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CHAPTER ONE 

LITERATURE REVIEW 

 

1.1 Diabetes mellitus 

Diabetes mellitus (DM) is recognized as one of the leading causes of disability and 

death worldwide (International Diabetes Federation, 2014). In 1998, the World Health 

Organization (WHO) estimated that there were 135 million people living with DM in the 

world, and by 2008 the estimated global prevalence had more than doubled (Danaei et 

al., 2011). As of 2013, there are 387 million people living with DM in the world and 2.7 

million in South Africa (International Diabetes Federation, 2014). Understanding the 

main contributors to disease burden is essential in the planning of health care facilities 

and programmes aimed at addressing this growing problem. This study aims to shed 

some light on this issue by investigating a specific risk factor that has been associated 

with DM in the black South African population. 

 

DM describes a group of metabolic diseases of multiple aetiologies characterized by 

increased levels of glucose that results from defects in insulin action, insulin secretion, 

or both (Alberti and Zimmet, 1998). Glucose absorption is impaired in DM patients and 

glucose remains circulating in the blood, which is known as hyperglycaemia. The 

development of DM involves several pathological processes that range from 

autoimmune destruction of the β-cells of the pancreas, resulting in insulin deficiency, to 

abnormalities causing insulin resistance. The abnormalities in the metabolism of 

carbohydrate, fat and protein of diabetic individuals are a result of the insufficient action 

of insulin on target tissues (American Diabetes Association, 2008). Uncontrolled DM 

can lead to acute, life-threatening consequences, such as hyperglycaemia with 

ketoacidosis or the non-ketotic hyperosmolar syndrome. Long-term complications of DM 

include retinopathy with potential loss of vision; nephropathy leading to renal failure; 

peripheral neuropathy with risk of foot ulcers, amputations, and Charcot joints; and 

autonomic neuropathy causing gastrointestinal, genitourinary, and cardiovascular 
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symptoms, as well as sexual dysfunction (American Diabetes Association, 2008; 

Weinger et al., 1995). Furthermore, people suffering from DM have an increased risk for 

other diseases, such as cardiac, peripheral arterial and cerebrovascular disease (Amod 

et al., 2012; Mukherjee, 2009). DM is a chronic illness that requires continuing medical 

care and ongoing patient self-management education and support to prevent acute 

complications and to reduce the risk of long-term complications. 

 

1.2 Prevalence and burden of disease 

In 2013, there were an estimate of 387 million people living with DM in the world, with 

the majority aged between 40 and 59 years. It is estimated that the number of people 

with DM will increase by 55% by 2035 (International Diabetes Federation, 2014). Due to 

lifestyle changes, the prevalence of DM is drastically increasing in the Middle East, 

South-East Asia, Western Pacific and sub-Saharan Africa. Eighty percent of people 

affected are living in low- and middle- income countries. According to the International 

Diabetes Federation (IDF), Africa is estimated to have the highest increase of DM cases 

in the world with an increase of 109% predicted by 2035. With a national prevalence of 

8.27%, there are an estimated 2.7 million people in South Africa currently diagnosed 

with DM and more than 1.2 million people with undiagnosed DM (International Diabetes 

Federation, 2014). Rapid urbanisation in South Africa is leading to increased lifestyle 

risk factors, such as a lack of physical activity and unhealthy diet which contribute to 

increased chronic disease rates (Steyn et al., 1997). 

 

DM exerts a heavy economic burden on society (Kirigia et al., 2009), related to costs on 

the health system in managing the disease, indirect costs resulting from productivity 

losses due to patient disability and premature mortality, time spent by family members 

accompanying patients when seeking care, and intangible costs such as pain, anxiety, 

inconvenience and a negative influence on personal relationships (Kirigia et al., 2009; 

WHO, 2015). In 2012, globally the burden of DM resulted in 5.1 million deaths and 

consumed 548 billion USD in health spending (Amod et al., 2012). According to 2013 

estimates for the Africa Region, at least 4 billion USD was spent on DM healthcare, and 
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this spending is expected to increase by around 58% by 2035 (International Diabetes 

Federation, 2014). In South Africa, the average DM related expenditure per person with 

diabetes is 935 USD annually. There is substantial evidence that DM is epidemic in 

many economically developing and newly industrialised countries. Therefore, there is an 

urgency for innovative research on DM to alleviate the burden that the disease has on 

our society and to diagnose and provide appropriate care to people with DM. 

 

1.3 Gender and ethnic influences 

Globally in 2013, there was little gender difference in the incidence of DM (International 

Diabetes Federation, 2014). There are about 14 million more men than women with DM 

(198 million men vs. 184 million women). However, this difference is expected to 

increase to 15 million (303 million men vs 288 million women) by 2035 (Gale and 

Gillespie, 2001). In South Africa, there is a prominent gender difference with 927,870 

males suffering from DM compared to 1,718,180 females (International Diabetes 

Federation, 2014). 

 

It has been established that in many countries of sub-Saharan Africa, including South 

Africa, the women are more likely to be obese or overweight than men and are therefore 

expected to have a higher prevalence of DM (Dugas et al., 2009; Kamadjeu et al., 2006; 

Njelekela et al., 2009; Omar et al., 1993; Puoane et al., 2002). A study by Puoane et al. 

(2002) suggested that the predominant cause of malnutrition in adult South Africans is 

due to being overweight with high rates of abdominal obesity, especially in African 

women. The biggest challenge in obesity management in South Africa relates to the 

perceptions and positive values ascribed to obesity in the African community (Mvo et 

al., 1999). Qualitative research by Mvo et al. (1999) identified that obesity in women is 

perceived to reflect wealth and happiness as well as the husband’s ability to care for his 

wife. Although wide variations in the distribution of DM by gender have been 

documented in several review articles (BeLue et al., 2009; Gale and Gillespie, 2001; Gill 

et al., 2009; Tuei et al., 2010), the possible causes of this heterogeneity have never 

been examined in detail. 
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The prevalence of DM has been found to differ between ethnic groups. A study by 

Cowie et al. (2010) suggested that the prevalence of DM was more than two times 

higher in non-Hispanic blacks and Mexican Americans versus non-Hispanic Caucasians 

(Cowie et al., 2010). African Americans are disproportionately affected by DM with a 

prevalence of 18% (Cooke et al., 2012) and are 1.8 times more likely to develop DM 

than Caucasians (Chlebowy et al., 2013; Wei et al., 2011). This may be due to a direct 

genetic propensity or unfavourable gene–environment interactions. The hypothesis has 

been proposed that modern lifestyle factors (especially those that promote obesity) may 

have a greater effect on African Americans than on Caucasians (Abate and Chandalia, 

2003; Signorello et al., 2007). 

 

Many studies have been done on European-derived populations, and a few on African 

Americans, but there remains a gap for studies that address and investigate risk factors 

associated with African populations. In general, the black population in South Africa 

predominates over other population sub-groups. It was reported that the highest rates of 

obesity are among African women when compared to Caucasian, Asian and mixed 

ancestry (Puoane et al., 2002). A high prevalence of DM has been reported in urban 

black populations in Cape Town and in those of Zulu descent (Levitt et al., 1993; Omar 

et al., 1993). The association of DM with urbanization has important implications in view 

of the large-scale urbanization occurring in southern Africa (Levitt et al., 1993). 

 

1.4 Diagnosis of diabetes mellitus 

The three principal methods to diagnose DM include the fasting plasma glucose (FPG) 

test, random plasma glucose (RPG) test and oral glucose tolerance test (OGTT) 

(American Diabetes Association, 2008). Since 2011 the WHO and the American 

Diabetes Association (ADA) has also recognized haemoglobin A1c (HbA1c) as a means 

of diagnosing DM (World Health Organization, 2011). The Society for Endocrinology, 

Metabolism and Diabetes of South Africa (SEMDSA) has adopted and endorsed the 

report of the WHO on the use of HbA1c in the diagnosis of DM (Amod et al., 2012). 
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1.4.1 FPG, RPG, and OGTT 

The FPG test measurement requires the patient to fast overnight for at least 8 hours as 

well as a follow-up clinic visit which may cause some inconvenience but is inexpensive 

and risk-free. The accuracy of the test may, however, be affected by the patient not 

adhering to fasting, and certain medication can compromise the test. The RPG 

measurement is inexpensive, easily accomplished and free of risk, except for discomfort 

from phlebotomy (Barr et al., 2002). The OGTT was originally described in 1922 as a 

measure of the ability to tolerate a supraphysiologic glucose load (Conn 1940). Since 

the 1970s, the WHO and other organizations interested in DM agreed on a standard 

dose and duration, but the ADA no longer recommends it for routine use in non-

pregnant adults (International Expert, 2009). 

 

1.4.2 HbA1c 

Tests of glycated haemoglobin concentration yield a measure of chronic glycaemia from 

the slow, post-translational, non-enzymatic glycation of haemoglobin (Goldstein et al., 

1982). Clinical studies have indicated a strong correlation between the concentration of 

glycated haemoglobin and the mean level of blood glucose over the preceding one to 

three months (Nathan et al., 1984; Svendsen et al., 1982; Tahara and Shima, 1995). 

The HbA1c test should be performed using a method that is certified by the National 

Glycohemoglobin Standardization Program (NGSP) and standardized or traceable to 

the Diabetes Control and Complications Trial (DCCT) reference assay. The HbA1c test 

has several advantages compared to the OGTT and FPG test. It is more convenient, as 

individuals are not required to fast, has greater pre-analytical stability and fewer 

perturbations during illness or stress. It is extremely reliable compared with other tests 

of glycaemia. Some of the limitations, however, include higher cost, limited availability in 

certain regions of the developing world and some issues with standardization (American 

Diabetes Association, 2015). DM-specific complications can also be predicted with the 

HbA1c levels and provide the current basis for diabetic treatment decisions. Small 

elevations in HbA1c levels can predict future DM in people with impaired glucose 

tolerance and mild impairment in glycaemia (American Diabetes Association, 2015). 
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1.4.3 Diagnostic criteria for diabetes mellitus 

The criteria for the diagnosis of DM as well as intermediate hyperglycaemia according 

to the 2012 SEMDSA guidelines for management of DM are outlined in Table 1.1. The 

diagnosis of DM should always be confirmed by a repeat test (preferably the same test) 

on a subsequent day, unless there is unequivocal hyperglycaemia with acute metabolic 

decompensation or obvious symptoms (Amod et al., 2012). 

 

Table 1.1: Criteria for the diagnosis of diabetes and categories of intermediate 

hyperglycaemia according to the SEMDSA guidelines (Amod et al., 2012). 

Diagnostic test 
Impaired fasting 

glucose (IFG) 

Impaired glucose 

tolerance (IGT) 
Diabetes 

Fasting plasma 

glucose (FPG) ¹ 
6.1-6.9 mmol/l < 7.0 mmol/l  ≥ 7.0 mmol/l; or 

Two hour plasma 

glucose during oral 

glucose tolerance 

test (OGTT) ² 

< 7.8 mmol/l  7.8-11.0 mmol/l ≥ 11.1 mmol/l; or 

Glycated 

haemoglobin 

(HbA1c)³ 

- - ≥ 6.5%; or 

Random plasma 

glucose⁴ 
- - 

≥ 11.1 mmol/l if classic 

symptoms of diabetes or 

hyperglycaemic crisis is 

present 

1: "Fasting" is defined as no calorie intake for at least eight hours 

2: The test should be performed as described by WHO, using a glucose load containing the equivalent 

of 75 g anhydrous glucose dissolved in 250 ml water ingested over five minutes. 

3: Provided that the test method meets stringent quality assurance criteria, that the assay is 

standardised according to criteria aligned with the international reference values [NGSP -certified and 

standardised to the DCCT assay], and that there are no conditions present which preclude its accurate 

measurement. 

4: “Random” (casual) is defined as any time of day, without regard to time of last meal. The classic 

symptoms of hyperglycaemia include polyuria, polydipsia and weight loss. “Hyperglycaemic crisis” 

refers to diabetic ketoacidosis or hyperosmolar nonketotic hyperglycaemia. 
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Diagnosis in symptomatic individuals: A single abnormal test is sufficient to confirm the 

diagnosis of DM in patients who present with classic symptoms of hyperglycaemia, such 

as polyuria, polydipsia and weight loss or unequivocal hyperglycaemia (glycaemic crisis: 

diabetic ketoacidosis or hyperosmolar non-ketotic hyperglycaemia) (Mitscherlich, 1841). 

Diagnosis in asymptomatic individuals: The diagnosis of DM should not be based on a 

single abnormal test result in asymptomatic individuals. In these cases, a glucose-

based test (OGTT or FPG) or the HbA1c test should be performed and if the test is 

abnormal, the same test must be repeated on a subsequent day to confirm the 

diagnosis (Hindorff et al., 2009). 

 

1.4.4 Criteria for diagnosis of prediabetes 

An international Expert Committee sponsored by the ADA (2003), has identified an 

intermediate group of individuals whose glucose levels are too high to be considered 

normal, although not meeting the criteria to be diagnosed with DM. Patients with IFG 

and/or IGT are now referred to as having “prediabetes” indicating the relatively high risk 

of developing DM in the future. The criteria for diagnosis of IFG and IGT are provided in 

Table 1.1. In patients with prediabetes, identification of and, if appropriate, treatment of 

other cardiovascular disease risk factors is indicated. Testing to detect prediabetes 

should be considered in children and adolescents who are overweight or obese and 

who have two or more additional risk factors for DM. Without intervention, the 

cumulative incidence of DM being diagnosed in people with IFG is 37% to 38% over 5 

to 6 years (de Vegt et al., 2001). 

 

1.5 Aetiological types of diabetes 

According to the IDF, there are three main aetiological types of DM, Type 1 Diabetes 

Mellitus (T1DM), Type 2 Diabetes Mellitus (T2DM) and Gestational Diabetes Mellitus 

(GDM) (Amod et al., 2012; International Diabetes Federation, 2014). Less common 

forms of diabetes include Maturity-Onset-Diabetes of the Young (MODY), genetic 

defects in insulin action, diseases of the exocrine pancreas, endocrinopathies and drug- 

or chemical-induced diabetes (Amod et al., 2012). 
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1.5.1 Gestational diabetes mellitus 

GDM is defined as any degree of glucose intolerance with onset or first recognition 

during pregnancy. Pregnant women develop a resistance to insulin and subsequent 

high blood glucose because the action of insulin is blocked, possibly due to hormones 

produced by the placenta. Complications due to GDM result in roughly 4% of all 

pregnancies, which amounts to 135,000 cases annually in the United States. The 

prevalence depends on the population studied but ranges from 1% to 14% of 

pregnancies (American Diabetes Association, 2008). GDM usually occurs around the 

24th week of pregnancy. Since GDM only develops later in pregnancy, the unborn baby 

is already well-formed but still growing and the immediate risk is thus less for women 

who develop GDM compared to those suffering from T1DM or T2DM before pregnancy. 

Nonetheless, high blood glucose levels can lead to serious complications in the mother 

and her infant. Women who become pregnant and are known to have DM that 

antedates pregnancy do not have GDM but have ‘DM and pregnancy’ and should be 

treated accordingly before, during, and after the pregnancy (Alberti and Zimmet, 1998). 

GDM in mothers usually disappears after delivery, however, these women have an 

increased risk to develop T2DM later in life. A range of severity is found in GDM that 

can be treated with a healthy diet, exercise or in some cases oral medication or insulin 

(IDF, 2013). 

 

GDM is defined by glucose intolerance on the OGTT with onset during pregnancy 

(International Diabetes Federation, 2014). Formal systematic testing for GDM is usually 

done between 24 and 28 weeks of gestation (Alberti and Zimmet, 1998). Pregnant 

women who meet the WHO criteria for DM or IGT are classified as having GDM (See 

Table 1.1). After pregnancy (six weeks or more after delivery) the women should be 

reclassified based on OGTT as normal glucose tolerance, or IGT, or DM. 

 

1.5.2 Type 1 diabetes mellitus 

T1DM, previously described as insulin-dependent diabetes or juvenile-onset diabetes, 

accounts for 5% to 10% of all diagnosed DM cases (American Diabetes Association, 



CHAPTER ONE: LITERATURE REVIEW 

9 
 

2015). T1DM is an autoimmune disease that is characterized by destruction of 

pancreatic β-cells, resulting in absolute insulin deficiency (Eisenbarth, 1986). The 

majority of cases are attributable to an autoimmune-mediated destruction of β-cells 

while a small minority of cases results from an idiopathic destruction of β-cells. The 

presence of autoantibodies against the pancreatic islet cells is the hallmark of T1DM, 

even though the role of these antibodies in the pathogenesis of the disease is not clear 

(Morran et al., 2015). 

 

In T1DM the rate of β-cell destruction is variable, being rapid mainly in infants or 

children and slower in adults. At the first manifestation of the disease, some patients 

may present with ketoacidosis while others can have modest fasting hyperglycaemia 

(American Diabetes Association, 2008). This disease affects people of all ages but is 

usually found in children or young adults. T1DM is considered a complex genetic trait, 

thus, multiple genetic loci contribute to susceptibility and environmental factors play a 

role in determining risk, however, these are still poorly defined. Patients diagnosed with 

T1DM are rarely obese, but the presence of obesity has been identified as a risk factor 

contributing to its development (Hypponen et al., 2000; Johansson et al., 1994). It has 

been hypothesized that both T1DM and T2DM are “one and the same disorder of insulin 

resistance set against different genetic backgrounds” (Wilkin, 2001). In a study by Terry 

Wilkins, MD, he argued that children who develop T1DM are genetically predisposed to 

develop the disease, but being overweight accelerates the process (Wilkin, 2001). 

 

Several genetic risk factors are related to the autoimmune destruction of β-cells. The 

most prominent candidates identified as risk factors for T1DM are genes in the human 

leukocyte antigen A (HLA) region of chromosome 6. This region contains several 

hundred genes known to be involved in the immune response. The HLA class II genes 

have been found to be most strongly associated with the disease (Barrett et al., 2009; 

Thomson, 1984). Other genes have also been identified to be associated with T1DM by 

genome-wide association studies (GWAS). They include chymotrypsinogen B1/2 

(CTRB1/2), interferon induced with helicase C domain 1 (IFIH1), GLIS family zinc finger 

3 (GLIS3), and protein tyrosine phosphatase non-receptor type 2 (PTPN2) which are 



CHAPTER ONE: LITERATURE REVIEW 

10 
 

also expressed in β-cells supporting the concept that genetic susceptibility to T1DM 

influences both the immune system and β-cell function (Bergholdt et al., 2012). 

 

The risk of developing T1DM in offspring where one or both parents are diabetic ranges 

from 2% to 30%. When only the mother is affected the risk is 2% to 3% which increases 

to 8% to 9% with an affected father. With both parents affected the risk increases to 

30% (Amod et al., 2012). Twin studies also provide evidence for the importance of 

environmental risk factors for T1DM. T1DM concordance rates for monozygotic twins 

are higher than those for dizygotic twins (approximately 30% vs. 10%) (Hirschhorn, 

2003). However, most monozygotic twin pairs remain discordant. These concordance 

rates emphasize the importance of genetics in T1DM, but also clearly demonstrate that 

having certain combinations of genes is not sufficient to cause T1DM. Therefore, 

environmental triggers modulate the onset of T1DM in genetically susceptible 

individuals. 

 

1.5.2.1 Identification of individuals at risk for developing T1DM 

Individuals at an increased risk for developing T1DM can be identified by genetic 

markers and by serological evidence of an autoimmune pathologic process occurring in 

the pancreatic islets (American Diabetes Association, 2010). Studies have suggested 

that the measuring of islet autoantibodies in relatives of those with T1DM may identify 

individuals who are at risk for development of T1DM (Verge et al., 1996). These tests 

together with education about DM symptoms and close follow-up may help with earlier 

identification of T1DM. Currently, there is a lack of accepted screening programs and 

relatives of patients diagnosed with T1DM should be advised to go for antibody testing 

for risk assessment (American Diabetes Association, 2015). Clinical studies are 

underway to test different methods of preventing T1DM in those with evidence of 

autoimmunity. 
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1.6 Type 2 diabetes mellitus 

T2DM is a heterogeneous metabolic disorder characterized by two interrelated 

metabolic defects, namely an inadequate response to insulin secretion by β-cells in the 

pancreas and resistance to insulin action in multiple peripheral tissues (Groop and 

Pociot, 2014; Majithia et al., 2014). T2DM, previously referred to as non-insulin 

dependent diabetes or adult-onset diabetes, is the most common type of DM and 

accounts for approximately 90% of all diabetes cases (Amod et al., 2012). Ketoacidosis 

does not occur spontaneously in T2DM but usually arises in association with another 

illness such as an infection or stress (American Diabetes Association, 2008).  Some 

individuals do not present with clinical symptoms of T2DM, but the degree of 

hyperglycaemia is sufficient to cause pathologic and functional changes in various 

target tissues thus, causing long-term damage. These individuals remain undiagnosed, 

causing the disease to manifest in mid-life (International Diabetes Federation, 2014). 

 

1.6.1 Diagnosis and treatment of T2DM 

T2DM should be diagnosed according to the 2012 SEMDSA guidelines (Amod et al., 

2012) based on the 2006 WHO recommendations with the addition of the use of HbA1c 

in diagnosis (World Health Organization, 2011) (Table 1.1). Depending on the disease 

state, daily dosage with insulin is usually not required to manage the disease 

(International Diabetes Federation, 2014). In many cases, nutrition management and an 

increase in physical activity are successful in improving insulin sensitivity. The aim is for 

patients to lose 5% to 10% of their body weight, maintain weight loss and prevent 

weight regain (Amod et al., 2012). This is important to maintain healthy glucose levels 

and sustain long-term health and quality of life. Other individuals who have some 

residual insulin secretion may require exogenous insulin to maintain adequate 

glycaemic control while individuals with extensive β-cell destruction and hence no 

residual insulin secretion require insulin for survival (American Diabetes Association, 

2008). The severity of the metabolic abnormality and consequently the degree of 

hyperglycaemia may vary over time and treatment should be adjusted accordingly 

(American Diabetes Association, 2008). 
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1.6.2 T2DM as a multifactorial disease 

The development of T2DM is not well understood, and it is thought that the complex 

interactions between several genes and environmental factors (multifactorial) contribute 

to the disease aetiology. T2DM is classified as a polygenic disorder because of the 

many different combinations of gene defects that exist among diabetic patients 

(Imperato and Imperato, 2009). While genes may impart susceptibility to T2DM, 

environmental factors serve as the trigger for the clinical disease. Genetic factors may 

also determine the rate of disease progression and the secretion and action of insulin 

(Imperato and Imperato, 2009). The development of T2DM can, therefore, be 

considered to be the result of interaction between the environment and strong 

hereditary components, although the exact mechanism is still poorly understood. 

 

1.6.3 Risk factors for T2DM 

The descriptive epidemiology and the pattern of inheritance of T2DM provide ample 

evidence that the disease originates from an interaction between genetic and lifestyle 

risk factors (Wareham et al., 2002). Several risk factors for T2DM have been identified, 

including age, sex, obesity and central obesity, low physical activity, smoking, diet 

including low amount of fiber and high amount of saturated fat, ethnicity, family history, 

history of gestational DM, history of the non-diabetic elevation of fasting or 2-hour 

glucose, elevated blood pressure, dyslipidaemia, and different drug treatments 

(diuretics, unselected β-blockers, etc.) (Mykkanen et al., 1993; Noble et al., 2011). 

However, the main factors affecting the prevalence as well as the development and 

severity of T2DM are diet and obesity (American Diabetes Association, 2008). A 

decrease in physical activity and an increase in energy consumption will promote the 

development of obesity. Obesity itself causes some degree of insulin resistance, and 

patients who are not obese by the traditional weight criteria may have an increased fat 

deposition in the abdominal area. People who are overweight or obese have added 

pressure on their body's ability to use insulin to properly control blood sugar levels and 

are therefore more likely to develop DM (Prendergast, 2014). 

 



CHAPTER ONE: LITERATURE REVIEW 

13 
 

Women who have been diagnosed with GDM and individuals with hypertension or 

dyslipidaemia are more prone to develop T2DM (Vijayaraghavan, 2010).  The 

prevalence also differs between different racial or ethnic groups and is associated with a 

strong genetic predisposition. However, the genetic aetiology or genetic predictors for 

T2DM is complex and not clearly defined. 

 

1.6.4 Heredity of T2DM 

A number of studies have been conducted on the heritability of T2DM and it was 

reported that both genetic and environmental factors play a role in the development of 

T2DM (Almgren et al., 2011; Poulsen et al., 1999). The risk of developing T2DM 

increases when there is a positive family history of the disease. The heritability data of 

T2DM comes from population, family and twin-based studies and ranges from 20% to 

80% (Meigs et al., 2000). Individuals who have one parent affected by T2DM have a 

40% risk of developing diabetes in their lifetime while individuals who have two parents 

suffering from T2DM have a 70% risk (Tillil and Kobberling, 1987). The concordance 

rate for the development of T2DM differs among monozygotic and dizygotic twin pairs. 

For dizygotic twins the concordance rate observed ranges between 17% to 20% (Kaprio 

et al., 1992; Newman et al., 1987)  while for monozygotic twins it ranges between 35% 

to 58% and rises to 88% when impaired glucose tolerance is included (Henkin et al., 

2003). 

 

Studies have determined that the risk of developing T2DM is greater when the mother is 

affected compared to the father. The cause for this parent-of-origin effect is unknown, 

but it could be due to biased parent-of-origin transmission of T2DM risk alleles (Kong et 

al., 2009; Small et al., 2011). This confirms the concept of a multifactorial aetiology of 

T2DM. It supports the contribution of genetic as well as non-genetic aetiological 

components in the development of T2DM. 
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1.6.5 Genetic component 

Single nucleotide polymorphisms (SNPs) have been identified in over 60 genes that are 

associated with T2DM. Familial aggregation and the high concordance rate between 

monozygotic twins support a strong genetic contribution to its aetiology (Imperato and 

Imperato, 2009). The prevalence of T2DM also varies in different ethnic groups due to 

shared alleles and differing environments  (King and Rewers, 1993).  The majority of 

SNPs were identified through GWAS mostly in the European population (Scott et al., 

2007; Sladek et al., 2007), but also in Asian populations (Hara et al., 2014; Ma et al., 

2013; Unoki et al., 2008) and more recently in the Australian Aboriginal population 

(Anderson et al., 2015). According to the ADA, the rates of diagnosed T2DM differ 

greatly in non-Hispanic Caucasians (7.6%), Asian Americans (9.0%), Hispanics (12.8%) 

and non-Hispanic blacks (13.2%). While environmental risk factors to T2DM onset are 

well known, knowledge of the genetic basis is incomplete (Ali, 2013). 

 

However, despite the vast flow of genetic information including the identification of many 

gene mutations and a large array of SNPs in many genes involved in the metabolic 

pathways, a major complication is the fact that a single gene mutation or polymorphism 

will not impose the same effect among different individuals within a population or 

different populations. This variation is directly or indirectly affected by the genetic 

background at the individual, family or population levels and can be complicated further 

by interaction with environmental factors which are also highly variable (Kharroubi and 

Darwish, 2015). 

 

Overall, only a handful of studies have used the genome-wide approach to identify 

genomic regions linked to or associated with T2DM in African populations (Chen et al., 

2005; Chikowore et al., 2015; Osei-Hyiaman et al., 2001) and, thus, T2DM associated 

SNPs have not been comprehensively explored for genetic prediction in African 

populations. A few studies that have been investigating risk factors of T2DM in the black 

South African population have been focusing on the adiponectin (ADIPOQ) gene 

(Olckers et al., 2007; Schwarz et al., 2008). The study by Olckers et al. identified the 

C-11377G alteration in the ADIPOQ gene to have a protective effect against T2DM in 
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black South Africans. Schwarz et al. performed a meta-analysis study to compare the 

effects of the C-11377G locus within the adiponectin gene in a black South African, a 

Cuban Hispanic and a German Caucasian cohort. They found that there is no significant 

difference between the black South African control and diabetic cohorts and thus 

C-11377G is not a significant risk factor within the South African population. The 

homozygous genotype for the risk factor allele may only be associated with increased 

diabetes risk in the Cuban Hispanic cohort (Schwarz et al., 2008). The majority of 

people with T2DM live in economically less-developed regions in the world and it is 

crucial to focus research on these populations to determine which genetic alterations 

make these people groups susceptible to developing T2DM  (International Diabetes 

Federation, 2014). 

 

Through linkage studies, candidate gene studies and GWAS, more than 60 genes have 

been found to be associated with T2DM. The most extensively studied include 

transcription factor 7 like 2 (TCF7L2), insulin receptor substrate (IRS), potassium 

channel subfamily J member 11 (KCJ11), cyclin-dependent kinase inhibitor 2A 

(CDKN2A), fat mass and obesity-associated gene (FTO), tumor necrosis factor alpha 

(TNFα) and peroxisome proliferator-activated receptor gamma (PPARG) (Barroso, 

2005; Clausen et al., 1995; Day et al., 1998; Grant et al., 2006; Hu et al., 2009; Majithia 

et al., 2014). 

 

1.7 The PPARG gene 

Peroxisome proliferator-activated receptors (PPARs) are part of the ligand-inducible 

transcription factors, and one of the most comprehensively studied members of this 

family (Costa et al., 2010). The PPAR genes are expressed in the reproductive organs, 

cardiac tissue and the major insulin target organs such as the skeletal muscle, liver, and 

white and brown adipose tissue (Braissant et al., 1996). These genes have been 

associated with different biological pathways, varying from insulin sensitization, lipid and 

glucose homeostasis to tissue injury and wound repair, inflammation, immunity and cell 

differentiation and proliferation (Costa et al., 2010). Three different PPAR isotypes are 
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known, PPARα, PPARβ and PPARγ (PPARG), which are encoded by separate genes 

on chromosome 22, 6 and 3 respectively and expressed in a tissue-specific manner 

(Sher et al., 1993). The PPAR isoforms are very homologous and share transcriptional 

targets but the physiological functions of each PPAR are distinctive (Costa et al., 2010). 

 

PPARG (ENSG00000132170) is a member of the nuclear receptor superfamily and a 

major transcriptional regulator of adipocyte differentiation (Majithia et al., 2014; 

Makishima, 2005). The transcriptional activity of PPARG is modulated through 

conformational changes in PPARG which is highly expressed in adipocytes, skeletal 

muscle, liver, and kidney, and has been shown to regulate expression of genes that 

mediate adipocyte differentiation, energy metabolism, and insulin action (Fajas et al., 

1997). PPARG is an established target for anti-diabetic thiazolidinediones (TZDs), used 

as a medication for people suffering from T2DM. TZDs enhance insulin sensitivity and 

improve glycaemic control (Chiarelli and Marzio, 2008). 

 

1.7.1 Expression of PPARG 

The PPARG gene is located on chromosome 3p25 (OMIM 601487) and spans more 

than 140 kb. PPARG exists as three major protein isoforms (PPARG-1, PPARG-2 and 

PPARG-3) produced by alternate promoter usage and alternative splicing at the 5’ end 

(Fajas et al., 1998; Tontonoz et al., 1994). The PPARG-1 isoform is expressed in most 

tissues, while PPARG-2 expression is restricted to adipose tissue where it is crucial for 

regulation of adipocyte differentiation (Israelian-Konaraki and Reaven, 2005; Yanase et 

al., 1997), but it can also be induced in other tissues by a high-fat diet (Medina-Gomez 

et al., 2007). Proteins produced from PPARG-2 contain an additional NH2-terminal, 

containing 30 additional amino acids compared to PPARG-1 and PPARG-3 (Tontonoz 

et al., 1994; Zhu et al., 1993).  PPARG-3 mRNA is directed by an independent promoter 

and expression is confined to adipose tissue and colon epithelium (Fajas et al., 1998). A 

specific polymorphism is present in this region, the Pro12Ala variant (rs1801282), which 

has been associated with resistance to the risk of T2DM (Yen et al., 1997). 
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The PPARG contains nine exons shown in Figure 1.1. Exons 1-6 are shared between 

all three PPARG isoforms (PPARG-1, PPARG-2 and PPARG-3). PPARG-1 contains 

additional untranslated exons A1 and A2 (total of eight exons, six being translated). 

PPARG-2 is encoded by an additional exon B which is translated and produces the 

extra 30 amino acids (7 translated exons). PPARG-3 contains only the untranslated 

exon A2 (total of 7 exons, six being translated). PPARG-1 and 3 thus give rise to the 

same protein which is encoded by exon 1-6 since exon A1 and A2 are not translated 

(Fajas et al., 1998). 

 

 

Figure 1.1: A schematic representation of the genomic structure of the 5’ ends of 

the three PPARG isoforms (Copied from Fajas et al., 1998). 

 

PPARG contains a number of distinct functional domains and transcription is regulated 

through the availability and binding potential of specific ligands. These functional 

domains include an activation function (AF) 1 region, a DNA-binding domain (DBD) with 

a C4-type zinc finger structure, a hinge region and a ligand-binding domain (LBD). TZDs 

are synthetic ligands which are insulin sensitizing drugs and used in the treatment of 

T2DM. The natural exogenous ligands are long-chain polyunsaturated fatty acids and 

the endogenous ligands include prostaglandins. PPARG DBD can regulate transcription 

of target genes by forming a heterodimer with retinoid X receptors (RXR). This complex 

then binds to a consensus element called the peroxisome proliferator response element 
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(PPRE), which consists of a two-hexanucleotide (AGGTCA or related sequence) direct 

repeat motif separated by a single nucleotide (5’-AGGTCA-N-AGGTCA-3’) (Figure 1.2). 

Ligands bind to PPARG to induce a conformational change in the LBD which results in 

dissociation of the co-repressor complex and association of the co-activator complex, 

subsequently modulating the activity of PPARG. The PPARG gene activation improves 

insulin sensitivity and glucose, adiponectin, and fatty acid uptake (Savkur and Miller, 

2006). Alterations in insulin signaling pathways play a central role in the pathogenesis of 

T2DM. This gene is of particular interest due to its pleiotropic functions that are crucial 

for the expression of genes involved in atherosclerosis, cancer, inflammation, glucose 

metabolism and adipogenesis (Capaccio et al., 2010; Hummasti and Tontonoz, 2006). 

 

PPARG activity is also controlled by amino acid modifications post-transcriptionally 

(Figure 1.2). SUMOylation is a post-translational modification involved in the regulation 

of protein function that plays an important role in a wide range of cellular processes. 

SUMOylation involves the covalent attachment of a member of the SUMO (small 

ubiquitin-like modifier) family of proteins to lysine residues in specific target proteins via 

an enzymatic cascade. SUMOylation of the AF1 region at Lys107 results in suppression 

of transactivation activity of PPARG-2 while SUMOylation at Lys395 is required for 

transrepression of NF-kB (nuclear factor kappa-light-chain-enhancer of activated B 

cells) activity (Pascual et al., 2005). Phosphorylation of the hinge region of PPARG by 

cyclin-dependent kinase 5 (CDK5) decreases the insulin-sensitizing capacity of PPARG 

without altering its adipogenic capacity. Phosphorylation by an MAP-kinase inhibits 

ligand-dependent PPARG activation (Camp and Tafuri, 1997). The browning of adipose 

tissue is associated with the deacetylation of PPARG by NAD-dependent deacetylase 

sirtuin 1 (Picard et al., 2004). Thus, PPARG function is regulated by expression 

induction, ligand binding and protein modification. 
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Figure 1.2: Structure and function of PPARG. Illustrated here is the heterodimer 

formation of PPARG and retinoid X receptors (RXR) when binding to the peroxisome 

proliferator response element (PPRE) and all its components. Also shown in this 

diagram are the sites of posttranslational modifications (Copied from Takada and 

Makishima, 2015). 

 

1.7.2 PPARG Polymorphisms 

A number of genetic variants have been identified in the PPARG gene. Two loss-of-

function mutations (Val290Met and Pro467Leu) have been reported in three individuals 

with severe insulin resistance but normal body weight (Barroso et al., 1999). A very rare 

gain-of-function mutation (Pro115Gln) has been identified and was associated with 

obesity but not with insulin resistance (Ristow et al., 1998). A silent CAC478CAT 

mutation (Valve et al., 1999) and the highly prevalent Pro12Ala polymorphism in 

PPARG-2 (Figure 1.3) have also been described. The Pro12Ala polymorphism is one of 

the most documented gene variants and consistently associated with a reduced risk for 

T2DM (Gouda et al., 2010). 
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Figure 1.3: Organization of the PPARG gene. The two different isoforms are shown 

with the most well-known mutations (Copied from Stumvoll and Haring, 2002). 

 

Yen et al. (1997) first identified the missense mutation caused by a cytosine (C) to 

guanine (G) mutation (CCA-to-GCA). This results in the amino acid substitution of 

alanine (Ala) for proline (Pro) at codon 12 in exon B of PPARG-2 illustrated in Figure 

1.3. The rare allele frequencies were observed to be 12% in Caucasians, 10% in Native 

Americans, 8% in Samoans, 4% in Japanese, 3% in African-Americans, 2% in 

Nauruans, and 1% in Chinese (Yen et al., 1997). From this study, it was also concluded 

that the Pro12Ala polymorphism is present in diverse populations. The effect of this 

mutation on the individual is weak, but because of a prevalence of more than 75% of 

the high-risk Pro allele, the population-attributable risk is enormous (Stumvoll and 

Haring, 2002). 

 

The Pro12Ala polymorphism is located in the ligand-independent activation domain and 

has been found to modulate the transcriptional activity of PPARG (Nemoto et al., 2002). 

It leads to a diminished stimulation of PPARG target genes, subsequently lowered 

levels of adipose tissue accumulation, which, in turn, may improve insulin sensitivity 

(Miramontes González et al., 2014). GWAS (Saxena et al., 2007; Scott et al., 2007; 

Zeggini et al., 2007) and meta-analysis studies (Altshuler et al., 2000; Gouda et al., 
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2010) have provided decisive evidence that that the PPARG Pro12Ala polymorphism is 

positively associated with a reduction of 21% to 27% for the alanine allele in the risk of 

T2DM. The alanine genotype reportedly results in higher insulin sensitivity (Deeb et al., 

1998; Ek et al., 2001; Muller et al., 2003) by comparison with the proline genotype 

which has lower transcriptional activity. 

 

Not all studies report evidence for an interaction between the Pro12Ala polymorphism 

and the nature of dietary fat intake on body mass index (BMI), insulin resistance or 

T2DM (Poirier et al., 2000). It has been considered that physical activity and dietary 

fatty acids act synergistically with Pro12Ala to modulate insulin levels (Franks et al., 

2004). Intervention studies have indicated a greater improvement in glucose tolerance 

and insulin levels in individuals carrying the Ala genotype following a structured exercise 

and training program for 3 to 6 months compared to individuals homozygous for the Pro 

genotype (Adamo et al., 2005; Kahara et al., 2003; Weiss et al., 2005). This data was 

supported by observations from the Finnish Diabetes Prevention Study where Ala allele 

carriers were less likely to develop T2DM than Pro allele homozygotes during a 

randomized controlled trial of lifestyle intervention in people with increased risk for 

T2DM (Lindi et al., 2002).  

 

Only a single study investigated the prevalence of the Pro12Ala SNP in a South African 

population. Vergotine et al. (2014) performed a cross-sectional study where 820 

participants of mixed ancestry from Cape Town were genotyped for the Pro12Ala SNP. 

Of this study group, 222 had T2DM and 598 were non-diabetic. Their study confirmed 

an almost zero occurrence of the Pro12Ala SNP in the African population, but they also 

highlight the importance of further studies investigating this SNP in African populations. 

 

Table 1.2 provides a summary of the data from multiple studies on the association of 

the Pro12Ala polymorphism and T2DM. The table indicates the study population, the 

population size and whether an association was made between the Pro12Ala 

polymorphism and T2DM. 
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Table 1.2: Summary of data from studies conducted to investigate the association 

of peroxisome proliferator-activated receptor gamma (PPARG) Pro12Ala 

polymorphism with type 2 diabetes mellitus (T2DM) and obesity. 

Population Population size 

PPARG 

associated 

with T2DM 

Study reference 

Malaysian 241 Yes 
(Paramasivam et al., 

2016) 

Qatari 764 No (Bener et al., 2015) 

Guwahati (Eastern) 

India 
50 No (Majumdar et al., 2014) 

South Africa (mixed 

ancestry) 
820 No (Vergotine et al., 2014a) 

Spain (Caucasians) 298 No 
(Miramontes González et 

al., 2014) 

West Bengal 

(Eastern Indian) 
400 No (Pattanayak et al., 2014) 

China 453 No (Ye et al., 2014) 

Chinese 3,146 Yes (Wang et al., 2013) 

Italian 1,273 Yes (Trombetta et al., 2013) 

Iranian 200 Yes (Motavallian et al., 2013) 

Western India 50 Yes (Shahrjerdi et al., 2013) 

Chinese Han 7,203 No (Tong et al., 2012) 

North India 175 No (Raza et al., 2012) 

France 4,676 Yes (Lamri et al., 2012) 



CHAPTER ONE: LITERATURE REVIEW 

23 
 

Chinese Han 7,291 No (Guo et al., 2011) 

South Indian 2,000 No 
(Vimaleswaran et al., 

2010) 

Tunis 675 No (Ben Ali et al., 2009) 

Sweden 4,787 No 
(Montagnana et al., 

2008) 

Asian Sikh (Northern 

India) 
918 Yes (Sanghera et al., 2008) 

Qatari 850 No (Badii et al., 2008) 

Spain 538 Yes (Soriguer et al., 2006) 

Caucasians 32,000 No (Tonjes et al., 2006) 

Brazil 377 Yes (Tavares et al., 2005) 

Tunis 488 No 
(Zouari Bouassida et al., 

2005) 

France (Caucasians) 3,250 Yes (Ghoussaini et al., 2005) 

Asia 3,938 No (Tai et al., 2004) 

Polish 644 No (Malecki et al., 2003) 

Canada (Québec) 720 Yes (Robitaille et al., 2003) 

 

A recent study by Majithia et al. (2014) hypothesized that individuals in the general 

population might harbour rare, non-synonymous variants in PPARG and that some of 

these variants would alter function in adipocyte differentiation and, thus, be associated 

with T2DM. Using next generation sequencing the PPARG gene was sequenced in 

19752 participants consisting of a T2DM and control cohort, from multiple studies and 

from different ethnic groups. They identified 49 novel non-synonymous PPARG variants 
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with nine of these causing reduced activities in adipocyte differentiation. Individuals 

carrying any of these loss of function (LOF) variants were associated with a significantly 

increased risk of developing T2DM (Majithia et al., 2014). 

 

In conclusion, PPARG is one of the major genes that have been identified to have a 

broad impact on the risk of common T2DM. The precise understanding of its 

mechanism may lead to novel diagnostic, preventive, and therapeutic approaches for 

improving the management of T2DM (Stumvoll and Haring, 2002). 

 

1.8 Quantitative real-time polymerase chain reaction 

Real-time polymerase chain reaction is a modification of conventional PCR that is 

rapidly changing the nature of how biomedical research is conducted . Real-time PCR 

was first introduced by Higuchi and co-workers in 1972 and has since rapidly increased 

in use (Higuchi et al., 1992; Higuchi et al., 1993). It allows for precise quantification of 

specific nucleic acids in a complex mixture even if the amount of starting material is at a 

very low concentration. This is accomplished by using fluorescent technology to monitor 

the amplification of a target sequence in real time. The amount of starting material 

present correlates with how quickly the amplification target reaches a threshold 

detection level. 

 

Over the past decade, real-time PCR applications have become broadly used tools for 

the quantification of specific sequences in complex mixtures. For example, quantitative 

real-time PCR (qPCR) has been used for genotyping (Alker et al., 2004; Cheng et al., 

2004; Gibson, 2006), quantifying viral load in patients (Ward et al., 2004), assessing 

gene copy number in cancer tissue (Bieche et al., 1998; Kindich et al., 2005; Konigshoff 

et al., 2003) and most commonly for studying gene expression levels by coupling it with 

a procedure called reverse transcription PCR. 

 

Quantitative PCR technology is based on conventional PCR but incorporates different 

detection chemistries to allow amplification and detection of DNA in a single reaction 
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(Wong and Medrano, 2005). The simplicity, sensitivity and specificity together with its 

potential for high throughput has made qPCR the benchmark technology for the 

detection of DNA (Bustin, 2005). 

 

For detection of the PCR product in real time, the use of a fluorescent dye is necessary. 

These dyes can either be nonspecific, such as fluorescent DNA-binding dyes (e.g., 

SYBR Green I) or sequence-specific probes (e.g., TaqMan® or molecular beacons). 

Most of these are based on fluorescent resonance energy transfer (FRET) to distinguish 

between different products. 

 

1.8.1 Sequence-specific fluorescent probes 

Sequence-specific fluorescent probe assays are ideal for applications where nonspecific 

amplification occurs or more than one target sequence is monitored in a single PCR 

reaction. Fluorophore-coupled nucleic acid probes are commonly used as a detection 

chemistry. Strand-specific probes will interact with the PCR products in a sequence-

specific manner to provide information about a specific PCR product as it accumulates. 

A widely used strand-specific approach involves hydrolysis probes based on the 5’ 

nuclease activity of Taq polymerase. The TaqMan® probes are a well-known example 

of a hydrolysis probe and have been used extensively in a wide range of studies (Heid 

et al., 1996; Holland et al., 1991). 

 

The TaqMan® assay is a detection chemistry that makes use of probes which fluoresce 

upon probe hydrolysis to detect PCR product accumulation (Figure 1.4). These 

sequence-specific oligonucleotide probes are labelled with a reporter dye at the 5’ end 

and a quencher at the 3’ end (Gibson et al., 1996). While the probe is intact, and the 

quencher is in close proximity to the reporter, it will reduce the reporter fluorescence 

intensity by FRET (Wong and Medrano, 2005). The quencher is selected based on its 

ability to specifically absorb the emitted spectra of the reporter and should be spaced in 

the probe to optimize the capture of that light. The probes are effectively used for allelic 

discrimination purposes. In a multiplex reaction, one probe is specific to the DNA 

sequence and usually, a mixture of several mutations can be detected at once. During 
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PCR, the Taq polymerase extends the primers and synthesizes the complementary 

strand which causes the 5’-exonuclease activity of the Taq polymerase to degrade the 

annealed probe. Degradation of the probe allows for the reporter molecule to fluoresce, 

as the reporter and quencher molecule are now separated (Heid et al., 1996). The 

increase in reporter fluorescence is captured by the sequence detection instrument and 

displayed by the software. The amount of reporter fluorescence increase is proportional 

to the amount of product being produced for a given sample. 

 

 

Figure 1.4: Schematic representation of the principle of the TaqMan® hydrolysis 

probe assay. The thermostable polymerases uses 5’-nuclease activity to cleave 

the hydrolysis probes during the amplicon extension step. This process 

separates the detectable reporter fluorophore (R) from the quencher (Q). 

Fluorescence is emitted when it is excited by an external light source (hv). The 

fluorescence emitted at each PCR cycle is proportional to the amount of product 

formed  (Copied from Koch, 2004). 
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An advantage of using strand-specific probe assays is that multiple probes can be 

combined in a multiplex reaction that allows for information to be obtained about several 

target sequences from a single reaction. This is advantageous because both control 

and target sequences are amplified under identical conditions. A second advantage is 

that the use of strand-specific probes can help distinguish between products when there 

are two potential PCR products being produced by the same primer set. The hydrolysis 

probe system can be used for genotyping and to identify specific point mutations, SNPs 

and allelic variants (Cheng et al., 2004; Eshel et al., 2006; Livak, 2003; Marras et al., 

2003). 

 

1.8.2 Advantages of using qPCR 

Quantitative PCR collects data in the exponential growth phase while traditional PCR 

only measures at the end-point or plateau. The increase in reporter fluorescent signal is 

directly proportional to the number of amplicons generated. The dynamic range of 

detection is increased (qPCR method has a very large dynamic range of starting target 

molecule determination) and it is extremely accurate. Quantitative PCR requires 1000-

fold less DNA than conventional assays. No post-PCR processing (such as 

electrophoresis) is necessary due to the closed system resulting in much faster and 

higher throughput assays and reduced risk of contamination. And it requires no data file 

conversion of bioinformatic pipeline analysis. This makes it the method of choice for 

genotyping, routine testing as well as on research cohorts of small to medium size. 

 

1.9 Next Generation Sequencing 

1.9.1 Introduction 

The discovery by Sanger et al. (1977) of using dideoxy nucleotides for chain termination 

marked a milestone in the history of DNA sequencing. This concept laid the foundation 

for the development of automated Sanger sequencing, which has been the method of 

choice for DNA sequencing for almost 20 years (Ansorge et al., 1987; Smith et al., 

1986). The use of nucleic acid sequencing has increased exponentially as the ability to 
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sequence has become more accessible to clinical and research laboratories across the 

world.  This technique has been adapted to allow for longer DNA fragments and a 

higher level of parallelism, however, Sanger-based approaches have not been able to 

analyse DNA in a high-throughput manner. The undertaking of the Human Genome 

Project was the first major insight into DNA sequencing, with a 3 billion USD budget 

spanning over 13 years and completed in 2003 with the goal of determining all three 

billion base pairs making up the human genome (Collins et al., 2003; Lander et al., 

2001).  This project was completed using automated Sanger sequencing and there has 

been an increasing demand for cheaper and faster sequencing since the completion of 

the Human Genome Project. This has been the driving force behind the development of 

next-generation sequencing (NGS). 

 

In recent years, the introduction of NGS technology has revolutionized how genomic 

studies are processed. NGS is an alternative to traditional Sanger sequencing that 

provides a much cheaper option for higher-throughput sequencing. In the process of 

NGS, millions of fragments of DNA from a single sample are sequenced simultaneously 

and thus allows for massively parallel sequencing. These sequencing technologies 

facilitate high-throughput sequencing that enables scientists to sequence an entire 

genome in a single day. 

 

Due to the millions of short sequence reads generated by the NGS techniques, the 

bottleneck in sequencing has now shifted from sequence generation to data 

management and analysis. Data volume creates major challenges for storage, backup 

and analysis and this has highlighted the need for new algorithmic approaches to 

overcome the limitation of short read lengths. The development of streamlined, highly 

automated pipelines for data analysis is critical for the transition from technology 

adoption to accelerate research and consequent publications (Camerlengo et al., 2012).  

 

NGS facilitates the discovery of genes and regulatory elements that can be linked and 

associated with diseases. Discovery of disease-causing mutations in specific genes, 

using targeted sequencing can lead to disease diagnosis and/or early intervention.  
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RNA-sequencing can shed some light on gene expression profiles and information on 

the entire transcriptome of a sample in a single analysis (Mortazavi et al., 2008; Wang 

et al., 2008). This technique represents a useful alternative to microarrays for gene 

expression studies. As a result, NGS has rapidly become the technology of choice for 

most scientists conducting sequence projects. 

 

1.9.2 Procedure 

Several NGS platforms based on different chemistries have been developed in the past 

decade to offer low-cost and high-throughput sequencing. The following stepwise 

procedures are followed by all NGS platforms. 

 

1. Template preparation (fragmentation) 

Template preparation is the building of a DNA or cDNA library and amplification of that 

library. These sequencing libraries are constructed by fragmenting the DNA or cDNA 

template and then adding adapter sequences. Fragmentation is necessary due to the 

restriction on the length of sequence that can be produced, which at this stage ranges 

from 50 bp to ~1 kbp. Adapter sequences are synthetic oligonucleotides of a known 

sequence that are added onto the ends of each DNA fragment. Once the sequencing 

library is constructed, it is clonally amplified in preparation for sequencing. 

 

2. Sequencing and imaging 

After the amplified libraries are prepared, the nucleic acid sequence is usually obtained 

through sequencing by synthesis. The new DNA fragment is synthesized from the DNA 

library fragments that act as templates. The fragment is synthesized through repeated 

cycles of flooding the fragment with a specific nucleotide and then washing, in a 

sequential order. As the nucleotides are incorporated into the growing DNA strand the 

sequence is recorded as digital information. 
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3. Data Analysis  

After sequencing, the raw data undergoes many different analysis steps. The amount of 

raw data produced by NGS technologies is remarkable, which necessitates many 

analytical and computational steps to convert this output into high quality usable 

information. There are analysis pipelines for NGS data that include the pre-processing 

of data to remove the adapter sequences and low-quality reads, mapping of processed 

data to a reference genome or de novo alignment of the sequencing reads, and analysis 

of the compiled sequence. Analysis of the sequences includes a wide variety of 

bioinformatics assessments, including genetic variant calling for detection of SNPs or 

indels, detection of novel genes or regulatory elements, and assessment of transcript 

expression levels. Analysis can also include identification of both somatic and germline 

mutation events that may contribute to the diagnosis of a disease or genetic condition. 

Many free online tools and software packages exist to perform the bioinformatics 

necessary to successfully analyse sequence data (Gogol-Doring and Chen, 2012). 

Despite this, data analysis is considered to be the major limiting step for using NGS. 

 

1.9.3 Targeted sequencing 

Targeted sequencing of specific genes or genomic regions is preferred to whole-

genome or whole-exome sequencing where a particular disease or condition has been 

identified (Albert et al., 2007; Hodges et al., 2007).  Targeted sequencing is much more 

affordable, allows for a higher coverage of regions of interest and also reduces 

sequencing time and cost (Xuan et al., 2013). Sequencing panels have now been 

developed that target hundreds of genomic regions that are hotspots for specific 

disease-causing mutations. Such an example is a cancer hotspot panel that has been 

validated for use in clinical laboratories (Simen et al., 2015; Singh et al., 2013). This 

reduces the amount of data being produced and time to process all the data, by 

eliminating large regions of the genome that do not have an effect on the disease of 

interest. Targeted sequencing leads to rapid diagnosis and can aid in therapeutic 

decision-making in many genetic diseases. 
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1.9.4 Limitations of NGS 

Compared to Sanger sequencing, NGS is much less costly in terms of time and money 

for the amount of sequence data generated; however it is still too expensive for many 

laboratories. The NGS platforms have a very high start-up cost and the individual 

sequencing reactions have an additional cost per genome.  Short-sequencing read 

lengths and inaccurate sequencing of homopolymer regions on certain NGS platforms 

can lead to sequencing errors (Quail et al., 2012). Due to large amounts of data 

produced by NGS platforms, the analysis is time-consuming and requires extensive 

knowledge of bioinformatics to gather accurate information from sequencing data, which 

is not readily available at all research institutions formerly using Sanger sequencing. 

 

1.9.5 NGS Platforms 

Sequencing technologies are evolving rapidly and several different benchtop high-

throughput sequencing instruments are currently available. 

 

1.9.5.1 Illumina 

The Illumina sequencing system employs an array-based DNA sequencing-by-synthesis 

technology with reversible terminator chemistry (Bentley et al., 2008). This approach 

involves the hybridization of template DNA fragments to a reaction chamber on an 

optically transparent solid surface (flow cell). DNA is synthesized by using reversible 

terminators (Turcatti et al., 2008) which consist of four modified nucleotides labelled 

with different removable fluorescent dyes at the 3’-hydroxyl terminus, which are used for 

step-by-step synthesis. The flow cell contains eight independent lanes with millions of 

clonal clusters being generated in each lane that allows for multiple libraries to be 

sequenced in parallel. The GA Ilx and HiSeq 2000 platforms yield increased read 

lengths and a much higher sequence output. The MiSeq workflow has the fewest 

manual steps, generates the highest throughput per run, has the lowest error rate and 

requires very little input-DNA (Loman et al., 2012; Quail et al., 2012). Regardless of the 

high-throughput of these platforms, the utility of Illumina systems is limited to short-read 

lengths which are due to the dephasing effect (Metzker, 2010). Failures in removing or 
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adding terminating moieties and increased and decreased efficacy of nucleotide 

incorporation in any cycle can cause overextension or incomplete extension of the 

growing strand along the template. This results in a leading strand or lagging strand 

dephasing. A decay in fluorescent signal, incomplete removal of fluorescent labels and 

incorporation of nucleotides without a fluorescent label can cause signal dephasing 

leading to base-call errors. As a result, with an increase in read length, the base 

substitution error rate will increase. Uneven read coverage has also been revealed 

across regions that are AT- and CT-rich with a bias towards the latter (Loman et al., 

2012). The MiSeq also has the longest run time (Loman et al., 2012). 

 

1.9.5.2 Roche 454 

The 454 sequencing system is based on the combination of emulsion PCR and 

pyrosequencing technology (Margulies et al., 2005). This process involves beads, 

carrying single-stranded template, being confined to individual emulsion droplets in 

which PCR amplification occurs to produce millions of copies of each template. These 

amplicon-bearing beads are then deposited into individual wells of a picotiter plate and 

solid-phase pyrosequencing is carried out (Margulies et al., 2005). This method involves 

sequencing-by-synthesis and depends on the monitoring of luminescence emission in 

real time each time a pyrophosphate is released upon incorporation of nucleotides into 

the growing template strand (Margulies et al., 2005). The long reads being sequenced 

by the 454 system is the main advantage of this technology (Loman et al., 2012; 

Margulies et al., 2005). The 454 platform is more expensive compared to other NGS 

platforms and is best suited for applications such as de novo assembly (Gilles et al., 

2011) and metagenomics (Loman et al., 2012). However, the 454 technology has an 

inherent problem in the detection of homopolymers, which are stretches of the same 

nucleotide. This can lead to non-linearity between the signal intensity and the length of 

homopolymer stretches when more than three or four nucleotides are consecutively 

incorporated. Thus, the 454 platform has a relatively high error rate for calling insertions 

and deletions in homopolymers (Wommack et al., 2008). 
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1.9.5.3 ABI/SOLiD (Life Technologies) 

Massively parallel sequencing by hybridization–ligation, implemented in the supported 

oligonucleotide ligation and detection system (SOLiD) from Applied Biosystems, has 

been commercially available since 2006 (Shendure et al., 2005). The ligation chemistry 

used in SOLiD is based on the polony sequencing technique that was published in the 

same year as the 454 method. Construction of sequencing libraries for analysis on the 

SOLiD instrument begins with an emulsion PCR single-molecule amplification step. The 

amplification products are transferred onto a glass surface where sequencing occurs by 

sequential rounds of hybridization and ligation with 16 dinucleotide combinations 

labelled with four different fluorescent dyes (each dye used to label four dinucleotides). 

Using the four dye encoding scheme, each position is effectively probed twice, and the 

identity of the nucleotide is determined by analysing the colour that results from two 

successive ligation reactions (Shendure et al., 2005). Significantly, the two-base 

encoding scheme enables the distinction between a sequencing error and a sequence 

polymorphism: an error would be detected in only one particular ligation reaction, 

whereas a polymorphism would be detected in both. In comparison to the other NGS 

platforms, the SOLiD system presents the lowest error rate of which the most common 

error type is substitutions. It has also been shown in the SOLiD data that there is an 

underrepresentation of AT-rich regions (Harismendy et al., 2009). 

 

1.9.5.4 Ion Torrent Personal Genome Machine (PGM™) 

Ion Torrent PGM™ is based on semiconductor technology detecting the protons 

released, as nucleotides are incorporated during synthesis (Rothberg et al., 2011). First 

a library is constructed by fragmenting the DNA and ligating adapter sequences. After 

library preparation, the DNA fragments with specific adapter sequences are clonally 

amplified by emulsion PCR on the surface of 3-micron diameter beads, known as Ion 

Sphere Particles (Rothberg et al., 2011). The templated beads are loaded into 

protonsensing wells that are fabricated on a silicon wafer and sequencing is primed 

from a specific location in the adapter sequence. Each of the four nucleotide bases is 

introduced consecutively as sequencing proceeds. When the nucleotide in the flow is 
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complementary to the template base directly downstream of the sequencing primer, the 

nucleotide is incorporated by the polymerase. As the different bases are incorporated, 

protons are released due to the hydrolysis of the nucleotide triphosphate, which causes 

the net liberation of a single proton for each nucleotide incorporated during that flow. A 

shift in the pH of the surrounding solution is produced by the release of the proton. This 

shift is directly proportional to the number of bases incorporated (Rothberg et al., 2011). 

The change is detected by a sensor on the bottom of each well and is converted to a 

voltage which is digitized. After a nucleotide has flowed over the chip, the wells are 

washed to ensure that no nucleotides remain in the wells. 

 

A signal processing software is used to change raw voltages into base calls. Raw data 

is converted into measurements of incorporation in each well for each nucleotide using 

a physical model. The physical model considers the polymerase rates, buffering effects 

and diffusion rates and is applied and fitted to the raw trace from each well and the 

incorporation signals are extracted. A base caller corrects the signals for phase and 

signal loss, normalizes to the key and generates correct base calls for each flow in each 

well to produce the sequencing reads (Rothberg et al., 2011). 

 

Each read is then sequentially passed through two signal-based filters to exclude low-

accuracy reads. The first filter measures the fraction of flow in which an incorporation 

event was measured and the second filter measures the extent to which the observed 

values match those predicted by the phasing model. Lastly, an adaptation of the Phred 

method (Appendix B) is used to predict per-base quality values, which quantifies the 

concordance between the phasing model predictions and the observed signal (Rothberg 

et al., 2011). 

 

The biggest advantage of the Ion Torrent platform is that it delivers the fastest 

throughput and shortest run time. It is also the lowest-priced instrument and is notable 

for offering three different priced sequencing-chip reagents, which gives flexibility when 

designing experiments. This technology also requires a very low DNA-input for 

sequencing. However, negative comments on PGM™ include that the Ion Torrent 
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produces the shortest reads when compared to MiSeq (Illumina) and 454 GS Junior 

(Roche) platforms and has a higher error rate in homopolymer regions (Quail et al., 

2012). Ion torrent sequencing is not recommended for sequencing of regions that are 

extremely AT-rich, due to coverage bias as seen in some studies (Quail et al., 2012). 

 

Although the data output for Ion Torrent is still relatively low per chip, the fast 

turnaround time per chip makes this a very suitable technology for smaller, focused 

sequencing projects, 16S sequencing projects and SNP detection and validation as well 

as sequencing of small genomes. For each technology, there is a trade-off between 

advantages and disadvantages. The decision on which instrument to use will depend on 

many factors including available resources, available finances and the type of 

application being considered. 

 

1.10 Conclusion 

T2DM is a global epidemic that results in millions of deaths each year (Amod et al., 

2012). The number of people living with this disease worldwide is estimated to increase 

by 55% by 2035 and in Africa by 109%. There are approximately 2.7 million people in 

South Africa currently diagnosed with DM. The increase in obesity and T2DM is a result 

of lifestyle and dietary changes over the past few decades. The exact reasons for the 

prevalence of this disease in certain ethnic populations are still unidentified. Evidence 

for the genetic predisposition to T2DM has been observed in association studies in 

Caucasians. SNPs have been identified in over 50 genes that are associated with 

T2DM, but these risk-associated gene polymorphisms have not been comprehensively 

explored for genetic prediction in black South African populations. 

 

We investigated the genetic risk factors of T2DM in the black, female South African 

population by performing NGS to identify the most common SNPs in the PPARG gene. 

Subsequently, we hypothesized that these results would either confirm mutations 

associated with T2DM in other global populations or identify novel mutations associated 

with T2DM in this population. The aim of this study was to screen the PPARG gene for 
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novel T2DM genetic risk factors and to determine the presence of a previously identified 

T2DM genetic risk factor, the Pro12Ala variant (rs1801282) in black South African 

women with T2DM. 

 

The identification and description of a large number of novel genetic variants increasing 

susceptibility to T2DM will open up opportunities to translate this genetic information to 

the clinical practice and improve risk prediction. Genetic prediction models can be 

improved by increasing the precision of diagnosis of T2DM, by identifying low-frequency 

and rare genetic variants and by identifying risk variants in non-European ancestry 

since it has been shown that the greatest genetic variation is found in the recent African 

ancestry population (Hindorff et al., 2009). NGS has a considerably better potential to 

find structural variation than conventional sequencing (Sanger sequencing) and will 

assist in and contribute to the understanding of the genetics of T2DM. Screening for 

T2DM can lead to earlier identification and treatment of asymptomatic diabetes, IFG or 

IGT and result in improved outcomes. 
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CHAPTER TWO 

METHODOLOGY 

 

2.1 Introduction 

This chapter describes the study design, population group, sample selection and 

methodology of the study. The study procedure is outlined and the methods used is 

discussed. An overview is given of the data analysis pipelines used for Next 

Generation Sequencing (NGS) and detailed descriptions of the commands can be 

viewed in Appendix D. Lastly, the validity and reliability and the ethical 

considerations for this study are described. 

 

2.2 Study design 

For the purpose of this degree, an analytical case-control study was performed at the 

Department of Haematology and Cell Biology, Faculty of Health Sciences of the 

University of the Free State in Mangaung, South Africa. 

 

2.3 Sample 

The study population consisted of black female participants living in and around 

Mangaung, Free State. The languages spoken are Sesotho, Afrikaans, English, 

isiXhosa and Setswana. The Mangaung area covers more than 6,284 km² with a 

population of 747,431 people (Municipality: Mangaung Metropolitan Municipality, 

2014). 

 

A sample of convenience was taken from Type 2 diabetes (T2DM) patients that were 

recruited from the diabetes clinics of the Universitas Academic complex and 

Pelonomi Regional Hospital in Mangaung, which are both referral hospitals 

representing the Bloemfontein, Botshabelo and Thaba ‘Nchu black population. The 

patient samples were previously collected under the ethics number ECUFS 

162/2012, according to the inclusion criteria below in section 2.3.1. Control subjects 

were also recruited as a convenience sample, but only after patient sampling was 

completed to determine the matching criteria ranges for age and body mass index. 
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All control samples were collected by the principal investigator. The control 

participants were recruited from the Universitas Hospital Staff as well as from 

outreaches arranged at various shopping centres in Mangaung. Participants who 

met the inclusion criteria (section 2.3.2) were asked to participate in the study. 

Informed consent was obtained from all participants in the language of their choice 

(refer Appendix A for English version). Thereafter, anthropometric measurements 

were taken and 10 ml blood drawn from all participants by a qualified professional 

nurse for a glycosylated haemoglobin (HbA1c) test and genetic testing. From this 

sample, participants with complete data sets for age, gender, weight and height as 

well as blood samples for genotype determination and HbA1C were included in the 

study. The study participants received feedback on their weight and height 

measurements, BMI calculations and on the glucose test results. 

 

The calculation of the sample size for a genetic study requires the consideration of 

additional factors such as: the inheritance model (dominant, recessive or additive), 

the frequency of the alleles in the population, the overall disease risk in the 

population, in addition to the choice of an odds ratio (or relative risk), the power and 

the significance level (Cornell University, 2007). Another study by Hong and Park 

(2012) showed that 143 samples were sufficient to reach an 80% confidence level 

using a single SNP under a specific odds ratio of homozygotes to heterozygous 

alleles (Hong and Park, 2012). However, since no information exist on the ratio of 

homozygous to heterozygotes or the disease risk status of the allele, no specific 

calculation could be made. Thus the sample size was decided based on available 

funds. The study consisted of a total of 184 samples of which 93 were participants 

diagnosed with T2DM and 91 were control subjects.  

 

2.3.1 Inclusion criteria for T2DM patients 

The patient cohort included: 

 participants that gave informed consent; 

 black females; 

 patients that were diagnosed with T2DM by a medical doctor; 

 patients with a HbA1c above 6.5% upon first diagnosis;  

 participants that were between 35 and 62 years of age. 
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2.3.2 Inclusion criteria for controls 

The control cohort included: 

 participants that gave informed consent; 

 black females; 

 participants that claimed they did not suffer from or had a previous history of 

T2DM; 

 participants that were between 35 and 62 years of age; 

 participants with a HbA1c below 6.5%; 

 participants with a BMI above 25 (according to the T2DM patient cohort). 

 

2.3.3 Exclusion criteria for all participants 

Participants were excluded from the study if: 

 participants were male; 

 participants were diagnosed with Type 1 Diabetes Mellitus;  

 participants were pregnant;  

 participants were unable to give consent;  

 participants were younger than 35 years or older than 62 years of age. 

 

Both patient (n=93) and control (n=91) cohorts’ samples were used to screen for the 

Pro12Ala mutation in the PPARG gene using qPCR. The cohorts used for screening 

were not individually matched but all met the requirements set by the inclusion 

criteria. Sixteen samples were randomly selected for NGS, eight patient samples and 

eight control samples. The control samples were individually matched to the patient 

samples according to race (self-declared black South African), gender (all females), 

age (± 2 years) and BMI (according to WHO categories, Table 2.1). 
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Table 2.1: BMI classification according to the World Health Organization 

(WHO, 2015). 

BMI Classification 

< 18.5 Underweight 

18.5 – 24.9 Normal 

25 – 30 Overweight 

> 30 Obese 

 

2.4 Study procedure 

A formal request was made to the Ethics Committee of the Faculty of Health 

Sciences at the University of the Free State (ECUFS) for ethical approval. Patient 

DNA was obtained from blood collected under Ethics number ECUFS 162/2012 with 

informed consent to use and store genetic material for future research on T2DM. For 

this study (ECUFS 53/2015), permission was obtained from each participant to store 

their blood and genetic material for future genetic studies on T2DM. Control subjects 

were recruited from Universitas Hospital Staff and from various shopping centres in 

Mangaung. Measurements were taken, informed consent was obtained and blood 

was drawn. HbA1C levels were tested at accredited private laboratories. DNA was 

isolated from control and patient blood samples. 

 

A qPCR assay was designed and optimized for screening the Pro12Ala 

polymorphism in both cohorts. Quantitative PCR was performed at the University of 

the Free State, in the Department of Hematology and Cell Biology. Figure 2.1 is a 

schematic representation of the study procedure. 

 

Ion Torrent AmpliSeq™ online facility was used to design primers that will capture 

the region of interest (PPARG). A cohort of 16 samples was sent for NGS at the 

DNA Sequencing Facility of the Faculty of Natural and Agricultural Sciences at the 

University of Pretoria. Thereafter, the primary sequence data analysis was 

performed according to the appropriate pipelines. 
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Figure 2.1: Flow chart illustrating the different steps of the study procedures. 
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2.5 Methods 

2.5.1 Anthropometric measurements 

Body Mass Index (BMI): A set of non-invasive quantitative techniques were used to 

calculate the BMI. The BMI is a measure of relative size based on the mass and 

height of an individual and provides a reliable indicator of body fatness (Shah and 

Braverman, 2012; Volgyi et al., 2008). The actual body weight was measurement at 

the time of examination. The weight was measured with a periodically calibrated 

scale for accuracy. The subjects were weighed with light clothing without shoes. The 

direct height was measured using a stadiometer. Height was measured without 

shoes; the subject standing upright with feet together. The BMI was determined 

using participants weight (kg) over their height (m) squared. 

 

2.5.2 HbA1c measurements 

The HbA1c were analysed at accredited private laboratories. HbA1c is a reflection of 

the average blood glucose levels for the preceding two to three months and does not 

reflect recent changes in glucose levels. HbA1c is expressed as the percentage of 

total haemoglobin. An HbA1c level above 6.5% is required for the diagnosis of 

T2DM. 

 

2.5.3 DNA isolation 

Peripheral blood was collected in Ethylenediaminetetraacetic acid (EDTA) tubes (BD 

Vacutainer, Becton Dickinson, South Africa). Genomic DNA was extracted using the 

Wizard® Genomic DNA Purification Kit (Promega, USA) according to the 

manufacturer’s instructions. Red blood cells were lysed by incubating 1 ml blood with 

3 ml Cell Lysis Solution for 10 min at room temperature. The sample was centrifuged 

at 2,000 x g for 10 min and the supernatant was discarded. One ml Nuclei Lysis 

Solution was added to the pellet and mixed. Thereafter, 330 µl Protein Precipitation 

Solution was added and the sample was centrifuged at 2,000 x g for 10 min. The 

supernatant was transferred to a new tube containing 1 ml isopropanol. Two 70% 

ethanol wash steps were consequently performed. The ethanol was aspirated and 

the pellet was rehydrated in 50 µl TE buffer.  
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The quantity and quality of DNA were assessed using a Thermo Scientific NanoDrop 

2000 Spectrophotometer (Thermo Fisher Scientific, USA). DNA isolations were 

repeated for all samples until a concentration of 50 ng/µl or higher were reached. 

 

2.5.4 Genotyping 

Genotype analysis was performed using TaqMan® chemistry on a qPCR instrument 

on samples from both cohorts (n=184). The assay was developed to distinguish 

between the C and G alleles of the Pro12Ala variant (rs1801282) within the 

PPARG-2 isoform. 

 

2.5.4.1 Primer and probe design 

The target selected for primer design was carefully chosen to include the Pro12Ala 

variant in an amplicon of between 50 and 150 bp. The target was selected to prevent 

secondary structures from forming. Forward and reverse primers, as well as probes, 

were designed using the Integrated DNA Technology (IDT) webpage (Integrated 

DNA Technology 2016). IDT PrimerQuest was used for the design and selection of 

primers and probes and IDT Oligo Analyzer allowed for the calculation of 

oligonucleotide parameters such as melting temperatures, hairpin loop formation and 

self-dimerization (Integrated DNA Technology 2016). 

 

2.5.4.2 Quantitative PCR optimization 

Conventional PCR was performed on a SimpliAmp™ Thermal Cycler (Applied 

Biosystems, US) to determine optimal conditions for primer binding by evaluating 

different temperatures and primer concentrations as well as to ensure detection of 

correct amplicon size. The annealing temperature ranged from 60°C to 66°C. The 

cycling conditions were 95°C for 5 min and then 35 repeats of a two-step cycling 

between 95°C for 10 sec and five different annealing temperatures for 45 sec. 

Thereafter optimized parameters were confirmed on the LightCycler® 480 qPCR 

instrument (Roche Diagnostics, Germany). The qPCR assay for the Pro12Ala SNP 

was optimized using two controls in duplicate. The wild type probe was designed 

according to the HG19 human genome sequence and optimized. The mutant control  

was manufactured by Inqaba Biotech industries and page quality control measures 

were taken (Appendix F). 
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2.5.4.3 Quantitative PCR 

The lyophilized primers were reconstituted with TE into a 20 μM (20 pmol/μl) stock 

solution. The TaqMan® probes were diluted with TE to prepare 20 μM (20 pmol/μl) 

stock solutions of each probe. 

 

Table 2.2: Tabulated are the forward and reverse primer sequences as well as 

the wild type and mutant probes. 

Primers 
  

Forward 5’-CCC TAT TCC ATG CTG TTA-3’ 18 mer 

Reverse 5’-CAG ACA GTG TAT CAG TGA-3’ 18 mer 

Probes   

Wild type HEX-TCTCCTATTGACCCAGAAAGCGATT--BBQ 25 mer 

Mutant 6FAM-TCTCCTATTGACGCAGAAAGCGATT--BBQ 25 mer 

 

A multiplex reaction mixture was set up containing 2x LightCycler® 480 Probe 

Master mix (Roche Diagnostics, Germany), 20 μM forward and reverse primers 

respectively, 20 μM HEX- and 6FAM- labelled TaqMan® probes respectively and 

50 ng DNA template in a total volume of 20 μl. The reaction was conducted using the 

following conditions: 95°C for 5 min then 35 repeats of two-step cycling between 

95°C for 10 sec and 60°C for 45 sec. Quantitative PCR results were analysed on the 

LightCycler® 480 qPCR Instrument (Roche Diagnostics, Germany) using the 

genotyping function. 

 
2.5.5 Next Generation Sequencing 

2.5.5.1 NGS Workflow 

The PPARG gene was selected as a target region to design NGS primers using the 

Ion Torrent AmpliSeq™ Designer. The sequencing library was constructed using the 

AmpliSeq™ primers and the template was prepared from the automated library and 

loaded on the 316 Chip v2 BC. Samples were sequenced on the Ion Torrent PGM™ 

sequencer (Thermo Fisher Scientific, US). Finally, data was analysed, using a 

pipeline of bioinformatics tools. 
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Figure 2.2: Schematic representation of the NGS workflow using the Ion 

Torrent technology (Thermo Fisher Scientific, US). 

 

2.5.5.2 Ion AmpliSeq™ design 

The sequencing library was constructed using the Ion Torrent AmpliSeq™ designer 

tool (Thermo Fisher Scientific, US). The Ion AmpliSeq™ technology delivers library 

construction for targeted sequencing of specific human genes or genomic regions. 

Based on ultrahigh-multiplex PCR, Ion AmpliSeq™ technology targets sets of genes 

by implementing one or two pools of primer pairs. The Ion AmpliSeq™ Custom 

Panels designer allowed for the selection of our target gene PPARG which was 

entered online using Ion AmpliSeq™ designer to create customized Ion AmpliSeq™ 

primer Panels (Life Technologies, US). AmpliSeq™ designer was used for the primer 

design of five genes, which included PPARG that was pooled with four other genes 

and sequenced on the same chip due to the vast capacity for sequencing per chip. 

For this study the focus was on PPARG. To optimize coverage, the AmpliSeq™ 

primers were designed with 100 bp spanning the ends of each exon. The design was 

based on the human GRCh37/hg19 reference genome from the UCSC Genome 

Browser. 

 

The Ion AmpliSeq™ design amplified the PPARG ORF with total sequencing 

coverage of 99.62%. The target length of the PPARG gene, including the coding 

sequence and untranslated region (CDS + UTR), was 4,263 bp with 16 missed bp. 

The PPARG gene exons which were the input target for AmpliSeq™ (A) is illustrated 

in Figure 2.3. The region covered with the AmpliSeq™ design which includes the 

100 glycosylated haemoglobin bp padding is illustrated in Figure 2.3 B. The rest of 
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the figure displays other PPARG sequences that were submitted to the database 

and SNPs that has been associated with the gene. 

  

Figure 2.3: The outline of the Ion AmpliSeq™ design in the UCSC Genome 

Browser. A indicates the input target for the AmpliSeq™ design. B indicates the 

region covered with AmpliSeq™ design. 

 

2.5.5.3 NGS using Ion Torrent PGM™ 

A total of 16 samples were sent for NGS on the Ion Torrent PGM™ platform at the 

University of Pretoria’s Sequencing Facility. The samples consisted of eight patient 

samples and eight controls that were randomly selected and individually matched 

according to age, sex, BMI and race. The input DNA for the AmpliSeq™ design 

consisted of two pools of 10 ng DNA (20 ng) containing 74 amplicons and 72 

B 

A 
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amplicons respectively. The Ion Torrent PGM™ platform was used for sequencing. 

The 316 Chip v2 BC was selected with a sequencing depth of at least 100x. The 

Hi-Q™ sequencing kit (Thermo Fisher Scientific, US) was used according to Thermo 

Fisher Scientific standard protocol. Amplicon sizes ranged from 125 bp to 375 bp. 

DNA dilutions were prepared as required by the University of Pretoria Sequencing 

Facility. DNA samples were diluted to a final concentration of 100 ng/µl with a total of 

10 µl per microcentrifuge tube. 

 

2.6 Data analysis 

2.6.1 Population group 

The data from the patient and control cohorts were statistically analysed. The 

statistical data on age, BMI and HbA1c within each cohort of the study was reported 

as minimum and maximum values, medians, means, standard deviations (SD) and 

frequency tables (Microsoft Excel. Microsoft, 2013 software for Windows 2007, 

Copyright ©). 

 

2.6.2 Genotyping 

Allele frequencies were calculated for the C and G allele respectively. The Fisher’s 

exact test was used to calculate whether there is a significant association between 

the two genotypes observed. This was done by using a 2x2 contingency table (In-

silico: Project support 2016). 

 
2.6.3 Next Generation Sequencing analysis 

This section describes the bioinformatics analysis pipeline used for the NGS data. 

General terminology which describes important concepts, terms and general 

background on shell script programming that is used throughout the data analysis 

can be found in Appendix B. Figure 2.4 outlines the software that was used for the 

different steps in the analysis pipeline. Background on the specific software used 

and how it was applied to our data is given in the subsequent sections. Appendix C 

contains a summarized table listing all the software used for NGS data analysis.  
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Additional information pertaining to the analysis such as the basic commands, the 

parameters that were selected and the commands written for analysis of the data are 

included in Appendix D. 

 
2.6.3.1 Automated analysis 

Torrent Suite™, NextGENe® v.2.3.4 (SoftGenetics, State College, PA, USA) 

software was used to perform the primary analysis. This is preinstalled on the 

Torrent Server for automated sequencing data analysis. Files obtained were 

processed by Ion Torrent Suite™ software at the University of Pretoria Sequencing 

Facility. Reads were acquired in unmapped BAM files from which primers and 

adapters were already removed. 

 

2.6.3.2 Manual Analysis 

Linux bash was used to run all commands and scripts. Shell scripts were used since 

existing tools were too slow or too restricted in that they only allowed editing and 

analysis of one sample at a time. Shell scripts allowed for multiple samples to be 

analysed. The University of the Free State High-Performance Computing (HPC) 

cluster was used to upload files for processing to increase the speed with which 

analysis was done. 
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Summary of NGS analysis 

 

Figure 2.4: Outline of NGS data analysis pipeline showing the different 

computational tools used for the various steps. The dotted line represents the 

initial QC that was performed without the use of parameters. Thereafter parameters 

were included and analysis continued. 
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1. File conversion 

The sequencing facility (University of Pretoria Sequencing Facility) provided the raw 

reads from the Ion Torrent PGM™ platform in BAM file format. BamTools was used 

to convert the BAM files to FASTQ files which are the required format for input into 

PRINSEQ for quality control (QC). 

 

1.1 BamTools 

The BamTools API provides programmers and end-users with an easily accessible, 

user-friendly interface for generating and querying BAM files (Barnett et al., 2011). 

The BamTools software suite facilitates research analysis and data management 

using BAM files. Features in BamTools can be tailored specifically for NGS data 

analysis. These features include alternative indexing formats, conversion of 

alignment data to other formats such as FASTQ or BED files, basic coverage outputs 

and the ability to split a BAM into multiple files in a single command (Barnett et al., 

2011). 

 

1.2 Conversion of BAM files to FASTQ files 

The data received from the University of Pretoria consisted of a compilation of the 

sequencing data of all five genes including the PPARG gene of interest. During the 

mapping of the sequence reads to the PPARG reference gene (section 3) the 

sequences specific to PPARG was filtered out. 

 

The command line created in Linux was used for the conversion of the 16 BAM files 

to FASTQ files using BamTools. The BAM files consisted of controls and patients 

designated in the script below by C and P respectively. The control and patient 

cohorts each contained 8 samples labelled [1..8] (implying that the action will be 

performed for sample 1 to 8 respectively). The script was written to contain a nested 

loop that converted all the files for the controls and patients in series. This was done 

by inserting a variable ($) for files containing a C and a P and a variable for the 

individual samples [1..8]. 
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Command for conversion of BAM files to FASTQ files for controls and patients: 

 

2. Quality Control 

2.1 PRINSEQ 

PRINSEQ (PReprocessing and INformation of SEQuence data) is currently one of 

the best methods for analysing NGS data (Shrestha et al., 2014). It is easily 

configurable and provides a user-friendly interface. PRINSEQ was chosen to filter, 

reformat, and trim our sequence data according to specific parameters to improve 

the downstream analysis. The summary statistics of the output file (FASTA or 

FASTQ) was generated in a table as well as in graphical form (Schmieder and 

Edwards, 2011). For our data, the stand-alone command line was used for the latest 

versions of prinseq-lite (version 0.20.4) and prinseq-graphs (version 0.6). 

 

The prinseq-lite version is primarily designed for data pre-processing and does not 

generate summary statistics in graphical form. The lite version is a standalone perl 

script (prinseq-lite.pl) that does not require any non-core perl modules for 

processing. Prinseq-graphs are used to generate readable graphs that can be 

interpreted for human reading and analysis. The graphs version is also a standalone 

perl script (prinseq-graphs.pl) and generates graphs (PNG files) and HTML report 

files.  

 

2.2 Quality assessment  

First the raw data was processed with PRINSEQ without doing any QC, to assess 

the overall sequences quality in order to choose the appropriate parameters for 

for e in C P 
for i in [1..8] 
do  

bt2_conv_cmd="bamtools convert -format fastq -in 
filename-$e$i.bam -out filename-$e$i.fastq" 

  echo $bt2_conv_cmd 
  eval $bt2_conv_cmd 
 
done 

done 
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efficient data trimming and filtering. Prinseq-lite was used to generate data. The 

script was written to contain a nested loop that generated data for the controls and 

patients in series (Appendix D). The output format for running prinseq-lite is gd files. 

Summary statistics were graphically presented with prinseq-graph. This command 

used for prinseq-graph was similar to the command used to run prinseq-lite 

consisting of a nested loop to analyse controls and patients simultaneously 

(Appendix D). 

 

2.3 Quality controlled data 

After data was empirically evaluated, the following parameters were included in the 

command to obtain sufficiently high quality data. Parameters were chosen based on 

quality and quantity of the sequencing reads. Ion Torrent reads typically have lower 

quality bases towards the 3' end of each read (Bragg et al., 2013), and may also 

contain adapter or primer sequences at the 3'. With our data, the adapter and primer 

sequences were already removed using the Ion Torrent Suite software and trimming 

only had to be done on the low quality bases from the 3' end of each read. Sequence 

reads were right trimmed using a minimum Q-score of 30. The average quality is 

calculated over a sliding window from the 5’ to 3’ end removing the 3’ ends when 

quality is below the defined threshold. This was done due to the decline of quality at 

3’ ends of sequencing reads. A Phred quality value of 30 corresponds to an error 

probability of 0.0001 thus, the base call accuracy is 99.9%. Shorter sequences were 

also trimmed with a minimum length of 40 bp. This was an arbitrary value chosen to 

make mapping more specific since shorter sequences map less specific.  

 

3. Mapping 

Mapping of the sequence to the reference sequence is the most important step in the 

SNP detection process (Horner et al., 2010). Mapping of sequence reads was 

performed after the data was trimmed in PRINSEQ. Bowtie2 (Langmead and 

Salzberg, 2012; Langmead et al., 2009) was chosen for mapping of sequences. It is 

a well-cited mapping program used in many studies (Bhuvaneshwar et al., 2015; 

Hatem et al., 2013; Horner et al., 2010). 
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3.1 Indexing and conversion 

Bowtie2 is a fast and efficient tool used for aligning sequence reads to long 

reference sequences (Langmead et al., 2009). It is especially good at aligning reads 

of between 50 bp and 1000 bp to relatively long genomes and is optimized for the 

read lengths and error modes yielded by the Ion Torrent, Illumina HiSeq 2000 and 

Roche 454 instruments. Bowtie2 supports gapped, local and paired-end alignments 

(Langmead et al., 2009). The output file for alignments performed in Bowtie2 is SAM 

format which enables interoperation with other tools such as SAMtools.  

 

The build module of Bowtie2-build creates index files of the reference sequence, 

similar to Burrows Wheeler Aligner (BWA) (Li and Durbin, 2009). These files together 

constitute the index; they are all that is needed to align reads to the reference. The 

original FASTA files are no longer used by Bowtie2 once the index is built. 

 

SAMTools (Li et al., 2009) provide a set of utilities for manipulating alignments in the 

SAM or BAM format, including sorting, merging, indexing and allows for retrieving of 

reads in any regions swiftly. SAMtools was used for conversion (samtools_conv) of 

SAM to BAM files and for sorting (samtools_sort) and indexing (samtools_index) 

quality controlled data which is necessary for analysis in IGV. 

 

3.2 Map to references 

Bowtie-build was first used to build an index file using Chromosome 3 (Chr3), the full 

PPARG gene and the three PPARG isoforms as the reference. Thereafter a script 

was written to map sequences using Bowtie2. The input option for Bowtie2 was 

FASTQ files and the output file after mapping is in SAM format. For mapping 

sequences to Chr3 a sensitive end-to-end alignment was done and 16 processors 

(CPU’s) were used for rapid results. In the case of mapping to the complete PPARG 

gene, Bowtie2 commands were altered to substitute the reference sequence to 

which mapping should be done with the FASTA file of the entire PPARG gene 

(gi568815595). SAMtools was used to convert SAM files to BAM files. The BAM files 

were required as the input format for SAMtools to create mpileup files and thereafter 

the files were sorted and indexed (Appendix D).  
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The procedure was repeated for mapping to the three PPARG isoforms with minor 

changes. Indexes were built for all three isoforms using Bowtie-build. The commands 

for running Bowtie2 were edited slightly to substitute end-to-end alignment with local 

alignment and the reference sequence was substituted with the FASTA files for the 

three PPARG isoforms (Isoform 1: ENST00000397015; Isoform 2: 

ENST00000287820; Isoform 3: ENST00000397015). 

 

4. Sorting and Conversion 

The variant calling features of VarScan 2 for multiple samples (mpileup2snp) expect 

input in SAMtools mpileup format. The building of an mpileup file requires the 

following: BAM files that have been sorted and indexed using the sort and index 

commands in SAMtools and the reference sequence to which reads were aligned, in 

FASTA format, SAMtools was used in both cases. 

 

5. Variant calling 

Variant calling is the process of identifying genetic variation in sequencing data, such 

as single nucleotide variants, copy number variations, structural variants, indels and 

inversions. VarScan 2 (Koboldt et al., 2012) is a software tool developed at the 

Genome Institute at Washington University for the detection of variants in NGS data. 

VarScan 2 is written in Java and was executed from the command line.  

 

The VarScan 2 command expects an input file in SAMtools mpileup format from 

sequence alignments in BAM format. It also requires the reference sequence to 

which reads were aligned, in FASTA format. VarScan 2 creates two output files, one 

is a Variant Call Format (VCF) file and a Comma Separated Value (CSV) file. A 

command was written for variant calling using the default parameters for Varscan 2 

(Appendix D). By default, VarScan 2 requires a minimum coverage of 33, minimum 

Phred base quality of 20, allele frequency of at least 8%, and a P-value of <0.05. 

Variants with a variant allele frequency of >75% are called homozygous. First, Chr3 

was used as the reference sequence to which reads aligned. Thereafter the process 

was repeated for reference against the PPARG full gene (B) and using the three 

isoforms (C) as the reference 
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6. Visual Inspection of mapped region and SNPs 

The Integrative Genomics Viewer (IGV) (Robinson et al., 2011; Thorvaldsdóttir et al., 

2013) is a high-performance visualization tool for interactive exploration of large, 

integrated genomic datasets. IGV supports a wide range of different data types, 

including NGS data and genomic annotations. Each patient and control sorted BAM 

and VCF file was uploaded in IGV together with the relevant reference sequence file 

(FASTA) and visually inspected for SNPs. 

IGV user interface (Figure 2.5). 

1. The toolbar provides easy access to frequently used functions. 

2. The red box on the chromosome ideogram indicates the portion of the 

chromosome which is displayed.  

3. The ruler reflects the visible portion of the chromosome or gene. The 

span lists the number of bases currently displayed. 

4. IGV displays data in horizontal rows called tracks. Typically, each track 

represents one sample or experiment. Track names are listed in the far 

left panel. Tracks can be added and removed by right clicking and 

selecting ‘Load track’ or ‘Remove track’. 

5. IGV can display features, such as genes, in tracks. By default, IGV 

displays data in one panel and features in another. Data and features 

panels can be combined by selecting the option on the General tab. 

6.  VCF file formats display variations in sequence. The bar across the 

top of the plot displaying the bars marking variant calls. 

7. Coverage Track: IGV dynamically calculates and displays the default 

coverage track for an alignment file. When IGV is zoomed to the 

alignment read visibility threshold (by default, 30 KB), the coverage 

track displays the depth of the reads displayed at each locus as a grey 

bar chart. If a nucleotide differs from the reference sequence in greater 

than 20% of quality weighted reads, IGV colours the bar in proportion 

to the read count of each base (A, C, G, T). 

8. Alignment Track: When zoomed into the alignment read visibility 

threshold, by default 30 KB, IGV shows the reads.  
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9. Reference genome sequence track: The sequence is represented by 

coloured bars or coloured letters, depending on zoom level, with 

adenine in green, cytosine in blue, guanine in yellow, and thymine in 

red. With the reference genome sequence track, you can optionally 

display a 3-band track that shows a 3-frame translation of the amino 

acid sequence for the corresponding nucleotide sequence. The 

translation is shown for the strand indicated. Amino acids are displayed 

as blocks coloured in alternating shades of grey. Methionines are 

coloured green, and all stop codons are coloured red. 
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Figure 2.5: Illustration of the IGV user interface. The numbers represent different features of IGV and the descriptions are given 

above.
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2.7 Validity and reliability 

The validity of a measuring instrument refers to the degree to which the instrument 

being used measures what it is intended to measure (Leedy and Ormrod, 2010). A 

calibrated electronic scale is recommended for direct weight measurement and was 

used to assure the validity of anthropometric measurements (DeBruyne et al., 2011). 

Height measured was done with a stadiometer, which is a standard direct method 

(DeBruyne et al., 2011). The measurement of HbA1c levels was validated by the 

World Health Organization (WHO) as a means to diagnose T2DM (World Health 

Organization, 2011). Quantitative PCR was performed using the TaqMan® detection 

chemistry which is a well-established method for sensitive and specific genotyping 

(Heid et al., 1996). The Ion Torrent PGM, based on Ampliseq™ libraries, is fast, 

cheap, high-throughput and a highly efficient NGS strategy. It fulfils conditions 

required for the systematic detection of genomic variants in the most prevalent 

genes of a disease and is ready to be deployed in clinical laboratories (Millat et al., 

2014). 

 

Reliability refers to the steadiness with which a measuring instrument yields a certain 

outcome when the entity being measured hasn’t changed (Leedy and Ormrod, 

2010). Reliability will be assured by standardizing the measuring instruments and a 

registered dietician or nurse took the anthropometric measurements. Controls used 

in the qPCR assay were either sequenced or synthetically manufactured and ran in 

duplicate to ensure reliability. The Ion Torrent software provides a high sensitivity 

mutation detection of gene variants composed of substitutions and indels. The Ion 

316™ Chips yield 99.99% consensus accuracy. 

 

2.8 Ethical considerations 

Ethical approval for this study was obtained from the Ethics Committee of the Faculty 

of Health Sciences, at the University of the Free State before the onset of the study 

(Ethics reference number ECUFS 53/2015). 

 

Approval and permission to conduct the study were obtained from the CEO’s of the 

institutions involved. Written informed consent (Appendix A) was obtained from all 
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participants, providing them with an information letter in which the procedures were 

explained in simple and understandable terms in the language of their choice (Sotho, 

English or Afrikaans). The risks associated with drawing of blood (physical 

discomfort, potential risks for infection or bruising) were included in informed 

consent. Consent was also obtained to store and use the participant’s DNA sample 

for genetic research. Participants were also informed that the results of this study 

may be published. Participation in the study was voluntary and participants were free 

to withdraw from the study at any time. Confidentiality was retained during all stages 

of the research by ensuring that no names are disclosed, or written down in the data 

analysis spreadsheet. No names were used during data analysis and in the 

discussion of results, only numbers were used. 

 

2.9 Conclusion 

The methodology for conducting this study was described in this chapter. The study 

population and the selection of samples were discussed, as well as the procedures 

used and data that were collected during this study. The methods that were used are 

explained, as well as the methods used for statistical analysis. The larger part of this 

chapter contains the bioinformatics pipelines that were used for the analysis of NGS 

data. This section is a detailed outline of the steps that were followed to obtain 

high-quality sequences that led to accurate results. The detail of the commands used 

are described in Appendix D. Lastly, this chapter ends with the validity and reliability 

of the study and the ethical aspects that were considered. 
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CHAPTER THREE 

RESULTS AND DISCUSSION 

 

3.1 Study population 

The study population and samples were collected as described in the Methodology 

chapter. Tables containing information and data related to the results chapter are 

provided in Appendix G. Descriptive statistics were used to analyse data. 

 

3.1.1 T2DM patients cohort 

The frequencies of the age distribution, body mass index (BMI) and HbA1c for the 

patient cohort is illustrated in Figure 3.1, 3.2 and 3.3 with the data distribution in 

Table 3.1. The age of the participants ranged between 35 and 61 years, with the 

largest grouping in the 50-59 years category and an average of 50.61 years for the 

patient cohort. The BMI of the participants ranged from normal to obese class 3, with 

no individuals in the underweight category. The largest groupings of individuals were 

found in obese class 1 and obese class 3. The mean BMI was 35.78 (SD ± 7.55) 

kg/m² and falls within the obese class 2 group which is high, but was expected for 

individuals suffering from T2DM. The HbA1c levels of the patient cohort were divided 

as being optimal (<5.7%) or sub-optimal (≥5.7%) since all patients had already been 

diagnosed with T2DM by a medical doctor. The average HbA1c for this cohort was 

8.74%. 

 

Figure 3.1: The graph shows the distribution of patients in each age group 

(n=93). 
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Figure 3.2: The graph shows the percentage patients in each BMI category 

(n=93). The BMI ranges (kg/m²) for each category is as follows: Normal (18.5-24.9), 

Overweight (25-29.9), Obese class 1 (30-34.9), Obese class 2 (35-39.9) and Obese 

class 3 (>40). 

 

 

Figure 3.3: The graph shows the dispersal of patients HbA1c levels (n=93). The 

patient HbA1c levels (%) are classified as being Optimal (<5.7) or Sub-optimal 

(≥5.7). 
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Table 3.1: Summary of data distribution of patients with T2DM (n=93). 

Variable Min Max Median Mean (SD) 

Age 35 61 51 50.61 (6.51) 

Weight (kg) 52.3 130.6 84.7 88.52 (20.33) 

Height (cm) 141.5 172.0 157.0 157.07 (5.88) 

BMI (kg/m²) 21.5 52.2 34.4 35.78 (7.55) 

HbA1c (%) 5.3 15.8 8.3 8.74 (2.33) 

 
3.1.2 Control cohort 

The frequencies of the age distribution, BMI and HbA1c for the control group are 

illustrated in Figure 3.4, 3.5 and 3.6 with the data distribution in Table 3.2. The age of 

the participants ranged between 36 and 62 years, with a mean age of 48.96 years. 

As indicated in Table 3.2, the age distribution showed almost equal frequencies 

between the 40-49 and 50-59 year age groups. The BMI of control individuals 

ranged from normal to obese class 3. The participants mainly fell into the overweight 

and obese class 1 group with an average BMI of 32.33 (SD ± 6.19) kg/m². All control 

participants had HbA1c levels below 6.50%. The average HbA1c for this cohort was 

5.50%.  

 

 

Figure 3.4: The graph shows the distribution of controls in each age group 

(n=91). 
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Figure 3.5: The graph shows the percentage controls in each BMI category 

(n=91). The BMI ranges for each category is as follows: Normal (18.5-24.9), 

Overweight (25-29.9), Obese class 1 (30-34.9), Obese class 2 (35-39.9) and Obese 

class 3 (>40). 

 

 

Figure 3.6: The graph shows the dispersal of the controls in the different 

HbA1c classes (n=91). The HbA1c classes are Normal (<5.7), Prediabetes (5.7-6.4) 

and Diabetes (>6.4). 
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Table 3.2: Summary of data distribution of controls participants (n=91). 

Variable Min Max Median Mean (SD) 

Age 36 62 49 48.96 (±7.45) 

Weight (kg) 52.0 120.2 82.2 83.63 (16.14) 

Height (cm) 145.2 176.0 157.0 157.78 (6.49) 

BMI (kg/m²) 21.0 47.3 32.3 32.33 (6.19) 

HbA1c (%) 4.3 6.4 5.5 5.50 0.41) 

 

3.1.3 Conclusion 

Figure 3.1 and 3.4 show an almost equal distribution of age groups for both patient 

and control groups and a similar average age for both cohorts. This is to be expected 

since the control group was selected to match the patient group for gender, age and 

BMI. The patient and control groups both had the majority individuals falling into the 

obese class 1 group. The mean BMI for the patient group was slightly higher than 

that of the control group. This can be explained by the control group being recruited 

as a convenience sample from public supermarkets selected to fall within the age 

and BMI range of the T2DM patient group. 

 

The mean HbA1c level of 8.7% indicate that most patients’ glucose levels are not 

controlled sufficiently and not within the normal range. This is of great concern, 

because it increases the patients risk to micro- and macro vascular complications or 

even death (Monami et al., 2013). The HbA1c levels of the control cohort were all 

below 6.4%. Once again this is expected since the control participants were 

excluded from the study if their HbA1c levels were 6.5% or higher. Individuals with 

prediabetes were included in the control group according to the diagnosis of T2DM 

which require an HbA1c above 6.5%. It is alarming that 35% of the control subjects 

that view themselves as having no blood sugar problems, is prediabetic (HbA1c 

5.7% to 6.4%). The general public has little knowledge about diabetes prevention 

and the basic principles of nutrition, physical activity and blood glucose control. 

Health education is crucial to people suffering from T2DM as well as to the general 

public, as adequate knowledge of the disease is associated with good metabolic 

control and prevention of complications (Afridi and Khan, 2003). 
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3.2 Quantitative PCR 

3.2.1 Primer and probe design 

Primers and probes were designed using the IDT web access page (Integrated DNA 

Technology 2016). The primers were both 18 base pairs in size for adequate 

specificity. Melting temperatures for the two primers differed with only 0.4°C, thus 

allowing both primers to bind simultaneously and efficiently to amplify the product. 

The melting temperatures (Tm) of the primer pair was below the ideal range, 

however, primer binding was still specific to the target region with successful 

amplification and no unspecific amplification. The GC content was 44.4%, which 

allows for complexity while still maintaining a unique sequence. The primer 

sequences do not contain regions with four or more consecutive G residues. The ΔG 

values for hairpin formation (self-dimerization) and cross-dimerization are all above 

the acceptable ΔG values thus not favouring the formation of any secondary 

structures. Primers were successfully designed according to the various parameters 

outlined in Table 3.3. The primers were designed to produce an amplicon of 115 bp. 

Table 3.3: The parameters to which forward and reverse primers were selected. 

Parameter for primer 

design 
Ideal 

Design for 

Forward 

Design for 

Reverse 

Primer length 15-30 bp 18 bp 18 bp 

Melting Temperature Tm 58-60°C Tm 47.7°C Tm 48.1°C 

GC content 35-65 % 44.4% 44.4% 

Avoid hairpin 
ΔG > -2 kcal.mol⁻¹ 

Less than 4 bp bind 
ΔG ≥ 1.2 kcal.mol⁻¹ 

ΔG ≥ -1.08 

kcal.mol⁻¹ 

Avoid cross-

dimerization 
ΔG > -5 kcal.mol⁻¹ 

ΔG ≥ -4.89 

kcal.mol⁻¹ 

ΔG ≥ -4.89 

kcal.mol⁻¹ 

Primers to probe 

binding 
No complementarity   

Cross homologs 
Specifically binds to 

target of interest 
Yes Yes 

Blast (NCBI) 
No complementary 

binding 
  

Amplicon size 50-150 115 bp 



CHAPTER THREE: RESULTS AND DISCUSSION 

66 
 

Probes were designed according to the parameters outlined in Table 3.4. Both 

probes were 25 bp in length with the reporter dye on the 5’ end and the quencher on 

3' end. The Tm was 61.3°C and 62.2°C for HEX (wild type) and 6FAM (mutant) 

probes respectively with a GC content of 44% for both probes. No G was placed on 

the terminal of the probe due to the quenching effect of G. Probes are not identical 

and low complementation will prevent dimers from forming. 

 

Table 3.4: The table sets out the variables (parameters) to which wild type and 

mutant probes were selected. 

Parameter Ideal 
Wild type 

probe (HEX) 

Mutant probe 

(6FAM) 

Probe length 15-30 bp 25 bp 25 bp 

Melting  

temperature 

Tm 65–72°C 

5-10°C > Tm of primers 
Tm is 61.3°C Tm is 62.2°C 

GC content 30-60% 44% 44% 

Terminal G 
Should be avoided (due 

to quenching effect) 
  

Primer and probe 

complementation 

Less than 4 bp 

complementarity 
  

Dyes and 

Quenchers 

Dye and Q must have 

FRET 
  

 

The wild type, Pro12 allele-specific probe was labelled with HEX fluorescent dye and 

the mutant, Ala12 allele-specific probe was labelled with 6FAM fluorescent dye. A 

BBQ quencher was attached to both probes as suggested by the manufacturer 

(Roche Diagnostics, Germany). The primers and probes were synthesized by TIB 

Molbiol (Roche Diagnostics, Germany). Figure 3.7 is a diagram illustrating where the 

forward and reverse primers annealed to the exon B of PPARG. The sequence 

where the probe (wild type) annealed to the exon is shown and the Pro12Ala SNP 

position is indicated in the block. 
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Figure 3.7: Illustration of where primers and probes bind to exon B of 

PPARG-2. The boundaries for exon B is shown in yellow. The primer sequences are 

indicated by the green (forward) and blue (reverse complement) colours. The wild 

type probe sequence is shown in red with the Pro12Ala SNP position depicted in the 

purple block. 

 

3.2.2 Quantitative PCR optimization 

In order to achieve optimal genotyping results the annealing temperatures of the 

primers and probes had to be optimized. The cycling conditions used for optimization 

were used as suggested by the qPCR Master mix manufacturer (Roche Diagnostics, 

Germany). Five annealing temperatures were tested and the results are presented in 

Figure 3.8. The temperature selected for optimal primer annealing in the qPCR 

assay was 60°C (lane 2). Primers annealed optimally at this temperature where a 

single, high intensity fragment can be observed. At 64°C and 66°C no fragment was 

observed indicating that amplification at this temperature was unsuccessful. The no 

template control (NTC) was negative, indicating that no contamination was observed. 

The optimized cycling conditions were as follows: 95°C for 5 min and then 35 

repeats of a two-step cycling between 95°C for 10 seconds and 60°C for 45 

seconds. These conditions were used for all patient and control samples. 
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Figure 3.8: Agarose gel image showing the results for optimization of primer 

annealing at different temperatures. A 1% TAE agarose gel visualized by ethidium 

bromide staining. In the first lane 1 μl of a 100 bp + 50 bp DNA Ladder 

(www.sibenzyne.com) was loaded. Lane 2-5 shows the PCR products of 115 bp for 

temperatures ranging from 60°C to 66°C. The no template control (NTC) is indicated 

in lane 6. 

 

3.2.3 Quantitative PCR results 

The complete patient and control cohort (n = 184 samples) was screened for the 

Pro12Ala variant using the optimized qPCR assay. The frequencies of the different 

genotypes observed during the screening process are shown in Table 3.5. A total of 

98.9 % of the patients presented with the homozygous Pro/Pro allele and only a 

single individual presented with the heterozygous Pro/Ala allele of the PPARG 

Pro12Ala (rs1801282) genotype (Figure 3.10).  All control participants carried the 

Pro/Pro genotype as indicated in the table. Figure 3.9 shows an amplification plot of 

the qPCR assay conducted on 10 patients. The fluorescence on the y-axis 

corresponds to the wavelength used to detect the FAM dye. The amplification 

profiles with a crossing time of between 13-16 cycles represent of the mutant control 

labelled with the FAM dye (done in duplicate). The amplification profiles with a 

http://www.sibenzyne.com/
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crossing time of between 25-28 cycles represent the duplicate heterozygote sample 

(F049). All the other samples showing no amplification on the plot, are homozygous 

for the wildtype allele labelled with HEX, since only FAM dye is detected under this 

wavelength. The heterozygote crossing time or Ct value is much later than the 

control because only half the copies of DNA in the heterozygote sample are detected 

with the FAM dye. A similar plot for the HEX wavelength was studied with similar 

results, but with all the homozygote wildtype samples at Ct value of between 22 and 

25 cycles and the heterozygote Ct value of 30. The non- template control shows no 

amplification in either the HEX or FAM wavelength pots indicating that there was no 

contamination present. Figure 3.10 shows the scatter plot corresponding to the 

amplification plot of the ten patient samples. The mutant probe was labelled with the 

FAM dye and the wild type probe was labelled with the HEX dye. The FAM 

wavelengths are indicated on the y-axis and the HEX wavelengths on the x-axis. The 

green arrow indicates the mutant control, labelled with the FAM dye and has the 

highest fluorescence at the x-axis. The single heterozygote Pro/Ala genotype 

detected by the assay is shown by the red circle. The orange block indicates all the 

homozygote wild type control and samples, labelled with the HEX dye. The NTC is 

indicated by the blue arrow confirming that there was no contamination present in 

these samples. The complete data set containing the genotype of each individual 

patient and control is set out in Appendix E in Table 6 and 7. 
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Figure 3.9: Example of the qPCR results shown as an amplification plot of ten 

patient samples. The fluorescence is indicated on the y-axis and the cycle number 

on the x-axis. The fluorescent range in this plot correlates with the wavelength of the 

FAM dye. 

 

 
Figure 3.10: Example of the qPCR results shown as a scatter plot of ten patient 

samples. The mutant probe was labelled with FAM, and the wild type probe with 
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HEX. The FAM signals are indicated on the y-axis and the HEX signals on the x-

axis. The no template control (NTC) is indicated by the blue arrow. The green arrow 

indicates the mutant control homozygote, labelled with the FAM dye and has the 

highest fluorescence at the x-axis and the lowest on the y-axis. The single 

heterozygote Pro/Ala genotype detected by the assay is shown by the red circle. The 

orange block indicates all the homozygote wild type control and samples labelled 

with the HEX dye.  

 

Table 3.5: The distribution of genotype frequencies of the Pro12Ala variant for 

patient and control participants. 

Genotype  Frequency Percentage 

Patients   

Pro/Pro (C/C) 92 98.9% 

Pro/Ala (C/G) 1 1.1% 

Ala/Ala (G/G) 0 0% 

Total 93 

  

Genotype Frequency Percentage 

Controls   

Pro/Pro (C/C) 91 100% 

Pro/Ala (C/G) 0 0% 

Ala/Ala (G/G) 0 0% 

Total 91  

 

3.2.4 Statistical analysis of qPCR results 

3.2.4.1 Allele frequencies 

The allele frequencies are depicted in Table 3.6. In the control cohort, the C allele 

frequency was 1 and the G allele frequency 0. In the patient cohort, the C allele 

frequency was 0.99 and the G allele frequency 0.01. 
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Table 3.6: Allele frequency in the control and patient cohort. 

 Controls Patients 

Allele C C: 182/182 = 1 C: 184/186 = 0.99 

Allele G G: 0/182 = 0 G: 2/186 = 0.01 

 

3.2.4.2 Fisher’s exact test 

For the Fisher’s exact test the total for each genotype per cohort was used (In-silico: 

Project Support 2016). Observation A and B was the patient and control cohort 

respectively, Group 1 being the C/C genotype and Group 2 the C/G genotype. The 

results indicated a two-tailed p-value of >0.9999. The groups were found to be not 

significantly different. Thus the genotype shows no association to the T2DM or 

control group. 

 

 

Figure 3.11: The calculation and results for the Fisher’s exact test to determine 

if the two genotypes observed in the population are significantly associated 

with each other. 

 

Results from the Fisher exact test calculated a two-tailed p-value of > 0.9999, 

indicating the SNP is not statistically significant (Figure 3.11). Since only a single 

patient was found to exhibit the heterozygous genotype (Figure 3.10), this was 

expected. The remaining patients and control cohort have presented the 

homozygous Pro/Pro genotype. Contrary to previous research the PPARG-2 

Pro12Ala polymorphism did not prove to have any relation to T2DM in the back 

population in this study. 
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3.2.5 Conclusion 

Published research confirmed that the PPARG-2 Pro12Ala polymorphism is related 

to T2DM, with the Ala allele having the protective effect against T2DM (Gouda et al., 

2010). Several studies indicated that the PPARG Pro12Ala polymorphism was 

associated with T2DM in a French population with obese subjects (Ghoussaini et al., 

2005), an African American population (Kao et al., 2003) an Iranian population 

(Motavallian et al., 2013), a community of Khatri Sikhs in Northern India (Sanghera 

et al., 2008) and a Western Indian population (Shahrjerdi et al., 2013). Gouda et al. 

(2010) conducted a meta-analysis involving 32,894 cases and 47,456 controls from 

60 studies, concluding that the PPARG Pro12Ala polymorphism is positively 

associated with a reduction in the risk of T2DM. Findings from these populations 

regarding the PPARG-2 Pro12Ala polymorphism are in contrast to the results 

obtained in this study from the South African black female population. 

 

The small sample size of this study may be one explanation for the contradiction to 

literature, since most studies that did not find an association between the Pro12Ala 

variant and T2DM had sample sizes less than 1,000 participants (Bener et al., 2015; 

Majumdar et al., 2014; Motavallian et al., 2013). The studies that found an 

association were mostly larger studies with sample sizes above 1,000 participants 

(Ghoussaini et al., 2005; Lamri et al., 2012; Trombetta et al., 2013). However, many 

meta-analysis studies have also not found a significant association between T2DM 

and the Pro12Ala SNP (Guo et al., 2011; Tong et al., 2012; Tonjes et al., 2006). 

 

To add to the contradiction of the PPARG polymorphism association to T2DM, the 

absence of the homozygotic Ala/Ala genotype and the very low prevalence of the 

heterozygotic Pro/Ala genotype in this mainly obese, black, female group with T2DM 

were also found in other studies. Populations that also did not present with a 

significant association between the Pro12Ala variant and T2DM included Caucasians 

from Spain (Miramontes González et al., 2014), individuals from the Eastern region 

of India (Majumdar et al., 2014), Qatari population (Badii et al., 2008), Tunisians 

(Zouari Bouassida et al., 2005), a Chinese population (Ye et al., 2014), a Polish 

population (Malecki et al., 2003) and Asian populations (Al-Safar et al., 2015; Tai et 

al., 2004). 
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Literature as well as the results from this study show that the PPARG-2 Pro12Ala 

polymorphism cannot be associated with T2DM nor did it have a significant presence 

in any of the two cohorts studied. It could be that the PPARG-2 Pro12Ala 

polymorphism is rare in the black South African population. According to the 1000 

Genomes Project this variant is much more common in the European and American 

populations compared to the African and East Asian populations as illustrated in 

Figure 3.12 (Genomes Project et al., 2012; Vergotine et al., 2014b). 

 

 

Figure 3.12: Population genetics for variant rs1801282. The G allele has a 

frequency of 7% in the general population (ALL), but decreases to 1% in the African 

(AFR) population and also in the East Asian (EAS) population. The frequency of the 

G allele is much more prevalent in the American (AMR), European (EUR) and South 

Asian (SAS) populations (Ensembl.org). 

 

Another possibility can also be that the Pro12Ala SNP is gender specific. A study in 

a Tunisian population provided evidence that the Pro12Ala polymorphism is 

associated with obesity in non-diabetic males, but not with females (Ben Ali et al., 

2009). A study by Hsiao and Lin (2015), have also revealed a sex-bias with regards 

to the Pro12Ala SNP. In contrary to the findings by Ben Ali et al. (2009), this study 

indicated that the Pro12Ala polymorphism significantly predicts overweight, BMI, and 

total cholesterol in female but not male Taiwanese subjects (Hsiao and Lin, 2015). In 

the Spanish population female carriers of the Ala/Ala genotype were also proven to 

be more insulin sensitive and have better lipid profiles than the subjects with the 

Pro/Pro genotype. However this was not found in the male Spanish population 

(Gonzalez Sanchez et al., 2002). Further investigation into this hypothesis is 

necessary to make accurate conclusions on the possibility that the Pro12Ala 

polymorphism is associated with a gender bias. 
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Nevertheless, the PPARG-2 Pro12Ala polymorphism did not prove to be a good 

T2DM predictive marker in black South African females from this study. This 

highlights the need for large scale Genome Wide Association Studies (GWAS) on 

chronic diseases in Africa, since data from European and Asian populations are not 

always applicable on individuals from African ancestry. 

 

3.3 Next Generation Sequencing 

3.3.1 Data Analysis 

Samples selected for NGS were randomly selected from the larger cohort 

(Appendix E). A total of 16 samples were selected, consisting of eight T2DM 

samples and 8 control samples. The T2DM patients were individually matched to a 

control according to age and BMI. 

 

Approximately 2 GB of raw read data containing all five genes were received from 

the sequencing facility. A total of 2,7 million reads, with an average read length of 

221 bp were collected from the 16 data files. Mapping of the sequence reads to the 

PPARG reference gene filtered out the sequences of interest as only reads that align 

to the PPARG reference will be mapped.  

 

3.3.1.1 Data trimming 

Automated analysis was performed with Torrent Suite™. All primers and adapters 

were trimmed off during this analysis. All data files were received from the University 

of Pretoria’s Sequencing Facility as unmapped BAM files. 

 

3.3.1.2 Quality Control (QC) 

Downstream analysis is often compromised by low-quality sequences, sequence 

contamination and sequencing artefacts which lead to misassembled and inaccurate 

data (Schmieder and Edwards, 2011). The quality control of NGS datasets should 

include the investigation of sequence length, quality score, GC content and 

sequence complexity, artefacts, contamination and sequence duplication. The initial 
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processing should include trimming of sequence ends and filtering of unwanted 

sequences. 

 

All FASTQ files were processed with prinseq-lite online to determine the quality of 

the data. Prinseq-graph produced readable graphs as PNG files which show the 

summary statistics that was produced. Examining the summary statistics is the 

simplest method to do QC on the data. These graphs were generated for each 

sample using PRINSEQ.  

 

First the raw data was analysed with PRINSEQ without including any QC 

parameters, this was done to determine the overall quality of the sequence reads 

and to select the appropriate parameters for QC. The graphs and tables generated 

by prinseq-graph for the raw analysis was compared with those after proper QC was 

done with PRINSEQ. The different graphs produced for one sample, (Control 1), are 

outlined as an example to illustrate and describe the difference between the data 

before and after QC and can be viewed in Appendix G. 

 

In this study effective QC of NGS data has been achieved using PRINSEQ by 

considering four basic areas namely: length distribution, base quality, sequence 

duplication, and the presence of tag sequences. After the raw data was evaluated it 

was decided to select for stringent QC parameters. This increased the overall quality 

of the data by trimming low quality reads and consequently the downstream analysis 

was more accurate. Trimming with PRINSEQ filtered out between 7% and 12% of 

data which did not meet the standard set by the stringent parameters. 

 

The length distribution of the reads was used as a quality measure of the library 

preparation. The closer the read lengths are to a normal distribution the better the 

result (Prinseq.sourceforge.net, 2016). After QC the mean sequence length changed 

from 225 bp to 191 bp. The minimum length changed from 25 bp to 40 bp as was 

specified by the parameters. Trimming of the 3’ ends (Q-score below 30) have 

caused the maximum length to change from 524 bp to 452 bp. Length range and 

mode length was also affected by the QC. The shift in M, 1SD and 2SD can be 

observed when Figure 3.13 and 3.14 are compared. 
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Figure 3.13: Length distribution in a graphical format before QC was 
performed. 

 

 

Figure 3.14: Length distribution in graphical format after QC was performed. 
 

As with conventional Sanger sequencing, NGS data is also produced with a 

degradation of quality across the read (Bragg et al., 2013). The quality scores for Ion 

Torrent PGM™ sequencers are Phred-based ranging from 0 to 40. Together with the 

decrease in quality across the read, regions with homopolymer stretches also tend to 

have lower quality scores (Bragg et al., 2013).  

 

In PRINSEQ, box plots map the quality scores across the reads. The x-axis indicates 

the absolute position if all reads are no longer than 100 bp and the relative position if 

any read is longer than 100 bp (Schmieder and Edwards, 2011). The data showed 
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improved quality scores across sequence reads after QC was performed. Before QC 

sequences with quality scores below 30 are present and after QC was done the 

sequences with low quality scores (below 30) at the ends were trimmed. The 

majority of the sequences have high mean quality score after QC was done. 

 

The number of expected sequence duplicates depend on the type of library 

sequenced, the depth of the library, and the sequencing technology used. Exact 

duplicates are identical sequence copies, whereas 5' or 3' duplicates are sequences 

that are identical with the 5' or 3' end of a longer sequence (Prinseq.sourceforge.net, 

2016). In this dataset the number of 5’ duplicates was higher than the number of 3’ 

duplicates due to the trimming at the 3’ end of sequence reads. The number of exact 

duplicates was higher than the number of 5' and 3' duplicates. Many exact duplicates 

were observed due to the use of AmpliSeq™ designed primers which amplified 

many of the same sequences compared to the usual fragmentation of input DNA. 

 

Tag sequences are artefacts present at the ends of  reads such as adapters and 

primer sequences (Schmieder and Edwards, 2011). Adapters were added to our 

sequence reads during the pre-amplification with the primer-based method 

AmpliSeq™. The equal distribution of the different nucleotides in the data indicate 

that no sequence tags were present. This was expected due to pre-analysis with Ion 

Torrent Suite™. 

 

3.3.1.3 Mapping 

Mapping was performed against five different reference sequences using Bowtie2. 

Firstly the data was mapped to Chr3. Mapping was done to Chr3 to get an overall 

view of all the data mapped to the chromosome. Chromosome mapping was also 

done to obtain the specific coordinates of each mutation according to the University 

of California, Santa Cruz (UCSC) Genome Browser. Thereafter mapping was 

performed against the entire PPARG gene (gi568815595) for closer investigation 

into the specific mutations found in PPARG. Mapping against the PPARG gene was 

performed to have a more manageable dataset to confirm that no mutations were 

missed by mapping against Chr3. It also enabled investigation into the 3’ and 5’ 

UTR’s and the 100 bp padding regions. Lastly, mapping was done to the ORF of the 
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three different splice isoforms of the PPARG gene (Isoforms 1: ENST00000397015. 

Isoform 2: ENST00000287820 and Isoform 3: ENST00000397015) to determine in 

which of the isoforms mutations were present.  

 

Table 3.7: Tabulated is the different references used for mapping sequence 

reads using Bowtie2. Mapping was performed against Chr3, PPARG full gene 

sequence and the three different isoforms of the PPARG gene.  

Reference Database Accession number 

Chromosome 3 
  

PPARG gene NCBI gi568815595 

Isoform 1 Ensembl ENST00000397015 

Isoform 2 Ensembl ENST00000287820 

Isoform 3 Ensembl ENST00000397015 

 

3.3.1.4 Variant calling 

VarScan 2 calls somatic variants (SNPs and indels) using a heuristic method and a 

statistical test based on the number of aligned reads supporting each allele. 

Varscan 2 was chosen above other published variant callers, due to the robust 

heuristic approach which calls variants that meet the desired thresholds for read 

depth, base quality, variant allele frequency, and statistical significance. A study by 

Stead et al (2013) evaluated several somatic mutation callers including MuTect, 

Strelka, and VarScan 2. It was found VarScan 2 performed best overall with 

sequencing depths of 100x, 250x, 500x and 1000x required to accurately identify 

variants present at 10%, 5%, 2.5% and 1% respectively (Stead et al., 2013). 

 

VCF and CSV files were created for all 16 samples by Varscan 2. The VCF file 

format is used to store DNA polymorphism data as SNPs, indels and structural 

variants. VCF files must be indexed for viewing in IGV. VCF files were used during 

visualization in IGV for manual analysis, to visually confirm and curate each 

individual SNP. CSV files allow data to be saved in table structured format in plain 

text. CSV files can be opened with a spreadsheet programs, such as Microsoft Excel 

or Google Spreadsheets and produce a summary of all SNPs called. The CSV files 
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were used to briefly examine the variants found in each sample. All the variant calls 

had p-values <0.05, a minimum coverage of 33, a minimum Phred base quality of 20 

and an allele frequency of at least 8% as was specified by the parameters when 

Varscan 2 was run. Examples of the visualization of the NGS data can be viewed in 

Appendix G. 

 

3.3.2 Discussion on NGS data analysis  

Mapping against Chr3 and against the whole PPARG gene revealed a total of 47 

mutations, most of which are in the introns, the UTR (5’/3’) or in the 100 bp padding 

region outside the PPARG gene at the 3’ and 5’ end. A full list of all mutations found 

including mutations in intronic regions and UTRs are available in Appendix H. These 

SNPs were not described or reported on because they did not specifically contribute 

to the research question of this study. However, three heterozygous mutations were 

found in the coding region (ORF) of PPARG in three different individuals. Mapping 

against the ORF of the isoforms revealed that the mutations were present in all three 

isoforms and all three SNPs are silent mutations. 

 

The SNPs were present in two controls and one patient. The SNP found in the one 

control (C3) and the one patient (P4) were identical. This SNP is an A to G 

substitution on the third codon position of the Serine amino acid (rs41516544). The 

SNP found in the other control is a C to T substitution also on the third codon of the 

Histidine amino acid (rs3856806). All three mutations were present in exon 6 of 

PPARG. Exon 6 is one of the common exons shared between all three isoforms thus 

substantiating why the SNPs were present in all three isoforms. Table 3.8 contain all 

the information on the three synonymous SNPs. 

 

Additionally, 28 mutations were detected in the intronic region of PPARG due to the 

100 bp padding added to each exon. These mutations were present in both the 

patient and control cohorts and had high read depths of up to 2,000x. Three 

individuals in the control cohort showed an identical mutation in the 3’UTR region of 

PPARG. The read depth for these mutations ranged between 69 and 439x. 

Mutations were also identified outside the PPARG gene on the 3’ and 5’ ends. Nine 

of these mutations were identified throughout both cohort, but most had a relatively 
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low read depth of below 50x. Lastly four individuals, two patients and two controls, 

showed an identical mutation in the A1 untranslated exon present in PPARG-1 and 

PPARG-3 isoforms. These mutations had high read depths of 401, 196, 428 and 520 

respectively. Only the mutations in the coding region of PPARG were described in 

this study. 

 

3.3.2.1.1 Variant rs41516544 

This variant was present in one control and one patient with a read depth of 561x 

and 1579x respectively. The mutation is located on Chr3 position 12475497 and is 

caused by a substitution of an A to a G nucleotide (TCA>TCG) in the protein coding 

region of PPARG (Table 3.8). This is a synonymous mutation in the third position of 

the codon coding for the Serine amino acid. The variant has been described by the 

Ensembl database in The 1000 Genomes Project (Phase 3) (Genomes Project et al., 

2012). According to the population genetics on Ensembl, the ancestral base pair on 

this position is a G. The A bp is present in 99% of the total population and the G bp 

in 1% of the population shown in Figure 3.15. The frequency of the G allele is the 

highest in the African population and absent from the East Asian, European and 

South Asian populations. The G allele is present in 2% of the African population and 

the A bp in 98% of the African population. This SNP has no clinical significance and 

is possibly just a rare population variant. 

 

 

Figure 3.15: Population genetics for variant rs41516544. The G allele is present 

in the general population (ALL), but increases specifically in the African (AFR) 

population. The frequency of the G allele is also shown in the American (AMR), East 

Asian (EAS), European (EUR) and South Asian (SAS) populations (Ensembl.org). 
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3.3.2.1.2 Variant rs3856806 (C1431T) 

This variant was present in one control with a read depth of 400x. The SNP is 

caused by the substitution of a C with a T nucleotide (CAC>CAT) at position 

12475557 on Chr3. This is a silent mutation in the third position of a Histidine amino 

acid. The mutation was also previously described on the Ensembl database. 

According to The 1000 Genomes Project (Phase 3) on Ensemble the ancestral allele 

is a C and is still 

 

present in the largest part of the population, with a small percentage of people 

having the substituted T allele at that position indicated in Figure 3.16 (Genomes 

Project et al., 2012). 

 

 

Figure 3.16: Population genetics for variant rs3856806. The frequency of the C 

allele is higher than that of the T allele in the general population (ALL). The 

frequency of the T allele in the African (AFR) population is the lowest when 

compared to the American (AMR), East Asian (EAS), European (EUR) and South 

Asian (SAS) populations (Ensembl.org). 

 

This SNP is a well described silent polymorphism in PPARG gene. The C1431T SNP 

has been associated with increased BMI and fat, increased leptin levels, increased 

resistin levels and a reduced risk of T2DM (Costa et al., 2009; Haseeb et al., 2009; 

Meirhaeghe et al., 1998; Pattanayak et al., 2014; Tai et al., 2004; Valve et al., 1999). 

Many studies have shown that independently C1431T does not have a significant 

effect, but in combination with other variants such as Pro12Ala have a greater effect 

on obesity, an increase in fat mass, HDL cholesterol levels and decreased risk for 

T2DM (Bego et al., 2011; Doney et al., 2004; Liu et al., 2015; Valve et al., 1999). 
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Vergotine et al. (2014) identified the C1431T variant in 23.8% of a mixed ancestry 

population in South Africa, however the genotype distribution did not differ 

significantly between the diabetic and non-diabetic group. More recently, the 

polymorphism has been associated with increased risk of diabetic retinopathy in an 

Egyptian population (Ramadan et al., 2016). 

 

The clinical significance of this SNP is benign. The condition associated with the 

SNP is Glioma susceptibility 1 (GLM1) or Glioblastoma (Zhou et al., 2000). In a study 

by Zhou et al. (2000) they investigated the over-representation of the C1431T variant 

compared to the control cases, however, the exact mechanism of this association is 

still unknown. It was proposed that this SNP and the Pro12Ala variant may be acting 

in a low penetrance predisposing manner for the development of glioneural tumors. 

These associations were however only found in American patients with sporadic 

glioblastoma multiform and were not yet confirmed in other populations (Zhou et al., 

2000). 

 

3.3.3 Conclusion 

In-depth analysis of the NGS data revealed three synonymous polymorphisms in the 

PPARG coding region of three different individuals. Two of these variants were 

identical and were observed in a control and a patient, the other variant was 

detected in a control sample. The two variants identified were previously described 

and only one variant showed an association with T2DM in several populations, 

however, this was usually in combination with an additional variant such as 

Pro12Ala. This is most likely a common variant with a small effect on the population. 
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Table 3.8: Information on the three synonymous mutations found in the NGS data analysis. The table shows the position of 

the mutation on the chromosome as well as the position on the different isoforms. The reference and alternative base pair is shown 

and the mutation type, amino acid change and the codon change. 

Participant 
Position on 

chromosome 
Isoform 

Position 
on 

isoform 
Exon Reference Alternate 

Mutation 
type 

AA 
change 

AA 
Codon 
change 

C3 12475497 

1 1287 

Exon 6 A G Silent No Serine 
TCA-
TCG 

2 1371 

3 1287 

C6 12475557 

1 1347 

Exon 6 C T Silent No Histidine 
CAC-
CAT 

2 1431 

3 1347 

P4 12475497 

1 1287 

Exon 6 A G Silent No Serine 
TCA-
TCG 

2 1371 

3 1287 
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CHAPTER FOUR 

CONCLUSION 

 

Type 2 Diabetes Mellitus (T2DM) is a global epidemic that results in millions of 

deaths each year (Amod et al., 2012). Obesity and diabetes is a growing problem in 

South Africa and the number of individuals with T2DM is increasing daily. Therefore, 

the identification of individuals that are at a high risk for developing T2DM is very 

important and of great interest to health care providers. Novel gene polymorphisms 

that are associated with chronic diseases of lifestyle should be identified especially in 

black African populations. This ethic group belongs to a haplogroup that harbours 

the most ancient human lineages and has the highest level of variation (Chen et al., 

1995). This study was significant because African populations have been neglected 

in research and by fine mapping casual variants within the black South African 

population this could be used to identify loci shared across ethnic groups globally. 

Various polymorphisms associated with T2DM have been identified and described in 

the PPARG gene (Barroso et al., 1999; Ristow et al., 1998; Valve et al., 1999; Yen et 

al., 1997). 

 

The aim of this study was to screen the PPARG gene for novel T2DM genetic risk 

factors and to determine the presence of a previously identified T2DM genetic risk 

factor, the Pro12Ala variant (rs1801282), in black South-African women with T2DM. 

The prevalence of the PPARG Pro12Ala polymorphism has never been researched 

in a black, female population group in Mangaung, Free State. Subsequently, we 

hypothesized that these results would either confirm mutations associated with 

T2DM in other global populations or identify novel mutations associated with T2DM 

in this population. 

 

Quantitative PCR was used to determine the presence of the PPARG Pro12Ala 

polymorphism in the black female South Africans with T2DM. After genotyping of 184 

individuals which consisted of 93 T2DM patients and 91 control subjects, only a 

single individual (patient) presented with the heterozygote Pro/Ala genotype. The 

rest of the study population all contained the homozygous Pro/Pro genotype. The 
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presence of the homozygotic Ala/Ala genotype was not present in this black, female 

population in Mangaung in the Free State Province, South Africa. Although the 

results obtained from this study represent a small subset of the population, the allele 

frequency of the SNP suggests that it may not be a significant predictor of T2DM in 

the black South African population. It is very likely that the Ala/Ala genotype is rare in 

this population. Vergotine et al. (2014) found that the Ala/Ala allele was not 

significantly associated with T2DM in South African individuals with mixed ancestry. 

These findings are contrary to literature (Ghoussaini et al., 2005; Sanghera et al., 

2010; Shahrjerdi et al., 2013; Wang et al., 2013) which have shown Pro12Ala to be 

significantly associated with development of T2DM, which makes this research 

significant. The controversial findings related to this polymorphism may be 

attributable to population differences that may be genetic. The PPARG Pro12Ala 

SNP would therefore not be a suitable biomarker for early risk prediction of T2DM in 

this population. 

 

Next Generation Sequencing (Ion Torrent technology) was used to sequence the 

PPARG gene in eight patients and eight control subjects to identify novel population-

specific polymorphisms in a black female South African population. A bioinformatic 

data analysis pipeline was successfully developed and applied to sequences from a 

case control T2DM study. This shows that the computational bioinformatic steps that 

is usually seen as one of the biggest complications with NGS, can successfully be 

applied by biologists.  Data analysis on the sequences of the various samples 

revealed mutations in three individuals, one patient and two controls. Two individuals 

(a patient and a control) contained an identical variant (rs41516544) with a different 

variant present in the remaining control. Both these variants were synonymous 

variants in the coding region of PPARG that has already been described. The 

mutations did not show any clinical significance but one rs3856806 has been 

associated with T2DM. It has been suggested that this variant has a protective effect 

against T2DM but usually in combination with an additional variant (Bego et al., 

2011; Doney et al., 2004; Liu et al., 2015; Valve et al., 1999). 

 

To conclude we were unable to observe a significant correlation between the well-

described PPARG Pro12Ala polymorphism and T2DM in our sample consisting of 

184 black female participants. A single well-defined polymorphism was detected in 
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one of the 16 participants selected for NGS that relates specifically to T2DM, but no 

unique (novel) population-specific polymorphism were identified that might be 

associated with T2DM specifically in the black female population of South Africa 

 

The strengths of this study is that one gene was investigated for a detailed 

representation of the polymorphisms and risk factors associated with diabetes found 

in this specific gene. One ethnic group controlled for BMI and age was investigated, 

giving specific information regarding the variants associated with that group. Fine 

mapping is usually published without control cohorts, the inclusion of age, BMI and 

HbA1c in the control group strengthens the association of mutations with T2DM. This 

was helpful as an association could be made between the genotyping results of the 

patient and control cohort. The NGS data could be compared between the patient 

and control subject as they were individually matching according to the specific 

criteria. 

 

The limitation is that one gene is being investigated in a disease that is multifactorial 

and thus will not give a complete picture of risk factors associated with T2DM in a 

population. A relatively small sample size was selected for NGS due to the depth of 

sequencing, financial constraints and data volumes to analyse. Another limitation is 

that only females are included in the study, the addition of males could give a more 

comprehensive view of variants present in the whole population. 

 

Further studies are required to confirm these observations. The prevalence of certain 

common variants associated with T2DM such as the Pro12Ala variant might be very 

different in the black South African population from Mangaung compared to the 

populations in Asia or Europe. This study support the broader thesis that the genetic 

background for the African population are very diverse and cannot be directly 

extrapolated using genetic variants from other ethnicities. It remains an important 

need for the identification of population-specific variants that are specifically linked to 

the black population in South Africa. The identification and description of a large 

number of novel genetic variants increasing susceptibility to T2DM will open up 

opportunities to translate this genetic information to the clinical practice and improve 

risk prediction. 
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SUMMARY 

Type 2 Diabetes Mellitus (T2DM) is a chronic metabolic disorder which is caused by 

a combination of an inadequate response to insulin secretion and a resistance to 

insulin action. The peroxisome proliferator-activated receptor gamma (PPARG) gene 

has been established as one of the major genes to have an impact on the risk of 

T2DM. The Pro12Ala polymorphism is one of the most common mutations found 

within PPARG and has been described in many different populations. 

 

However, it has not yet been established whether the Pro12Ala variant has a 

significant association with T2DM in the black, female South African population. The 

aim of this study was to screen for novel T2DM genetic risk factors in the PPARG 

gene and to determine the presence of previously identified T2DM genetic risk 

factors in black South-African women with T2DM. Quantitative PCR was performed 

on 184 black female South African participants that consisted of 93 patients 

diagnosed with T2DM and 91 control participants. Quantitative PCR was used to 

screen for the presence of the Pro12Ala polymorphism in the PPARG gene. Next 

Generation Sequencing (NGS) was performed on eight patients and eight control 

samples which were individually matched according to age and body mass index 

(BMI). NGS was used to identify novel polymorphisms which might be associated 

with T2DM and to detect the prevalence of previously described variants within the 

PPARG gene.  

 

The qPCR genotyping results showed that of the 184 participants, 183 had the 

Pro/Pro genotype and only one had the heterozygous Pro/Ala genotype. The Ala/Ala 

genotype was not detected in this study population. Although the study sample is 

only a small representation of the total population, it can be derived from the results 

that it is likely that the Ala/Ala genotype is rare in the population.  

 

Additionally, NGS results identified two variants within three individuals of the 

selected sample. The one variant (rs41516544) did not show any clinical relevance 

and is probably just a rare population variant. The other variant (rs3856806) is a 

well-described polymorphism and has been associated with having a protective 
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effect against T2DM and was present in a control participant. This variant might be 

significant in its association to T2DM in the black South African population but will 

have to be further investigated in future studies. 

 

Keywords: AmpliSeq™; Ion Torrent PGM™; Next generation sequencing; NGS 

data-analysis; Peroxisome proliferator-activated receptor gamma (PPARG); 

Pro12Ala; qPCR; Type 2 diabetes mellitus. 
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OPSOMMING 
 
Tipe 2 diabetes mellitus (T2DM) is 'n kroniese metaboliese afwyking wat veroorsaak 

word deur 'n kombinasie van 'n onvoldoende reaksie op insulien afskeiding en 'n 

weerstand teen insulien aksie. Die peroxisoom proliferator-geaktiveerde reseptor-

gamma 2 (PPARG-2) geen word beskou as een van die belangrikste gene wat 'n impak 

op die risiko van T2DM het. Die Pro12Ala polimorfisme is een van die mees algemene 

mutasies wat in die PPARG geen aangetref word en is al beskryf in verskillende 

bevolkingsgroepe. 

 

Dit is nog nie vasgestel of die Pro12Ala variant 'n beduidende assosiasie met T2DM in 

die swart, vroulike populasie van Suid-Afrika het nie. Die doel van hierdie studie was om 

te toets vir nuwe T2DM genetiese risikofaktore in die PPARG geen en om die 

teenwoordigheid van voorheen geïdentifiseerde T2DM genetiese risikofaktore in swart 

Suid-Afrikaanse vroue met T2DM te bepaal. Reële-tyd polimerase ketting reaksie 

(Reële-tyd PKR) is uitgevoer op 184 swart vroulike Suid-Afrikaanse deelnemers wat 

bestaan uit 93 individue wat met T2DM gediagnoseer is en 91 individue wat dien as 

kontroles. Reële-tyd PKR is gebruik om te toets vir die teenwoordigheid van die 

Pro12Ala polimorfisme in die PPARG gene. Volgende Generasie Volgordebepaling 

(VGV) is uitgevoer op agt pasiënte en agt kontrole individue wat ooreengestem het in 

terme van ouderdom en liggaamsmassa-indeks (BMI). VGV is gebruik om nuwe 

polimorfismes te identifiseer wat moontlik geassosieer kan word met T2DM en om die 

voorkoms van variante wat voorheen beskryf is in PPARG te bepaal. 

 

Die Reële-tyd PKR genotipering resultate het getoon dat van die 184 deelnemers 183 

die Pro/Pro genotype vertoon en net een die heterosigotiese Pro/Ala genotype het. Die 

Ala/Ala genotipe is nie teenwoordig in hierdie studiepopulasie nie. Alhoewel die 

studiepopulasie slegs 'n klein verteenwoordiging van die totale bevolking is dui die 

resultate daarop dat die Ala/Ala genotipe waarskynlik baie skaars in die bevolking is. 
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VGV resultate het 2 variante geïdentifiseer in drie individue van die studiegroep. Die 

een variant (rs41516544) het geen kliniese relevansie nie en is waarskynlik net 'n 

seldsame bevolkings variant. Die ander variant (rs3856806) is 'n goed beskryfde 

polimorfisme wat geassosieer is met 'n beskermende effek teen T2DM. Hierdie variant 

kan moontlik betekenisvol wees in die swart Suid-Afrikaanse bevolking, maar sal eers 

verder ondersoek moet word deur toekomstige studies. 

 

Kernwoorde: AmpliSeq™; Ion Torrent PGM™; Peroxisoom proliferator-geaktiveerde 

reseptor-gamma (PPARG); Pro12Ala; Reële-tyd PKR; Tipe 2 diabetes mellitus; 

Volgende generasie sequentiëring; VGV data analise. 
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APPENDIX A (1) 
 

 
Informed consent document example as used in study ECUFS 162/2012 (the same 

consent document was used in collection of both cohorts, and was translated into 

Afrikaans and South Sotho):  

Informed Consent for Genetic polymorphisms in black South Africans with Type 2 

Diabetes Mellitus from the central Free State area. 

 

I, ___________________(Principle Investigator name), am conducting a study to evaluate if 

there is a genetic cause of Type 2 diabetes mellitus (sugar disease) in the black population, 

for the purpose of obtaining a higher degree. To do this study, human blood is needed to 

assess genes inside the blood (genes are what you inherit from your mother and father – 

therefore it will be in your blood). In the study, weight, height and body composition will also 

be needed.  

You are invited to participate in this study by volunteering to give a small amount of your 

blood, and allowing me to measure your weight and height. If you agree, we would also like 

to keep your blood for further genetic tests to do future research. 

All blood will be drawn by a qualified professional nurse at the diabetes clinic. Three small 

tubes of blood (15ml) will be drawn from a vein in your arm. Your weight and height will be 

taken by a qualified dietician, trained to take these measurements. 

During the blood drawing process, you may experience discomfort and bruising at the site 

where the blood is drawn. 

You will not benefit financially from participating in this study, and there will be no costs to 

you. You will receive a light snack after blood has been drawn. Participating in this study will 

not have direct bearing on your normal medical treatment. No feedback can be given on 

genetic testing because the role of this gene on the population is still unknown. By 

participating in this study, you will make a contribution to help find if a gene generally linked 

to type 2 diabetes in black South Africans and thereby assist to help treat Type 2 diabetes 

mellitus in the future. 

The researcher will keep records of all the genetic information, weight, and height in a 

secure database. Only the researchers will know the identity of the study participants, 

because the blood will be marked with a number and not names.  
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The results of this study will be published once the study is completed. Should you feel that 

your participation in this study has been detrimental to you, please contact me at 

_____________ (Principle investigator phone number). 

Your signature on this form means that you understand the information given to you and 

that- you are volunteering to participate in this study. It also means that we may use your 

blood for other genetic studies after this study is completed. You can withdraw from this 

study at any time. If you are unhappy to have your blood stored for future research – it will 

be disposed of at the end of the study. If you have any sensitivity on how your blood should 

be disposed of please indicate how, when the blood is taken. These will be recorded and 

taken into account at the time of disposal. Your routine medical treatment will not be 

compromised in any way if you do.  

 

_______________________________    _______________________________ 

Signature of Participant      Signature of researcher 

 

Contact information for Ethical Committee if there are any ethical concerns. 

Contact number: 0514052812  
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APPENDIX A (2) 
 

 
Genetic Informed Consent example as used in study ECUFS 162/2012 (the same 

consent document was used in collection of both cohorts, and was translated into 

Afrikaans and South Sotho): 

 

Information document for genetic research for the study Genetic polymorphisms in 

black South Africans with Type 2 Diabetes Mellitus from the central Free State area. 

 

We are planning a research project on the genetic cause of type 2 diabetes mellitus and 

request your permission to draw your blood (10ml) and to use your DNA present in blood for 

further laboratory tests. 

Genes are what you inherit from your parents. They are found in every part of your body and 

therefore they will be present in blood.  

The findings of this study will not have direct bearing on your health management, but may 

eventually benefit others in terms of prevention or treatment of health conditions. 

You are free to refuse consent and you do not have to give reasons for doing so. 

Privacy and Confidentiality 

The following arrangements have been made to ensure privacy and confidentiality of your 

genetic information: 

 Your blood sample will be marked with a code and not your name. Only the Principle 

Investigator will therefore be able to identify the sample, but not technicians working with 

the sample.  

Results of research 

It is not intended to provide feedback because the association of the gene is still not clear. 

If research generates information about you which may be of relevance to the health of other 

family members, your consent will be sought before offering to disclose such information to 

the family members concerned. 

Family members 

Information about family members, in addition to that provided by you, is not required for the 

research. 

Your material and information will not be released for other uses other than research without 

consent, unless required by law. 
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Storage 

We would like to retain your blood and DNA for possible future research. 

The duration of storage will be maximum fifteen years. 

If you are unhappy to have your blood stored for future research, your genetic material and 

information will be disposed of at the end of this study, once the sample storage and record-

keeping requirements of good research practice have been met. 

Do you have any sensitivity on how your blood should be disposed of? If so, what are they?  

 

_________________________________________________________________________ 

 

These will be recorded and taken into account at the time of disposal. 

We can dispose of your genetic material even after the research has started since the 

samples are stored in an identifiable form. 

Voluntary Participation 

You do not have to agree to take part in this research and you are free to withdraw from the 

research at any time. Your routine medical treatment will not be compromised in any way if 

you do not participate. 

 

 

-------------------------------------    ------------------------------------------------ 

Signature of participant:     Signature of researcher 

Name :        Name:  

Date:         Date 
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APPENDIX B 

 
General/Terminology 

a. Command line 

The command line is a text interface which can be used to perform various 

computational tasks such as creating files and directories, navigating through files 

and folders, to execute software etc. Commands are executable programs written in 

Shell, Perl, Python, Ruby, etc. 

 

b. Shell script 

The Shell is a program that takes commands from the keyboard and passes them to 

the operating system. A shell script is a sequence of commands for which you have 

repeated use. Shell scripts can be created using any text editor such as vim, emacs, 

nano or gedit. On most Linux systems a program called bash (Bourne Again SHell) 

acts as the shell interpreter. 

 

c. A “terminal” 

A “terminal” is a program called a terminal emulator. This programs opens a window 

and allows you to interact with the shell. In Linux the gnome-terminal is commonly 

used. Gedit is the editor supplied with the Gnome desktop environment with a 

graphical interface. 

 

d. ASCII Table 

ASCII stands for American Standard Code for Information Interchange. ASCII was 

first introduced in 1968 as a method of encoding alphabetical and numerical data in 

digital format. ASCII code is standardized allowing computers and other electronic 

devices to exchange data with each other. 

 

e. FASTQ file 

FASTQ file format is a text-based format that is used for storing nucleotide sequence 

and its Phred quality scores. The quality score of each sequence letter is encoded 

with a single ASCII character (offset of 33). It provides a simple extension to the 

FASTA format. 
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The first line starts with the “@” character which is followed by the sequence 

identifier or sequence name. The second line 2 contains the raw sequence letters. 

The next line contains a single “+” character. The last line (line 4) encoding the 

quality values according to the ASCII code for the sequence in line 2. 

 

f. Phred 

Phred is a base calling program (Ewing et al., 1998). The Phred quality scores are 

used for assessing sequence quality, identification and removal of low-quality 

sequence (end trimming), and determination of accurate consensus sequences. 

 

Phred Quality 
Score 

Base call 
accuracy 

Probability of 
incorrect base call 

10 90% 1 in 10 

20 99% 1 in 100 

30 99.9% 1 in 1 000 

40 99.99% 1 in 10 000 

50 99.999% 1 in 100 000 

60 99.9999% 1 in 1 000 000 

 

g. For Loop 

The for loop allows you to iterate (repeat a process) over a series of 'words' within a 

string. It controls a sequence of repetitions. 

A basic for structure: 

 

 

The second line, “i”, is declared to be a variable that can take different values 

contained in “$”, followed by the commands in line 3 to 5. The loop is initialized in 

1 

2 
3 
4 

1  #/bin/bash 
2  for i in $[1..8] 
3 do 
4  … 
5 done 
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line 3 with “do” and upon fulfilment of the for loop is concluded in line 5 with “done”. 

In line 5 ‘done’ indicates that the code written in the loop is finished. The bounds of 

“i” is defined in “$[1..8]”. 

 

h. Nested Loops 

If one loop is placed inside the body of another loop it is called nesting. If two loops 

are “nested”, the outer loop takes control of the number of complete repetitions of the 

inner loop. 

 

i. “Echo” command 

The “echo” command is a shell built-in that prints out its text arguments to standard 

output. Thus, the command that you want to execute can be displayed before it is 

evaluated (before the shell acts on it).  

 

j. “Eval” command 

The “eval” (evaluate) command executes the command in the current script. 
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APPENDIX C 
 

 

Table 1: Table containing all the software used for NGS data analysis. 

NGS 
Software 

Reference 
Software 

Availability 
Open 

Source 
License 

File format 
required 

Output file URL 

BamTools Barnett et al., 2011 
Free 

download 
Yes MIT license BAM files FASTQ 

http://github.org/pezmast
er31/bamtools. 

PRINSEQ 
Shrestha et al., 

2014 
Free 

download 
Yes 

GNU Public 
License (GPL) 

FASTQ FASTQ 
http://prinseq.sourceforge

.net/  

Bowtie2 
Langmead et al., 

2009 
Free 

download 
Yes GPLv3 license FASTQ SAM file 

http://bowtie.cbcb.umd.ed
u 

SamTools Li et al., 2009 
Free 

download 
Yes 

BSD License, MIT 
License 

SAM BAM/mpileup 
http://www.htslib.org/dow

nload/ 

Varscan 2 Koboldt et al., 2012 
Free 

download 
Yes Non-Profit OSL 3.0 mpileup VCF/CSV 

http://varscan.sourceforg
e.net. 

Integrative 
Genomics 

Viewer (IGV) 

Robinson et al., 
2011 

Free 
download 

Yes 
GNU Lesser 

General Public 
License (LGPL) 

Sorted BAM None 
http://www.broadinstitute.

org/igv/download.  

http://www.gnu.org/copyleft/gpl.html
http://www.gnu.org/copyleft/gpl.html
http://prinseq.sourceforge.net/
http://prinseq.sourceforge.net/
http://bowtie.cbcb.umd.edu/
http://bowtie.cbcb.umd.edu/
http://varscan.sourceforge.net/
http://varscan.sourceforge.net/
http://www.opensource.org/licenses/lgpl-2.1.php
http://www.opensource.org/licenses/lgpl-2.1.php
http://www.opensource.org/licenses/lgpl-2.1.php
https://www.broadinstitute.org/software/igv/download
https://www.broadinstitute.org/software/igv/download
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APPENDIX D 
 

1. File conversion (BamTools) 

The basic format of a command used in BamTools: 

>bamtools convert –format fastq –in (file name).bam –out (file 

name).fastq 

 

2. Quality Control (PRINSEQ) 

a) Prinseq-lite without quality control parameters 

Table 2: Options used in the prinseq-lite command when no parameters were 

included. 

Input Option 

-fastq < filename-C$i.fastq / filename-P$i.fastq > 

Output Option 

–out_good <null> 

-out_bad <null> 

 

Command for running prinseq-lite for controls and patients, without any parameters:  

 
 

 

 

 

 

 

for e in C P 
for i in {1..8} 
do 

qc_graphs_c="prinseq-lite.pl -verbose -fastq filename-
$e$i.fastq -out_good null -out_bad null -graph_data 
$e$i-orig.gd" 
echo $qc_graphs_c 
eval $qc_graphs_c 

 
done 

done 
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b) Prinseq-graph without quality control parameters 

Table 3: The input and output options used in the prinseq-graph command 
when no parameters were included. 

Input Option 

-i <C$i-orig.gd/ P$i-orig.gd> 

Output Options 

-o <C$i-orig_graph/ P$i-orig_graph> 

-png all 

-html all 

 

Command for running prinseq-graph for controls and patients for data without QC. 

 
 

c) Prinseq-lite with quality control parameters 

Table 4: The parameters that was included when prinseq-lite was run. 

Input Option 

–fastq <filename-$k$i.fastq> 

Output Option 

–out_good <$k$i-QCed> 

-out_bad null 

Filter Option 

-min_len <40> 

 

 

For e in C P 
 

for i in {1..8} 
do 

qc_graphs_c="prinseq-graphs.pl -verbose -i $e$i-
orig.gd -o $e$i-orig_graph -png_all -html_all" 

  echo $qc_graphs_c 
  eval $qc_graphs_c 

 
done 

done 
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Trim Option 

-trim_qual_right <30> 

-trim_qual_type <min> 

-trim_qual_rule <lt> 

-trim_qual_window <10> 

-trim_qual_step <3> 

 

The command for running prinseq-lite with specific parameters included for quality 
control: 

 

 

d) Prinseq-graph with quality control parameters 

 
Table 5: The input and output options when prinseq-graph was run. 

Input Option 

-i <C$i-QCed.gd/ P$i-QCed.gd> 

Output Options 

-o <C$i-QCed_graph / P$i-QCed_graph > 

-png all 

-html all 

 

 

 

 

for e in C P 
do 
 for i in {1..8} 
 do 

trim_cmd="prinseq-lite.pl -verbose -fastq filename-
$e$i.fastq -out_good $e$i-QCed -out_bad null -
min_len 40 -trim_qual_right 30 -trim_qual_type min 
-trim_qual_rule lt -trim_qual_window 10 -
trim_qual_step 3" 

  echo $trim_cmd 
  eval $trim_cmd 
 done 
done 
 



APPENDICES 

120 
 

The command for running prinseq-graph with specific parameters included for quality 

control: 

 

 
3. Mapping  

The basic command running Bowtie2 

bowtie2 [options]* -x <bt2-idx> {-1 <m1> -2 <m2> | -U <r>} 

-S [<hit>] 

 

The basic command for running Bowtie-build 

bowtie2-build [options]* <reference_in> <bt2_base> 

 

3.1 Mapping to Chromosome 3 

Command for building indexes for Chr3: 

 

  

for e in C P 
 

for i in {1..8} 
do 

qc_graphs_c="prinseq-graphs.pl -verbose -i C$i-QCed.gd -
o C$i-QCed_graph -png_all -html_all" 

  echo $qc_graphs_c 
  eval $qc_graphs_c 
  
done 

done 

do 
bt2_build="bowtie2-build chr3_ref_hg19.fa chr3" 
echo $bt2_build 
eval $bt2_build 

done 
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Command for running Bowtie2 using Chr3 as reference: 

 

 
4. Conversion and Sorting (SAMtools mpileup) 

Mpileup files are generated with the following basic command: 

samtools mpileup -f [reference sequence] [BAM file(s)] 

>myData.mpileup 

 

Commands for building and sorting mpileup files from sorted BAM files: 

 

  

for e in C P 
do 
 for i in {1..8} 
 do 

bt_cmd="bowtie2 --end-to-end --sensitive -a -p 16 -q 
$e$i-QCed.fastq -x chr3 -S $e$i-bt2_pparg_chr3.sam" 
samtools_conv="samtools view -Sb $e$i-
bt2_pparg_chr3.sam > $e$i-bt2_pparg_chr3.bam" 
samtools_sort="samtools sort $e$i-bt2_pparg_chr3.bam 
$e$i-bt2_pparg_chr3_sorted" 
samtools_index="samtools index $e$i-
bt2_pparg_chr3_sorted.bam" 

  echo $bt_cmd 
  eval $bt_cmd 
  echo $samtools_conv 
  eval $samtools_conv 
  echo $samtools_sort 
  eval $samtools_sort 
  echo $samtools_index 
  eval $samtools_index 
   
 done 
done 

for e in C P  
do 
 for i in {1..8} 
 do 

samtools_cmd="samtools mpileup -f chr3_ref_hg19.fa 
$e$i-bt2_pparg_chr3_sorted.bam > $e$i-
bt2_pparg_chr3_sorted.mpileup" 

  echo $samtools_cmd 
  eval $samtools_cmd 
 done 
done 
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5. Variant calling 

The commands for calling SNPs by generating vcf and csv files using Varscan: 

 

  

for e in C P 
do 
 for i in {1..8} 
 do 

vcf_cmd="java -jar VarScan.v2.4.1.jar mpileup2snp 
$e$i-bt2_pparg_chr3_sorted.mpileup --output-vcf 1 > 
$e$i-bt2_pparg_chr3_sorted.vcf" 
csv_cmd="java -jar VarScan.v2.4.1.jar mpileup2snp 
$e$i-bt2_pparg_chr3_sorted.mpileup --output-vcf 0 > 
$e$i-bt2_pparg_chr3_sorted.csv" 

  echo $vcf_cmd 
  eval $vcf_cmd 
  echo $csv_cmd 
  eval $csv_cmd 
 done 
done 
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APPENDIX E 

 
Table 6: Table showing all patient samples collected. Included is the 

participant number, age, weight, height, BMI, HbA1c level and genotypes 

obtained from qPCR results. The individuals selected for NGS are shaded in grey. 

Participant 
Number 

Age  
(years) 

Weight 
(kg) 

Height 
(cm) 

BMI 
(kg/m2) 

HbA1c 
(%) 

Genotype 

P1 46 69.8 156 28.7 12.6 C/C 

P2 49 84.3 159 33.3 8.1 C/C 

P3 42 69.8 160 27.3 7.1 C/C 

P4 41 79.3 157 32.2 12.6 C/C 

P5 40 53.1 153 22.7 6.5 C/C 

P6 49 74.6 157 30.2 13.3 C/C 

P7 47 100.4 156 41.3 10.0 C/C 

P8 41 117.5 163 44.2 12.6 C/C 

P9 53 64.2 154 27.2 6.0 C/C 

P10 53 117.4 157 47.8 7.7 C/C 

P11 54 109.9 154 46.4 6.2 C/C 

P12 55 86.6 160 34.0 6.7 C/C 

P13 55 108.2 162 41.2 9.9 C/C 

P14 43 120.6 165 44.3 7.6 C/C 

P15 52 83.0 158 33.2 8.3 C/C 

P16 45 116.1 165 42.9 7.5 C/C 

P17 51 82.9 149 37.3 8.9 C/C 

P18 43 82.0 162 31.2 5.8 C/C 

P19 55 94.4 161 36.3 11.1 C/C 

P20 57 104.0 152 45.0 7.2 C/C 

P21 41 106.4 168 37.9 12.8 C/C 

P22 57 94.2 153 40.5 9.3 C/C 

P23 54 80.7 153 34.4 10.6 C/C 

P24 52 115.0 157 46.8 8.5 C/C 

P25 59 73.5 151 32.1 8.0 C/C 

P26 57 125.5 157 51.2 7.6 C/C 

P27 41 70.5 153 30.1 6.5 C/C 

P28 52 53.4 142 26.6 6.0 C/C 

P29 48 105.6 155 44.0 8.4 C/C 

P30 46 87.6 161 34.0 6.5 C/C 

P31 54 84.7 161 32.6 8.7 C/C 

P32 49 56.3 159 22.4 6.6 C/C 

P33 51 96.8 166 35.3 12.6 C/C 

P34 57 123.0 159 48.9 6.5 C/C 

P35 59 87.0 156 36.0 6.1 C/C 

P36 61 97.5 158 39.0 8.5 C/C 
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P37 60 82.5 157 33.4 7.7 C/C 

P38 46 52.3 156 21.5 12.3 C/C 

P39 56 128.2 166 46.5 8.5 C/C 

P40 60 121.4 162 46.3 8.3 C/C 

P41 50 60.9 152 26.3 13.8 C/C 

P42 52 79.4 157 32.1 11.7 C/C 

P43 50 130.6 161 50.2 8.2 C/C 

P44 51 101.4 151 44.4 6.8 C/C 

P45 49 106.0 160 41.6 5.3 C/C 

P46 59 93.3 152 40.4 8.3 C/C 

P47 56 84.8 172 28.7 5.6 C/C 

P48 38 90.6 159 35.9 11.7 C/C 

P49 44 79.2 152 34.4 7.7 C/C 

P50 48 82.3 158 32.9 8.4 C/C 

P51 60 80.1 150 35.8 7.4 C/C 

P52 53 101.9 160 39.8 9.6 C/C 

P53 51 93.9 147 43.5 8.7 C/C 

P54 57 58.5 152 25.5 7.8 C/C 

P55 46 86.1 162 32.7 9.5 C/C 

P56 57 81.6 153 34.8 13.2 C/C & C/G 

P57 47 73.3 164 27.3 6.8 C/C 

P58 35 97.3 159 38.5 10.0 C/C 

P59 40 127.2 156 52.2 7.8 C/C 

P60 39 66.7 153 28.5 12.3 C/C 

P61 60 121.2 157 49.4 8.6 C/C 

P62 56 67.7 145 32.2 5.7 C/C 

P63 44 52.4 148 23.9 5.8 C/C 

P64 54 121.6 169 42.6 6.7 C/C 

P65 49 96.2 158 38.7 10.9 C/C 

P66 55 74.7 164 27.9 12.5 C/C 

P67 45 83.8 163 31.5 10.9 C/C 

P68 57 70.8 150 31.5 8.9 C/C 

P69 53 78.3 155 32.8 6.4 C/C 

P70 60 109.1 150 48.8 10.7 C/C 

P71 41 73.5 152 31.8 5.5 C/C 

P72 60 101.8 157 41.3 6.8 C/C 

P73 56 63.0 146 29.6 7.1 C/C 

P74 48 67.0 161 25.8 10.6 C/C 

P75 59 90.3 156 37.1 6.1 C/C 

P76 46 81.6 162 31.1 6.2 C/C 

P77 59 125.3 162 47.7 9.2 C/C 

P78 57 60.0 155 25.0 7.3 C/C 

P79 49 100.2 166 36.3 10.3 C/C 

P80 47 100.9 167 36.2 13.1 C/C 

P81 50 84.4 157 34.2 9.8 C/C 

P82 51 79.9 154 33.7 5.9 C/C 
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P83 49 60.6 152 26.2 15.8 C/C 

P84 42 123.6 159 48.9 7.9 C/C 

P85 59 89.2 163 33.8 8.4 C/C 

P86 43 75.5 149 34.0 10.0 C/C 

P87 59 74.9 152 32.6 8.0 C/C 

P88 53 72.9 170 25.2 9.6 C/C 

P89 41 69.6 164 25.9 8.2 C/C 

P90 44 98.0 160 38.3 6.0 C/C 

P91 47 89.0 155 37.0 7.1 C/C 

P92 41 60.0 153 25.6 11.3 C/C 

P93 60 82.0 145 39.0 9.4 C/C 

 
Table 7: Table showing all control samples collected. Included is the 

participant number, age, HbA1c level (percentage), weight, height and BMI. The 

individuals selected for NGS are shaded in grey. 

Participant 
Number 

Age 
(years)  

Weight 
(kg) 

Height 
(cm) 

BMI 
(kg/m2) 

HbA1c 
(%) 

Genotype 

C1 45 74.3 158 29.8 6.1 C/C 

C2 48 85.5 157 34.7 4.9 C/C 

C3 40 65.8 157 26.7 5.4 C/C 

C4 41 81.3 161 31.4 5.0 C/C 

C5 40 53.7 160 21.0 5.6 C/C 

C6 49 71.0 151 31.1 4.8 C/C 

C7 46 96.0 152 41.6 5.8 C/C 

C8 41 114.0 162 43.4 5.8 C/C 

C9 46 96.6 156 39.7 5.5 C/C 

C10 49 69.5 154 29.3 4.3 C/C 

C11 57 76.4 153 32.6 5.9 C/C 

C12 59 109.6 164 40.7 5.6 C/C 

C13 58 75.2 169 26.3 5.5 C/C 

C14 54 95.8 163 36.1 4.9 C/C 

C15 54 64.1 162 24.4 4.5 C/C 

C16 59 99.5 151 43.6 5.5 C/C 

C17 46 75.8 166 27.5 4.8 C/C 

C18 39 67.4 148 30.8 5.2 C/C 

C19 41 59.7 149 26.9 5.0 C/C 

C20 40 79.0 163 29.7 5.9 C/C 

C21 53 79.7 157 32.3 5.9 C/C 

C22 58 82.9 168 29.4 6.1 C/C 

C23 59 102.3 169 35.8 5.0 C/C 

C24 53 93.7 152 40.5 5.4 C/C 

C25 45 77.3 157 31.4 5.8 C/C 

C26 57 83.9 149 37.8 5.8 C/C 

C27 52 86.9 153 37.1 5.2 C/C 



APPENDICES 

126 
 

C28 43 83.4 160 32.6 5.3 C/C 

C29 52 67.8 146 31.8 5.7 C/C 

C30 59 52.0 146 24.4 5.6 C/C 

C31 62 82.2 164 30.6 5.6 C/C 

C32 46 81.7 149 36.8 5.8 C/C 

C33 52 100.0 156 41.1 6.1 C/C 

C34 53 95.3 166 34.6 5.3 C/C 

C35 45 73.0 156 30.0 5.2 C/C 

C36 57 111.9 159 44.3 5.4 C/C 

C37 50 78.1 158 31.3 5.7 C/C 

C38 51 64.0 148 29.2 5.4 C/C 

C39 43 107.1 153 45.8 5.4 C/C 

C40 58 79.0 158 31.7 5.5 C/C 

C41 53 85.9 151 37.7 5.7 C/C 

C42 41 105.0 149 47.3 5.8 C/C 

C43 57 101.3 164 37.7 6.3 C/C 

C44 54 89.0 165 32.7 5.8 C/C 

C45 42 91.1 154 38.4 5.9 C/C 

C46 52 81.2 168 28.8 5.6 C/C 

C47 45 87.7 157 35.6 6.1 C/C 

C48 61 77.1 155 32.1 5.8 C/C 

C49 49 113.0 163 42.5 5.4 C/C 

C50 48 63.1 164 23.5 5.6 C/C 

C51 51 78.7 157 31.0 5.4 C/C 

C52 62 70.8 162.2 28.0 4.9 C/C 

C53 37 89.4 154 37.0 5.3 C/C 

C54 44 105.9 174.4 33.0 6.4 C/C 

C55 40 116.9 158.5 41.0 5.6 C/C 

C56 42 87.4 159 35.0 5.4 C/C 

C57 55 62.5 157 25.0 5.8 C/C 

C58 37 101.0 150.3 45.0 4.9 C/C 

C59 47 85.2 155.3 36.0 5.6 C/C 

C60 37 91.0 167.2 32.0 5.4 C/C 

C61 61 65.0 151.5 29.0 5.6 C/C 

C62 48 89.9 160.5 35.0 5.5 C/C 

C63 53 62.8 150 28.0 5.2 C/C 

C64 62 59.2 145.2 28.0 5.4 C/C 

C65 40 85.2 164.7 32.0 5.1 C/C 

C66 60 99.3 154.5 41.0 5.6 C/C 

C67 46 105.0 158.8 42.0 5.2 C/C 

C68 56 110.0 156.4 44.0 5.3 C/C 

C69 55 71.8 154.8 29.0 5.0 C/C 

C70 52 58.3 146.8 26.0 5.6 C/C 

C71 58 71.9 159 28.0 6.1 C/C 

C72 52 83.0 154 34.0 5.5 C/C 

C73 36 82.7 154 34.9 5.4 C/C 
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C74 40 65.0 152 28.1 4.8 C/C 

C75 38 55.3 157 22.4 5.4 C/C 

C76 49 120.1 164 44.7 5.6 C/C 

C77 41 68.7 158 27.5 6.3 C/C 

C78 38 97.0 168 34.3 5.2 C/C 

C79 52 81.0 176 26.5 5.2 C/C 

C80 53 86.5 160 33.8 5.3 C/C 

C81 46 100.5 155 41.8 5.9 C/C 

C82 62 65.9 171 22.5 5.7 C/C 

C83 41 81.0 157 32.9 4.9 C/C 

C84 53 70.3 159 27.8 6.0 C/C 

C85 36 106.0 160 41.4 5.8 C/C 

C86 44 64.5 152 27.0 5.4 C/C 

C87 38 77.1 160 30.1 5.9 C/C 

C88 49 72.0 151 31.6 5.8 C/C 

C89 41 103.0 163 38.8 5.1 C/C 

C90 44 103.9 157 42.2 5.7 C/C 

C91 57 73.0 163 27.5 6.4 C/C 
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APPENDIX F 
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APPENDIX G 

 

1. Quality Control Results 

1.1 Input Information 

Tables 8 and 9 show the Input Information for Control 1 (C1) consisting of the file 

name (Filename-C1.fastq) followed by the file format, the difference in number 

sequences and total bases. 

 
Table 8: Input Information before QC. 

 

Table 9: Input Information after QC. 

Input file(s): C1-QCed.fastq 

Input format(s): FASTQ 

# Sequences: 191,373 

Total bases: 36,556,410 

 

1.2 Length Distribution 

The graphs generated in PRINSEQ show the mean length (M) and the length for one 

and two standard deviations (1SD and 2SD). The M, 1SD and 2SD were indicators 

of which parameters to select for the data pre-processing (Figure 1 and 2). Table 10 

and 11 gives the length distribution statistics before and after QC was performed. 

The graphical representation of the length distribution before and after is illustrated in 

Figure 1 and 2. 

  

Input file(s): Gerda-C1.fastq 

Input format(s): FASTQ 

# Sequences: 214,906 

Total bases: 48,384,147 
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Table 10: Length Distribution before QC. 

Mean sequence length: 225.14 ± 81.35 bp 

Minimum length: 25 bp 

Maximum length: 524 bp 

Length range: 500 bp 

Mode length: 212 bp with 5,237 sequences 

 

 

Figure 1: Length distribution in a graphical format before QC was performed. 
 
Table 11: Length Distribution after QC. 

Mean sequence length: 191.02 ± 75.15 bp 

Minimum length: 40 bp 

Maximum length: 452 bp 

Length range: 413 bp 

Mode length: 177 bp with 3,029 sequences 

 



APPENDICES 

131 
 

 
 
Figure 2: Length distribution in graphical format after QC was performed. 
 

1.3 Base qualities 

Figure 3 and 5 below indicate the quality score across the reads position (in %) 

before and after QC. PRINSEQ provides an additional plot that shows the 

distribution of sequence mean quality scores of a dataset, indicated by Figure 4 

(before QC) and Figure 5 (after QC). 

 

 
Figure 3: This graph shows the quality scores of the sequences across the 
read length before QC. 
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Figure 4: The distribution of mean sequence quality scores of a dataset before 
QC. 

 
Figure 5: This graph shows the quality scores of the sequences across the 
read length after QC. 
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Figure 6: Graph that shows the distribution of mean sequence quality scores 
of a dataset after QC. 
 

1.4 Sequence Duplication 

The following plots show the number of sequence duplicates for different lengths 

before and after QC. Table 4.11 and 4.12 provides a summary of the data depicted 

in Graph 4.9 and 4.10. The tables show the different duplicated which were detected 

as well as the total amount of duplicates in the sequence data and how it changed 

after QC was performed. 

 

Table 12: Sequence Duplication before QC. 

 
# Sequences 

Max 

duplicates 

Exact duplicates: 129,403  (60.21 %) 2094 

Exact duplicates with reverse complements: 1,338  (0.62 %) 3 

5' duplicates 13,506  (6.28 %) 11 

3' duplicates 2,048  (0.95 %) 6 

5'/3' duplicates with reverse complements 935  (0.44 %) 2 

Total: 147,230  (68.51 %) - 
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Figure 7: Graph showing the number of duplicates for the different read 

lengths before QC. The different duplicates are indicated by the different colours 

seen in the heading. 

 

Table 13: Sequence Duplication after QC. 

 
# Sequences 

Max 

duplicates 

Exact duplicates: 128,501  (67.15 %) 1281 

Exact duplicates with reverse complements: 107  (0.06 %) 2 

5' duplicates 28,223  (14.75 %) 14 

3' duplicates 957  (0.50 %) 4 

5'/3' duplicates with reverse complements 1,018  (0.53 %) 2 

Total: 158,806  (82.98 %) - 
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Figure 8: Graph showing the number of duplicates for the different read 

lengths after QC. The different duplicates are indicated by the different colours seen 

in the heading. 

 

1.5 Tag Sequences 

Figure 9 shows the base frequencies across the reads present. If the distribution of 

nucleotides is uneven, it could indicate some residual tag sequences. The equal 

distribution of the different nucleotides indicates that no sequence tags were present. 

This was expected due to pre-analysis with Ion Torrent Suite™. 

 

 

Figure 9: Illustrate the frequency of each base at the specific position at the 5’ 

end (A) and 3’ end (B). 

 

2. Visualization of NGS data 

Figure 10 shows a series of images saved as PNG files from the IGV panel during 

visualization of analysed data. These figures illustrate different aspects of the 

visualization process and give an oversight of how the SNP’s in each sample were 

visually analysed and confirmed. Figure 10 shows a succession of images from one 

A B 
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sample, Control 3 (C3) mapped against Chr3 (FASTA file) with increased 

magnification. C3 was selected as an example because this was one of three 

individuals containing a SNP within the coding region of PPARG. 

 

BED files were created in UCSC of each reference file that was used for mapping. 

The BED files were loaded as additional tracks in IGV to allow for easy visualization 

and comparison of the read sequences to the references. For this example, a 

FASTA file of Chr3 was loaded from our file system to IGV as a reference.  

 

Figure 10 Image A shows a 12 Mb section of Chr3 with the different genes present 

on that part of the chromosome. The PPARG gene is located at the end of this part 

of Chr3.The AmpliSeq™ design is indicated in blue below the Chr3 BED file. The 

VCF file indicates the mutations that were called by Varscan. The sample track is 

only visible with a higher magnification. A closer view, Image B shows an expanded 

view of the PPARG gene with the different isoforms. The AmpliSeq™ design is clear 

on this image, showing the regions the design covers. The AmpliSeq™ design 

perfectly aligns to the exons seen on the different isoforms.  Image C displays the 

mapped reads the PPARG gene. The forward and reverse reads are depicted in pink 

and purple respectively. The read depth is indicated in grey above the mapped 

reads.  Image D is a view of the mapping across the last exon (exon 6) and the 3’ 

UTR of PPARG. Two SNP’s are called on this image, the first is present in exon 6 

and the second outside the PPARG gene. This image also show the 100 bp padding 

added by the AmpliSeq™ design where the ampliseq track overlaps. Image E is a 

close view of an SNP (variant) called by Varscan. As indicated by the combination of 

red and blue this is a heterozygous SNP. The yellow colour variation across the 

reads indicate where the sequence is different and specifically illustrate an A to G 

change. The translation is indicated in all three frames. 
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Figure 10 (A-E): This figure shows a series of PNG images from the IGV server 

illustrating different features and information regarding data analysis.  

A- A 12 Mb section of Chr3. The Chr3 BED file is loaded in the IGV track and the 

AmpliSeq™ design track is indicated in blue below the BED file. 

B- A closer view, showing the three PPARG isoforms in the track, with the 

AmpliSeq™ design corresponding to the PPARG exons. The variants called 

are indicated in red and blue. 

C- The reads are displayed mapping to the PPARG exons. 

D- An enlarged view of the 3’ end of the PPARG gene. The read depth is 

indicated in grey with forward and reverse reads depicted in pink and purple 

respectively.  

E- A magnified image illustrating an SNP called by Varscan. The translation of 

the sequence is shown in all three frames. 

D 

E 
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APPENDIX H 

Table 14: List of all mutations found in the PPARG gene. These include mutations found in the exons, intronic regions, UTR’s 

and 100bp padding outside (o/s) the PPARG gene. The mutations discussed in the results section is highlighted in grey. 

Participant Number Position  Reference Alternate Heter/Homo 
ADP (read 

depth) 
Intron, Exon, UTR, 

100bp padding Exon 

C1 1 12329562 G C Heter 276 Intron   

 
2 12475904 T C Heter 47 100 bp padding o/s PPARG   

C2 1 12330143 T G Heter 145 Intron   

 
2 12330574 A T Heter 401 Untranslated Exon A1 

 
3 12354030 T C Heter 340 Intron   

 
4 12421445 T C Heter 1343 Intron   

 
5 12475794 A G Heter 163 3' UTR   

 
6 12475904 T C Heter 29 100 bp padding o/s PPARG   

C3 1 12329562 G C Heter 77 Intron   

 
2 12353993 G A Heter 317 Intron   

 
3 12423113 G C Heter 222 Intron   

 
4 12434272 A T Heter 471 Intron   

 
5 12475497 A G Heter 561 Exon Exon 6  

 
6 12475904 T C Heter 25 100 bp padding o/s PPARG    

C4 1 12475162 A C Heter 331 Intron   

C5 1 12353993 G A Heter 75 Intron   

 
2 12423113 G C Heter 46 Intron   

 
3 12475162 A C Heter 154 Intron   

 
4 12475794 A G Heter 69 3' UTR   

C6 1 12353993 G A Heter 673 Intron   

 
2 12423113 G C Heter 707 Intron   

 
3 12475557 C T Heter 400 Exon Exon 6 
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4 12475904 T C Heter 45 100 bp padding o/s PPARG   

C7 1 12475162 A C Heter 1042 Intron   

 
2 12475927 C T Heter 209 100 bp padding o/s PPARG   

C8 1 12330143 T G Heter 283 Intron   

 
2 12330574 A T Heter 196 Untranslated Exon A1 

 
3 12475794 A G Heter 439 3' UTR   

 
4 12475904 T C Heter 67 100 bp padding o/s PPARG   

P1 1 12330143 T G Heter 225 Intron   

 
2 12330574 A T Heter 428 Untranslated Exon A1 

 
3 12423113 G C Heter 629 Intron   

 
4 12434070 G C Heter 441 Intron   

P2 1 12475904 T C Heter 49 100 bp padding o/s PPARG   

 
2 12475927 C T Heter 97 100 bp padding o/s PPARG   

P3 1 12329562 G C Heter 264 Intron   

 
2 12353993 G A Heter 631 Intron   

 
3 12423113 G C Heter 718 Intron   

 
4 12434070 G C Heter 563 Intron   

P4 1 12330143 T G Heter 342 Intron   

 
2 12330574 A T Heter 520 Untranslated Exon A1 

 
3 12353993 G A Heter 774 Intron   

 
4 12421089 C T Heter 1322 Intron   

 
5 12423113 G C Heter 728 Intron   

 
6 12475497 A G Heter 1579 Exon Exon 6 

P5 
 

NONE             

P6 
 

NONE             

P7 1 12434272 A T Heter 2161 Intron   

 
2 12475904 T C Heter 33 100 bp padding o/s PPARG   

P8 
 

NONE             
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