeq: https://www.ncbi.nlm.nih.gov/ 

SIFT: https://sift.bii.a-star.edu.sg/www/code.html 

SNPCheck: https://genetools.org/SNPCheck/snpcheck.htm 

UCSC in silico PCR: https://genome.ucsc.edu/cgi-bin/hgPcr 

VarAFT: https://varaft.eu/ 

https://cadd.gs.washington.edu/
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Varsome: https://varsome.com/ 

VCFtools: http://vcftools.sourceforge.net/ 

VEP: https://www.ensembl.org/info/docs/tools/vep/index.html 

 

Appendix 4 

The following tables were taken from the Richards et al., 2015 paper providing variant 

classification guidelines to allow for ease of access to the content. Please refer to the above-

mentioned paper for the original content. 
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Appendix 5: Primers Selected for Variant Validation 

Gene Variant Transcript RefSeq Primer Pair 
Primer 
Length 

Annealing 
Temperature 
(°C) Optimised 

Samples 
Tested/ 
Validated 

CDC42 
p.Tyr23Cys 

ENST400259 NG_047042.2 

5'-TCTGAGTGCCTGAACCTGTT-
3' 20 

51.7 Yes 
Sample 1 
Maternal  
Paternal 

c.68A>G 5'-TCACCCCTTCTGACTTTCCA-3' 20 

EFTUD2 p.Arg578* ENST426333 NG_032674.1 

5'-ACTCAGTTCAGATGCGAGGA-
3' 20 54.6 Yes 

Sample 3 
Maternal 
Paternal c.1732C>T 5'-GATAGTGGGGCTTGGCGG-3' 18 

IQSEC2 p.Gly283fs ENST396435 NG_021296.2 
5'-TATCTGTGAGGAAGCTGGGG-
3' 20 53.3 Yes 

Sample1 
Sample 3 
Sample 4 
Sample 5 
Sample7 c.848_849delGC 

5'-ATTCCCAACCAGATGCCTCT-
3' 20 

POMT2 
p.Arg475Pro 

ENST261534 NG_008897.1 

5'-TGGCCATTTCCCTTTCTGAC-3' 20 
51.7 Yes 

Sample 4 
Maternal 
Sample 5 

c.1424G>C 
5'-CCCTCCATCTGCCACTAAGA-
3' 20 

POMT2 
p.Trp744Cys 

5'-TGGGGAATTTCTCTGGAGCT-
3' 20 

53.3 Yes 

c.2232G>T 5'-CTGTCCTCTCCGTGGTGC-3' 18 

BRAF 
p.Gly30fs 

ENST288602 NG_007873.3 

5'-
GCTCTCGGTTATAAGATGGCG-3' 21 

53.3 Yes 
Sample 6 
Maternal 
Paternal 

c.87_88delCG 5'-CGAGAAGGTGGCTGAGGG-3' 18 

KMT2D 
p.Glu748fs 

ENST301067 NG_027827.1 
5'-GGTATCGCGCCTATCCCC-3' 18 

53.8 No 

  c.2243_2244insC 5'-GATGTGGTCCCTCAGCCT-3' 18 

EFTUD2 
p.Leu89fs 

ENST426333 NG_032674.1 

5'-TCCCTCTTGCTTTCAGATGGA-
3' 21 

54.6 Yes 
Sample 7 
Maternal 

c.263_264delCT 
5'-ACGACAGTCTTCATGCACCT-
3' 20 
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Appendix 6: Identified possible putative-disease causing variant information 

 

Patient Gene Location dbSNP Transcript RefSeq HGVS 
Nomenclature 

Effect Frequency Allele 
Depth 

Genotype 
Quality 

ClinVar 

1 CDC42 1:22405039 rs797044916   ENST400259   NM_001791.3 c.68A>G 
p.Tyr23Cys 

Missense 0.00% 
GnomAD 

120     225     Pathogenic 

2 CBL 11:119170290 rs112330156   ENST264033     NM_005188.3 c.2520T>G 
p.Cys840Trp 

Missense 0.0032% 
GnomAD 

83 189 VUS 

3 EFTUD2 17:42937401 rs1057520673   ENST426333 NM_001258354.1 c.1732C>T 
p.Arg578*   

Stop 
gained 

0.00% 
GnomAD 

52 83 Pathogenic 

4 

POMT2 

14:77743740 - ENST261534   NM_013382.5 c.2232G>T 
P.Trp744Cys 

Missense   0.00% 
GnomAD   

49 113 - 

5 14:77751884 - ENST261534   NM_013382.5 c.1424G>C 
P.Arg475Pro 

Missense   0.00% 
GnomAD 

67 153 - 

6 

BRAF 7:140624415   - ENST288602    NM_004333.4 c.87_88delCG p. 
Gly30fs 

Frameshift 
deletion 

0.00% 
GnomAD 

10 27 - 

KMT2D 12:49445222 - ENST301067    NM_003482.3 c.2243_2244insC 
p.Glu748fs 

Frameshift 
insertion 

0.00% 
GnomAD 

185 39 - 

7 EFTUD2 17:42963959   - ENST426333 NM_001258354.1 c.263_264delCT 
p.Leu89fs 

Frameshift 
deletion 

0.00% 
GnomAD 

159 99 - 

 IQSEC2 X:53285131 - ENST396435   NM_001111125.2 c.848_849delGC 
p.Gly283fs   

Frameshift 
deletion 

0.00% 
GnomAD   

- - - 
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Appendix 7 

Table A7A. Genes in which variants were identified for Patient 1 using the Custom Pipeline. 

Gene Variant excluded or prioritised 

ABCB7 Excluded: benign supporting evidence identified. 

WDR19 Excluded: two variants identified with benign supporting evidence. 

moNUP214 Excluded: three variants identified all with benign supporting evidence, 
all reported in GnomAD (09/12/2019) and phenotype of patient does not 
match the suggested disease phenotype. 

MACF1 Excluded: two variants identified both with benign supporting evidence. 

POMT1 Excluded: variant identified with benign supporting evidence and the 
phenotype of the patient does not match the suggested disease 
phenotype. 

TMPRSS6 Excluded: pathogenic variant identified however; the suggested disease 
phenotype does not match the phenotype of the patient. 

ALMS1 Excluded: two variants identified with benign supporting evidence. 

MYO5B Excluded: variant identified with benign supporting evidence and 
insufficient phenotype overlap. 

TUBGCP6 Excluded: variant not found in BAM file. 

LRP5 Excluded: two variants identified with benign supporting evidence and 
the patient phenotype does not match the suggested disease phenotype. 

C5ORF42 Excluded: Likely pathogenic variant within homopolymer, suggested 
disease phenotype does not match patient phenotype. 

ADAR Excluded: VUS identified. 

KMT2D Prioritised: likely pathogenic variant identified with a somewhat similar 
phenotype to the suggested disease. 

ASXL3 Excluded: variants of uncertain significance 

MRE11A Excluded: Autosomal recessive pattern of inheritance for disease and 
one likely pathogenic and one benign variant identified. 

FAM20C Excluded: variant not found in BAM file. 

ARID1A Excluded: one VUS and one benign variant identified 

ALX3 Excluded: one likely pathogenic variant identified, disease phenotype of 
does not match patient phenotype. Possible false-positive due to 
homopolymer region. 

FGFR2 Excluded: VUS identified. 

HPD Excluded: Likely benign variant identified. 

NBEA Excluded: VUS identified. 

TBX22 Excluded: Phenotype doesn’t match, and seen in one healthy African 
patient (GnomAD 12/04/2019). 
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Table A7B. Genes in which variants were identified for Patient 2 using the Custom Pipeline. 

Gene Variant excluded or prioritised 

HECW2 Excluded: VUS and benign variants identified. 

GLI3 Excluded: Likely benign variant identified. 

SUV420H1 Excluded: VUS identified. 

DCHS1 Excluded: Likely benign variants identified. 

CLCNKB Excluded: Same variant identified in sequencing control. 

KANSL1 Excluded: VUS identified. 

ALMS1 Excluded: Benign and likely benign variants identified. 

GATA6 Excluded: VUS identified, suggested disease phenotype does not match 
patient phenotype. 

ACAN Excluded: Likely pathogenic variant identified; suggested disease phenotype 
does not match patient phenotype. 

TGIF1 Excluded: Likely benign variant identified. 

TRIP12 Excluded: VUS identified. 

FREM2 Excluded: VUS and likely benign variants identified. 

KCNN3 Excluded: VUS identified. 

DNAH9 Excluded: One pathogenic and one VUS (with benign supporting evidence) 
identified, suggested disease phenotype does not match patient phenotype. 

ALX3 Excluded: One likely pathogenic and one likely benign variant identified, with 
insufficient phenotype overlap of autosomal recessive disease. 

ARID1A Excluded: VUS identified. 

COL9A2 Excluded: One benign variant identified. 

EHMT1 Excluded: VUS identified with benign supporting evidence. 

 

Table A7C. Genes in which variants were identified in Patient 3 using the Custom Pipeline. 

Gene Variant excluded or prioritised 

FANCA Excluded: Likely benign variants identified. 

RECQL4 Excluded: VUS identified. 

MED12 Excluded: Likely benign variant identified. 

TGIF1 Excluded: Benign variant identified. 

SACS Excluded: VUS identified. 

PTF1A Excluded: VUS identified. 

ALDH18A1 Excluded: VUS identified and suggested disease phenotype does not 
match patient phenotype. 

PITX2 Excluded: Suggested disease phenotype does not match patient 
phenotype. 

EHMT1 Excluded: Likely benign variant identified. 

NHS Excluded: VUS identified. 

HIVEP2 Excluded: Likely benign and VUS identified. 

DNM1 Excluded: Benign and VUS identified, suggested disease phenotype does 
not match patient phenotype. 

CEP290 Excluded: VUS identified. 

FANCM Excluded: Benign and likely benign variants identified; suggested disease 
phenotype does not match patient phenotype. 

LRP2 Excluded: Likely benign and benign variants identified. 

GLI2 Excluded: VUS identified. 

ALX3 Excluded: Likely pathogenic variant identified; suggested disease 
phenotype does not match patient phenotype. 

COL11A2 Excluded: VUS identified. 

DNMT3B Excluded: VUS identified. 

LFNG Excluded: Benign variant identified. 
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TOP3A Excluded: VUS identified. 

CLCNKB Excluded: VUS identified, suggested disease phenotype does not match 
patient phenotype. 

PKD1L1 Excluded: Likely benign variants identified. 

FGFR3 Excluded: VUS identified with benign supporting evidence; suggested 
disease phenotype does match patient phenotype. 

DCHS1 Excluded: VUS identified, suggested disease phenotype is similar to 
patient phenotype. 

CPS1 Excluded: VUS identified, suggested disease phenotype does not match 
patient phenotype. 

BIN1 Excluded: variant not found in BAM file. 

TCOF1 Excluded: Likely pathogenic variant (indel) identified in homopolymer, 
suggested disease phenotype does match patient phenotype. 

KCNT1 Excluded: VUS and benign variants identified. 

ARID1A Excluded: VUS and intronic variant with no coding or splicing effect 
identified. 

EFTUD2 Prioritised: Pathogenic variant identified; suggested disease phenotype 
does match patient phenotype. 

HPSE2 Excluded: Likely pathogenic variant identified; suggested disease 
phenotype does not match patient phenotype. 

NBAS Excluded: Likely pathogenic variant identified; suggested disease 
phenotype does not match patient phenotype. 

OTOGL Excluded: VUS and likely benign variants identified, suggested disease 
phenotype does not match patient phenotype. 

TBX22 Excluded: VUS identified. 

LAMC3 Excluded: VUS identified. 

PKHD1 Excluded: VUS identified, suggested disease phenotype does not match 
patient phenotype. 

 

Table A7D. Genes in which variants where identified in Patient 4 using the Custom Pipeline. 

Gene Variant excluded or prioritised Sample 4 

SON Excluded: Likely pathogenic and VUS identified, suggested phenotype 
does not match patient phenotype. 

TMPRSS6 Excluded: Likely pathogenic variant and VUS identified, suggested 
phenotype does not match patient phenotype. 

POLR3B Excluded: Likely pathogenic and VUS identified for suggested autosomal 
recessive disease. 

ALX3 Excluded: Likely pathogenic and 3 prime UTR variant identified; 
suggested disease phenotype does not match patient phenotype. 

POMT2 Prioritised: two VUS identified with patient phenotype highly specific for 
gene. 

CLTC Excluded: Benign variants identified. 

UVSSA Excluded: Benign variants and VUS identified. 

PKD1L1 Same variants identified in patient 5. 

CACNA1A Excluded: Benign variants identified. 

RYR1 Excluded: Benign and likely benign variants identified. 

SALL4 Excluded: Likely benign variants identified. 

DCHS1 Excluded: VUS identified with benign supporting evidence. 

RLIM Excluded: VUS identified. 

BRAF Excluded: Benign variants identified. 

ARIDA1 Excluded: VUS identified. 
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KIF7 Excluded: Pathogenic variant identified in a homopolymer region. Variant 
not found in affected twin brother. Suggested disease phenotype does not 
match patient phenotype. 

SCN1A Excluded: Pathogenic variant identified in a homopolymer region. Variant 
not found in affected twin brother. Suggested disease phenotype does not 
match patient phenotype. 

 

 

Table A7E. Genes in which variant were identified in Patient 5 using the Custom Pipeline.  

Gene Variant(s) excluded/prioritised Sample 5 

KMT2D Excluded: Benign variants identified. 

GRIN2A Excluded: VUS identified, did not co-segregate with sibling. 

MRE11A Excluded: One likely pathogenic and 3 VUS identified for a suggested 
autosomal recessive disorder. 

TH Excluded: Benign variant identified. 

AMPD2 Excluded: Benign variant identified. 

TGIF1 Excluded: Synonymous variant identified. 

GPSM2 Excluded: Benign variant identified. 

CUX2 Excluded: Benign and VUS identified. 

NOTCH1 Excluded: Benign and likely benign variants identified. 

LFNG Excluded: variant not found in BAM file. 

ATM Excluded: Benign and likely benign variants identified. 

RIN2 Excluded: Likely benign variant identified.  

POMGNT2 Excluded: VUS and likely benign variants identified. 

HPSE2 Excluded: One likely pathogenic variant and one intronic variant identified, 
suggested disease phenotype does not match patient phenotype. 

POMT2 Prioritised: two VUS identified with patient phenotype highly specific for 
gene. 

MMAB Excluded: VUS identified. 

ACAN Excluded: Likely benign variants identified. 

GAS2L2 Excluded: Likely benign variants identified. 

 

Table A7F. Genes in which variants were identified in Patient 6 using the Custom Pipeline. 

Gene Variant(s) excluded/prioritised 

LAMA2 Excluded: Intronic, benign and VUS identified. 

EXT2 Excluded: VUS identified. 

EHMT1 Excluded: Likely benign and VUS identified. 

RLIM Excluded: Synonymous variant and VUS identified. 

PTCH1 Excluded: VUS identified. 

COL11A2 Excluded: Intronic and VUS identified. 

KAT6B Excluded: Benign variant identified. 

NOTCH2 Excluded: Likely benign variant identified. 

GRIA3 Excluded: Likely benign variant identified. 

COL18A1 Excluded: VUS and intronic variants identified, suggested disease 
phenotype does not match patient phenotype. 

DNAH9 Excluded: VUS and intronic variants identified. 

SON Excluded: Likely benign variant identified. 

FRAS1 Excluded: Intronic, likely benign and VUS identified. 

CCDC40 Excluded: Likely benign variant identified. 

KMT2D Prioritised: Likely pathogenic variants identified; suggested disease 
phenotype does match patient phenotype. 
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ATRX Excluded: VUS identified. 

MYOB5 Excluded: Benign variant identified. 

DNMT3B Excluded: VUS identified. 

CTSA Excluded: Intronic variant identified. 

TCF20 Excluded: VUS identified. 

ALG9 Excluded: VUS identified. 

MTR Excluded: Intronic and likely benign variants identified. 

BRAF Prioritised: Likely pathogenic variant identified; suggested disease 
phenotype does match patient phenotype. 

TELO2 Excluded: VUS identified. 

TGIF1 Excluded: VUS identified. 

SNC11A Excluded: Synonymous, intronic and VUS identified. 

 

Table A7G. Genes in which variants were identified for Patient 7 using the Custom Pipeline.  

Gene Variant(s) excluded/prioritised 

MED13L Excluded: Likely benign variant identified. 

SMPD1 Excluded: Benign variant identified. 

FLT4 Excluded: VUS identified. 

SLC17A5 Excluded: Likely pathogenic, suggested disease phenotype does not match 
patient phenotype.  

SYNGAP1 Excluded: VUS identified. 

NEB Excluded: Benign and likely benign variants identified. 

MRE11A Excluded: Likely pathogenic variant identified; suggested disease 
phenotype does not match patient phenotype. 

LGI4 Excluded: VUS identified. 

MYT1L Excluded: Benign variant identified. 

FBN2 Excluded: VUS identified. 

BCOR Excluded: VUS identified. 

PACS1 Excluded: Likely benign variant identified. 

SLC6A17 Excluded: VUS identified. 

EFTUD2 Prioritised: Likely pathogenic variant identified; suggested disease 
phenotype does match patient phenotype. 
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Appendix 8 

KMT2D assay optimisation: 

An initial temperature gradient was performed with a control DNA sample using the 

designed KMT2D primers seen in Appendix 5. The PCR protocol shown in Chapter 2 

(Table’s 3 and 4) were followed. 2µl of PCR product and 3µl of agarose gel loading 

buffer were run on a 3% (w/v) agarose gel at 5V/cm and produced the following result: 

 

The PCR product in Lane 6 showed the desired amplification product with minimal 

non-specific binding. The protocol was followed with the Patient and parental samples 

at this annealing temperature (53.8°C) and Sanger sequencing was then performed. 

The sequencing showed a product of the correct size however, there was too much 

‘background noise’ to interpret the results attributed to the minimal non-specific binding 

seen in the gel image and further assay optimisation was undertaken.  

An alternative website was used to obtain the annealing temperatures of the primer 

pair namely NEB Tm Calculator (see Appendix 3 for URL), which suggested an 

annealing temperature of 65°C. A second PCR reaction was set-up and the new 

annealing temperature was used during thermal cycling; however, the non-specific 

binding was not resolved. The next intervention applied was to extend the annealing 

and elongation time during thermal cycling; however, this was unsuccessful. Following 

this, an additive known as Dimethyl Sulfoxide (DMSO, Merck, USA) was introduced 

into the PCR set-up to reduce secondary structures that may result due to the high 

GC content of the area targeted for amplification (Kieleczawa, J., 2006; Mammedov 

et al., 2008). The PCR protocol with added DMSO can be seen below: 

 

 

 

 

 

 

 1           2          3          4           5          6          7         8          9 

Figure A7.1 3% (w/v) agarose gel image of KMT2D temperature gradient. Lane 1 

indicates the 1kb+ marker. Lanes 2-9 show the PCR product run at temperatures: 

60.0°C; 59.2°C; 58.0°C; 56.1°C; 53.8°C; 51.9°C; 50.7°C; 50°C respectively. Non-

specific binding was identified at all temperatures. 
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Table A81. PCR protocol with additive DMSO 

PCR Component Volume (µl)   

DNA [100ng/µl] 1   

Forward Primer [10ng/µl] 1   

Reverse Primer [10ng/µl] 1   

DMSO [100%] 1.25   

dNTP Mix [10mM per dNTP] 2.5   

AmpliTaq Gold Buffer II [10X] 2.5   

AmpliTaq Gold MgCl2 [25nM] 2.5   

ddH2O 13.05   

AmpliTaq Gold DNA Polymerase [5U/ µl] 0.2   

TOTAL 25   

 
 

The incorporation of the additive reduced majority of the non-specific binding, 

however, some non-specific product was still identified. This protocol was run at four 

different temperature namely: 53.8°C; 58.5°C; 61°C; 64°C, however, the non-specific 

binding was not resolved. The additive was then increased within the PCR protocol to 

2.5µl DMSO per 25µl reaction, however this prevented amplification of the target 

region. The protocol showed above was then used in a second temperature gradient 

where higher annealing temperatures were used ranging from 56°C to 66°C and 

yielded the following result: 

 

This protocol was then run on the Patient and his parent’s samples at an annealing 

temperature of 66°C, however, no amplification was seen except for a faint band 

indicating PCR amplification in the Patient’s paternal sample, seen below. 

   1                2               3               4               5               6               7                8               9       

Figure A7.2 3% (w/v) agarose gel image of KMT2D temperature gradient with DMSO 

additive. Lane 1 shows the 1kb+ marker. Lanes 2-9 show the PCR product run at 

temperatures: 66.0°C; 65.3°C; 64.0°C; 62.1°C; 59.8°C; 57.9°C; 56.7°C; 56.0°C 

respectively. Lanes 2 and 3 show the amplification of the desired PCR product in the 

control DNA sample. 
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This same protocol was then repeated a second time at an annealing temperature of 

65.5°C and faint bands showing amplification were seen in all three samples. This 

PCR product was then cleaned and subjected to cycle sequencing, post-sequencing 

clean-up, and then sequenced on an Applied Biosystems 3130 Genetic Analyzer 

(Thermo Fisher, USA). However, no sequencing data was produced, most likely as a 

result of inefficient product amplification during PCR. The final optimisation 

intervention introduced was to increase the concentration of the DNA within the PCR 

reaction. A constant concentration of 100ng/µl DNA was used throughout the 

optimisation procedures for both the control sample and patient samples used. The 

final PCR set-up used the patient samples stock DNA concentrations run 

comparatively with the 100ng/µl diluted samples to see if amplification improved and 

the control DNA sample was also included in the set-up. These seven PCR reactions 

were run with an annealing temperature of 65.5°C and showed no amplification except 

for a faint band present in the control sample reaction.  

 

  

     1          2          3                            4          5          6 

Figure A7.3 3% (w/v) agarose gel image of KMT2D PCR product on Patient 6 and 

parental samples. Lanes 1 and 4 show the 1kb+ marker. Lane 2 is the PCR product 

showing no amplification of the Patient’s DNA. Lane 3 shows a non-template 

control. Lane 5 shows the maternal sample with no amplification and Lane 6 shows 

the paternal sample with a faint band indicating amplification. 



122 
 

Appendix 9 

 


