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Summary 

 
South Africa has a heavy burden of tuberculosis (TB) which is exacerbated by the concurrent 

epidemic of HIV. Molecular techniques have been used in most developed countries to 

investigate the dynamics of the TB epidemic, but despite the high prevalence of TB in sub-

Saharan Africa, little data on strain types are available outside of the Western Cape. This study 

aims to provide information on the genotypic characteristics of multidrug-resistant (MDR) 

Mycobacterium tuberculosis strains in Johannesburg. Patient data obtained from the National 

Health Laboratory Service (NHLS) referral TB diagnostic laboratory and from Sizwe hospital, a 

MDR-TB referral hospital, were used to determine the risk factors for treatment outcomes in 

patients with MDR tuberculosis.  

Multidrug-resistant M. tuberculosis isolates from over 100 clinics and hospitals in Johannesburg 

were stored for the study. Spoligotyping and MIRU-VNTR were used to genotype the strains. 

Drug susceptibility profiles showed that 238 (55%) of the 434 M. tuberculosis isolates tested 

were resistant to streptomycin and ethambutol, in addition to being resistant to rifampicin and 

isoniazid. A comparison of spoligotyping results with the international spoligotyping database 

(SITVIT2) showed a total of 50 shared international types (SITs). Forty-five shared types, 

containing 417 isolates (96%) matched a pre-existing shared type whereas 5 shared types 

(containing 11 isolates) were newly created. Diverse strain types were noted, with Beijing, LAM, 

EAI, T, S, H and X families being dominant. Spoligotype defined families were split into sub-

clusters by MIRU typing, resulting in 76 MIRU international types (MITs), containing 389 

isolates and 45 orphan isolates.  

Spoligotyping showed lower discrimination (Hunter-Gaston discriminative index (HGDI) of 

0.917) compared with MIRU typing (HGDI = 0.957) but there was no remarkable difference in 
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the discriminatory power of combined spoligotyping and MIRU (HGDI = 0.962) compared with 

MIRU typing used alone. Twenty-four loci MIRU-VNTR typing was performed on strains from 

Beijing and CAS, EAI and H families to identify loci with high discriminatory power in our 

region. The proposed 15 MIRU-VNTR locus combination, together with MIRU 39, was found to 

be sufficient as a secondary typing method for the routine epidemiological investigation of the 

Beijing family isolates. Non-Beijing families could be sufficiently differentiated by the 15 MIRU 

locus combination.   

 

This study also describes the treatment outcomes of 351 MDR-TB patients at Sizwe hospital, 

who started treatment between 2004 and 2007, and investigates possible risk factors associated 

with poor outcomes. Final treatment outcome was available for 324 (92%) of the patients. 

Treatment success (completion and cure) was recorded in 158 (48.8%) of patients, while 73 

(22.5%) had poor outcomes and 93 (28.7%) defaulted.  Eleven (3.1%) patients were transferred 

out to another health facility and 16 (4.6%) had no recorded final outcome.  

 

The proportion of successful treatment increased significantly over time. Univariable and 

multivariable analysis (P = 0.05) identified the year of MDR-TB diagnosis and spoligotype-

defined families as factors associated with treatment outcome. No associations were found 

between treatment outcome and HIV status, previous TB and additional MDR resistance to either 

streptomycin or ethambutol. The patient isolates were also characterised molecularly, 

complementing the study of isolates from Johannesburg alone, and providing information for the 

Gauteng Province.  
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A sub-study illustrating genotypic diversity of the families constituting extensively drug-resistant 

TB (XDR-TB) strains in South Africa was conducted subsequent to the nosocomial outbreak in 

KwaZulu Natal (KZN). The results show that multiple, parallel development of resistance, rather 

than transmission alone, also plays an important role in the incidence of this extended form of 

resistance.  
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CHAPTER 1: General Introduction 

1.1 Tuberculosis 

1.1.1 History 

The burden of disease and death caused by tuberculosis (TB) makes it one of the most important 

and dangerous diseases in the history of human-kind. It was responsible for epidemics in Europe 

and North America during the 18th and 19th century, and has once again reached global epidemic 

proportions (Daniel 2006, Herzog 1998, WHO 2009b). A third of the world’s population are 

currently thought to be infected with Mycobacterium tuberculosis (M. tuberculosis), the 

causative agent for TB. In 2008, there were 9.4 million new cases estimated worldwide, with 

mortality estimated at 1.8 million. This equates to 4500 deaths a day (WHO 2009b). 

 

M. tuberculosis has been present in the human population since the beginning of recorded history 

(Gutierrez et al. 2005). The genus Mycobacterium is presumed to have originated more than 150 

million years ago (Daniel 2006) and an early progenitor of M. tuberculosis is thought to have 

been present in East Africa three million years ago, and to have co-evolved with early hominids 

at that time (Gutierrez et al. 2005). Modern members of the M. tuberculosis complex are thought 

to have originated from a common ancestor approximately 35,000 – 15,000 years ago (Gutierrez 

et al. 2005) and to have evolved clonally (Warren et al. 2001, Sola et al. 2001, Supply et al. 

2003).   
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The earliest evidence of TB disease in Egypt was documented around 5000 years ago, and comes 

from skeletal deformities, including Pott’s deformities observed in Egyptian mummies and also 

depicted in Egyptian art (Daniel 2006). The study of genetic material in such ancient tissues 

using modern molecular techniques has proven beyond any doubt that TB is an ancient disease 

and that it was widespread in ancient Egypt and Rome (Zink et al. 2003, Donoghue et al. 2004).  

 

Written descriptions of tuberculosis (phthisis; consumption) are well documented in Greek 

literature around the time of Hippocrates (460 -370BC) (Daniel 2006). The disease is said to 

have been widespread, mostly affecting young populations, and that treatment at that time 

included fresh air, milk and sea voyages (Daniel 2006). Treatment of TB (King’s Evil or 

scrofula) in the middle ages proposed cures such as the touch of the sovereigns of England and 

France (Daniel 2006, Herzog 1998) but since the etiology of the disease was poorly understood 

at that time, these efforts to cure the disease were ineffective. New theories on the etiology and 

transmission of TB emerged during the European Renaissance (Daniel 2006) but even with the 

new knowledge, there was still much debate about the etiology, with some researchers believing 

TB to tumorous and hereditary and others believing it to be infectious (Herzog 1998). More 

accurate pathological and anatomical descriptions of the disease began to appear in the 17th 

century (Daniel 2006).  Evidence of the infectious nature of TB was first suggested by Benjamin 

Marten in 1790, describing the infectious agents as minute living creatures which, once they 

entered the body, produced lesions and symptoms of phthisis (Daniel 2006).  
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Subsequent experiments performed on rabbits by French military surgeon Jean-Antoine Villemin 

convincingly demonstrated the infectious nature of TB (Herzog 1998, Cardoso Leao, Portaels 

2007). In 1882, Robert Koch presented definitive evidence on the causative agent, the tubercle 

bacillus, both grown on culture and visualized as rods under the microscope (Kaufmann, 

Schaible 2005), and finally settled the speculation regarding the causative agent.  

1.1.2 M. tuberculosis: Bacteriological Overview 

M. tuberculosis, the causative agent of TB in humans is a Gram-positive rod-shaped bacterium 

that is non-motile, has no capsule and does not form spores nor produce toxins (Ducati et al. 

2006). The microbe’s width and length vary from 0.3 to 0.6 µm and 1 to 5 µm, respectively. It is 

characterized by a thick and complex lipid rich cell wall which is commonly associated with 

pathogenesis (Zuber et al. 2008, Reed et al. 2004, Rocha-Ramirez et al. 2008) and considerably 

slow growth (Ducati et al. 2006). Currently, there are 130 known species among the 

Mycobacterium genus (Gutierrez et al. 2009) most of them being saprophytic soil bacteria and a 

minority of these species is pathogenic to humans, causing mycobacterial disease (M. 

tuberculosis, M. bovis, and M. africanum) and leprosy (M. leprae) (Smith et al. 2009, Monot et 

al. 2005). Members of the M. tuberculosis complex include M. tuberculosis, M. bovis, M. 

africanum, M. pinnipedii, M. caprae, M. microti and M. canetti (Cousins et al. 2003, Aranaz et 

al. 2003, Pfyffer et al. 1998, van Soolingen et al. 1998, van Soolingen et al. 1997, Mostowy et 

al. 2004).  

 

 It is believed that mycobacterial ancestors came from the soil, and that the human bacillus may 

have been derived from the bovine form (M. bovis), probably through cattle domestication by 

pre-dynastic Egyptians (Gutierrez et al. 2005, Smith et al. 2009, Wirth et al. 2008).  
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The current modern strains of M. tuberculosis fall into six major lineages (Brudey et al. 2006, 

Filliol et al. 2002), which vary in their global distribution (Brudey et al. 2006, Filliol et al. 2002, 

Filliol et al. 2003).  

 

TB is spread from person-to-person through the air by droplet nuclei which are produced when 

persons with pulmonary or laryngeal tuberculosis cough, sneeze, speak or sing (Frieden et al. 

2003). Droplet nuclei can also be generated during aerosol treatments, sputum induction, 

aerosolization during bronchoscopy, and through manipulation of lesions or processing of tissue 

or secretions (Tang et al. 2006). Due to their small size, droplet nuclei can remain airborne for 

minutes to hours after expectoration (Nardell 2004). When inhaled, droplet nuclei are carried 

down the bronchial tree and implant in respiratory bronchioles or alveoli in the lungs. Whether or 

not an inhaled tubercle bacillus establishes an infection in the lung depends on both bacterial 

virulence and the inherent microbicidal ability of the alveolar macrophage that ingests it (Frieden 

et al. 2003, Dannenberg 1989). Individuals with dormant TB infection are not infectious and thus 

cannot transmit M. tuberculosis. Approximately 10% of individuals who acquire TB infection 

and are not given appropriate therapy will develop active TB disease, with the highest risk 

occurring in the first two years after infection (Comstock 1982).  

 

TB accounts for extraordinarily high rates of morbidity and mortality worldwide primarily 

because of its ability to persist for long periods of time in the face of an active immune response, 

and to adapt rapidly to the changing conditions inside and outside the host (Ulrichs, Kaufmann 

2002, Honer zu Bentrup, Russell 2001). M. tuberculosis remains dormant until the balance 

between bacillary persistence and the immune response gets disturbed (Honer zu Bentrup, 
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Russell 2001). Causes of an impaired host response include; age, malnutrition, excessive use of 

steroids, uncontrolled diabetes mellitus, renal failure, underlying malignant disease, 

chemotherapy, Human Immunodeficiency Virus (HIV). All the above mentioned factors can 

result in reactivation of bacilli resulting in clinical manifestations of tuberculosis (Honer zu 

Bentrup, Russell 2001, Wilkinson et al. 2000). 

1.1.3 Global Burden of TB 

After more than 30 years of decline, TB recaptured the attention of the global community when 

outbreaks of strains resistant to multiple anti-tuberculosis (anti-TB) drugs were reported in the 

early 90s in the United States, mainly associated with HIV-infected persons and causing high 

fatality rates (Centers for Disease Control (CDC) 1991). The World Health Organization (WHO) 

formally recognized TB as a major public health problem in 1993, resulting in an increase in 

global health efforts to control the disease (Weyer et al. 2004). The global trend in incidence 

however still seems to be increasing despite efforts to control the disease. In 2004 the TB 

incidence was an estimated 8.9 million cases, with approximately 1.7 million people dying from 

disease, including those co-infected with HIV (WHO 2004). There was a slight decrease in 

global TB incident cases in 2005 (8.8. million cases) and 7.4 million of these were from Asia and 

sub-Saharan Africa (WHO 2005). A total of 1.6 million people died of TB in that year, including 

195 000 people infected with HIV (WHO 2005). Currently, TB incidence is estimated at 9.4 

million cases worldwide (Figure 1.1), including 1.4 million cases among people with HIV (WHO 

2009a). Twenty-two countries worldwide account for approximately 80% of the estimated 

number of new TB cases arising each year, and South Africa currently ranks third on that list 

(WHO 2009a).  



 

6 
 

The main reasons contributing to the exceptionally high TB burden in these countries include 

poverty, poor programme management, population increase and most importantly, the impact of 

HIV/AIDS (Corbett et al. 2003). 

 

 
Figure 1.1

 
: Estimated TB incidence rates, 2008. Source: WHO report, 2009 

1.2 TB and HIV 

TB and HIV form a lethal combination because they fuel each other’s progress (Daley et al. 

1992, Morozova et al. 2003). HIV not only increases the risk of reactivating latent M. 

tuberculosis infection, it also increases the risk of rapid progression to disease after infection or 

re-infection (Mariani et al. 2001, Goletti et al. 1996, Havlir, Barnes 1999, Small et al. 1993). In 

people not co-infected with TB and HIV, the lifetime risk of developing TB ranges from 5 to 

10%. Co-infection, however, can increase the risk to above 10% per year (Corbett et al. 2003, 

Havlir, Barnes 1999).  
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TB is also the leading cause of death in the developing world among HIV-infected people; in 

2008 alone there were an estimated 500 000 deaths among incident cases who were HIV-positive 

(WHO 2009a). The diagnosis of TB in HIV-positive persons is difficult because HIV infection 

complicates the clinical presentation of active TB through its effect on the immune system (De 

Cock et al. 1992). TB-HIV co-infected patients, and in particular patients with AIDS, together 

with active pulmonary TB often have sputum negativity, atypical chest radiographic results as 

well as increased incidence of extra-pulmonary TB (Geng et al. 2005).  

 

These findings lead to misdiagnosis or delays in TB diagnosis when using conventional 

diagnostic methods and, as a result, higher morbidity and mortality (Geng et al. 2005, Yu et al. 

2008, Saraceni et al. 2008).  Treatment is also often challenging in HIV co-infected patients 

mostly due to interactions between drugs used in the treatment of both diseases, the severe side 

effects associated with these therapies (Dean et al. 2002), and the development of TB-associated 

immune reconstitution inflammatory syndrome (IRIS) (Murdoch et al. 2008). Furthermore, poor 

compliance with treatment can result in the development of drug-resistant strains (Wells et al. 

2007).  

 

Patients with TB-HIV co-infection have a high mortality risk (Ciglenecki et al. 2007, Haar et al. 

2007) and this risk is elevated when patients are infected with drug-resistant TB (Wells et al. 

2007, Cox et al. 2008, Gandhi et al. 2006, Gandhi et al. 2010).  The effective management of TB 

in HIV-infected persons requires solutions to the above mentioned challenges. 
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Timing of the initiation of treatment must be optimized; TB-HIV co-infected patients need to be 

provided with safe and effective treatment combinations, and rapid and accurate diagnostic tools 

need to be developed for the detection of active and latent TB.  

1.3 TB Chemotherapy and the Development of Drug Resistance 

Anti-tuberculosis drug treatment started in 1944 with the discovery of streptomycin (STR) and 

P-aminosalicylic acid (PAS) (Daniel 2006, Herzog 1998). A study done in 1950 comparing the 

efficacy of SM and PAS both when used alone and in combination showed that the combined 

therapy was more effective (Wada 2007, Jawahar 2004). This resulted in the first multidrug anti-

TB treatment approach. The addition of isoniazid (INH) in 1952 to the treatment regimen further 

improved treatment efficacy, increasing cure rates to up to 100% in some cases (Jawahar 2004). 

The duration of treatment was still lengthy, however, and lasted for 18 to 24 months; but this 

changed in 1960 when ethambutol (EMB) substituted PAS, and treatment duration was reduced 

to 18 months. The introduction of rifampicin (RIF) in the early 1970s further decreased treatment 

duration to 9 months and finally the addition of pyrazinamide (PZA) in 1980 resulted in the 

current recommended TB regimen which has treatment duration of 6 months (Wada 2007).  

 

The internationally recommended TB chemotherapy strategy known as short-course 

chemotherapy (SCC) is aimed at completely eliminating active and dormant bacilli, and involves 

two phases of treatment using first-line anti-TB drugs (Narita et al. 2002). The initial (intensive) 

phase comprises the use of INH, RIF, ETH and PZA for 2 months, followed by 4 months’ 

continuous phase treatment using INH and RIF, although in some cases, STR is substituted with 

EMB (Mitchison 2005).  
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Despite the effectiveness of anti-TB drugs in the management of the disease, the TB burden 

remains a global problem compounded by the development of drug-resistant strains which are 

difficult to treat. One of the major contributing factors to TB drug resistance is the lengthy 

chemotherapy required to treat and cure infection.  

 

While drug-sensitive TB can be effectively treated with first-line drugs, treating multidrug-

resistant (MDR) TB strains, defined as TB strains with in vitro resistance to INH and RIF, with 

or without resistance to the other first-line drugs, can exceed 2 years. The long treatment 

duration can significantly increase the risk of patient non-compliance as well as cost of treatment 

(WHO 2008b). The current recommended standardized regimen for MDR-TB treatment 

comprises 4 months’ intensive phase using kanamycin (KM), ofloxacin (OFX), ethionamide 

(ETH), PZA, EMB or terizidone (TZ), followed by a continuous phase for 12 to 18 months 

comprising ETH, OFX, EMB or TZ. Treatment for MDR-TB is guided by culture conversion, 

whereby treatment is recommended for 18 months past the date of culture conversion and an 

extension to 24 months in chronic MDR-TB cases (WHO 2008b).  

 

The development of TB strains with extensively-resistant (XDR) strains of M. tuberculosis, 

defined as MDR-TB strains with additional resistance to any fluoroquinolone and to at least one 

of the three injectable second-line drugs (kanamycin, amikacin and capreomycin) (Gandhi et al. 

2006, Centers for Disease Control and Prevention (CDC) 2006), has further complicated the 

treatment strategies for TB. Treatment of XDR-TB cases is associated with even poorer 

outcomes than MDR-TB, especially in patients co-infected with HIV, and results in high early 

mortality (Gandhi et al. 2006, Gandhi et al. 2010, Kim et al. 2008, Migliori et al. 2008b, Dheda 

et al. 2010). 
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1.4 Drug Resistance and TB 

1.4.1 Intrinsic and Non-intrinsic Resistance 

Drug resistance in mycobacteria can either be intrinsic or non-intrinsic. Intrinsic resistance is 

mainly attributed to the highly hydrophobic multi-layer cell envelope which provides an 

effective permeability barrier (Brennan, Nikaido 1995, Jarlier, Nikaido 1990), and multidrug 

efflux pumps, especially associated with resistance to fluoroquinolones, that minimize drug 

uptake (Li, Nikaido 2004, Pasca et al. 2004, Cole et al. 1998, Louw et al. 2009). Non-intrinsic 

drug resistance is classified as either primary (transmitted) drug resistance or acquired 

(secondary) drug resistance. Acquired resistance occurs when susceptible bacteria become 

resistant to drugs as a result of mutations in chromosomal genes (Heym et al. 1994). 

Accumulation of mutations in different genes involved in resistance to individual drugs results in 

the development of multidrug-resistant strains, and in TB this has been attributed to human 

failure through irregular drug supply, inappropriate therapy and poor patient adherence to 

treatment (Zhang et al. 2000, Vareldzis et al. 1994).  Primary drug resistance results from the 

spread or transmission of drug-resistant organisms by an infected source to other individuals. 

1.4.2 Mechanisms of Drug Resistance 

There has been progress in recent years in understanding the mechanisms of drug resistance in 

M. tuberculosis. Considerable knowledge has also been gained recently regarding the mode of 

action of the various drugs used in anti-TB therapy. The mechanisms of drug resistance are 

outlined in Table 1.1. 
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1.4.3 Diagnosis of TB and Detection of Resistance to Anti-TB drugs 

The ability to diagnose TB and determine drug susceptibility remains one of the greatest 

obstacles to successful TB control. Sputum smear microscopy is the most commonly used 

method to diagnose active TB in regions with limited resources. The method is rapid, 

inexpensive and technically simple. The technique however lacks specificity compared to TB 

culture and requires 5,000 to 10,000 bacteria/ml to obtain a positive result. Culture of M. 

tuberculosis has both high sensitivity and specificity and is often used as the reference method 

for TB diagnosis (Kallenius et al. 1994). Culture is also essential for most methods used for 

species identification and drug susceptibility testing.  

 

Traditionally, egg-based or agar-based solid media have been used in isolation of mycobacteria. 

Cultivation periods on egg-based media such as Lowenstein-Jensen slants can range between 3-6 

weeks before growth of M. tuberculosis can be observed.  More rapid growth is achieved by 

using liquid media such as Middlebrook broth. The introduction of the manual and automated 

Mycobacteria Growth Indicator Tube (MGIT) systems, and BACTEC™MGIT 960 (BD 

Diagnostics, Sparks, MD, USA), have reduced detection times to approximately 10 days (Tortoli 

et al. 1997). The BACTEC system, initially introduced for the rapid detection of mycobacterial 

growth, is currently the only rapid phenotypic method recommended by the WHO for drug 

resistance surveillance. Diagnosis of drug resistance in TB requires testing isolates for drug 

susceptibility to anti-TB drugs. Methods employed are classified as either phenotypic or 

genotypic diagnostic methods. Phenotypic methods, such as the BACTEC™MGIT 960 (BD 

Diagnostics, Sparks, MD, USA) system, detect the effects of anti-TB drugs on bacterial 

multiplication or metabolism compared to controls not exposed to the drugs.  
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Other phenotypic methods with similar specificity and sensitivity include the Microscopic 

Observation and Drug Susceptibility (MODS) assay (Caviedes et al. 2000, Moore et al. 2006, 

Arias et al. 2007), FastPlaque assay (Wilson et al. 1997) and colorimetric methods (Martin et al. 

2007, Palomino et al. 2007, Perkins, Cunningham 2007). Genotypic drug susceptibility tests 

identify resistance-conferring mutations in the bacterial genome. Genotypic tests that have 

shown specificity and sensitivity similar to the recommended BACTEC™MGIT 960 (BD 

Diagnostics, Sparks,MD, USA), include Hain MTBDRplus assay (Hain Lifesciences, Nehren, 

Germany) (Barnard et al. 2008), and INNO LIPA RifTB line probe assay (Innogenetics, Ghent, 

Belgium)(Tortoli,Marcelli2007).
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Table 1.1
  

 Mechanisms of resistance in M. tuberculosis to first and second-line anti-TB drugs 
      

Drug  Mechanism of action 
Common genes  

Gene product 
involved in resistance 

Isoniazid  Inhibits mycolic acid biosynthesis kat G Catalase-peroxidase 

  inhA Enoyl ACP reductase 
Rifampicin Inhibits RNA synthesis rpoB β subunit of RNA polymerase 
Ethambutol Inhibits arabinogalactan synthesis embB Arabinosyl transferase 

Streptomycin Inhibits protein synthesis rpsL S12 ribosomal protein 

  rrs 16S rRNA 
Pyrazinamide Interferes with pH balance pncA Nicotinamidase/Pyrazinamidase 

Fluoroquinolones Inhibit DNA gyrase gyrA DNA gyrase subunit A 

  gyrB DNA gyrase subunit B 
Kanamycin/Amikacin Inhibit protein synthesis rrs 16S rRNA 

Capreomycin Inhibit protein synthesis tlyA                   rRNAse methyltransferase 
Ethionamide Inhibits mycolic acid biosynthesis etaA/ethA Flavin monooxygenase 

PAS Possibly inhibits folic acid thyA Thymidylate synthase 

 and iron metabolism   
ACP  = acyl carrier protein; PAS = para-aminosalicylic acid 
 

References: 
 Isoniazid: (Zhang et al. 1992, Timmins et al. 2004, Shoeb et al. 1985, van Soolingen et al. 2000, Marttila et al. 1998). Rifampicin: ((Mitchison 1985). 
Ethambutol: (Sreevatsan et al. 1997, Telenti et al. 1997). Streptomycin: (Honore, Cole 1994, Nair et al. 1993). Pyrazinamide: (Scorpio, Zhang 1996) 
Fluoroquinolones: (Riska et al. 2000). Kanamycin/Amikacin: (Alangaden et al. 1998). Capreomycin:  (Maus et al. 2005).
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1.5 Multidrug-resistant and Extensively Drug-resistant Tuberculosis  

1.5.1 Epidemiology  

Multidrug-resistant TB emerged as a threat to global TB control in the 1990s and has since been 

reported in all countries worldwide. A report by the WHO/IUATLD Global Project on Anti-

tuberculosis Drug Resistance Surveillance (2008), representing data from 116 countries, revealed 

that new cases of MDR-TB had nearly tripled since 2006. In 2009, global TB data from 198 

countries reported an estimated 0.5 million cases of MDR-TB worldwide, with 27 countries (15 

of them in the European Region) accounting for 85% of all the cases (WHO 2009b). The number 

of XDR-TB cases worldwide is also increasing. In February 2008 XDR-TB had been detected in 

45 countries, and by November 2009, 57 countries and territories had reported at least one case 

of XDR-TB (WHO 2009a). In the 2009 report, the reported prevalence of XDR-TB as a 

percentage of MDR-TB was highly variable, ranging from 0% in Rwanda and Tanzania to 12.8% 

in Baku, Azerbaijan, 15% in Donetsk, Ukraine and 23% in Estonia. Overall, of the MDR-TB 

cases reported to the WHO in 2009, 7% were XDR-TB (WHO 2009a). The global burden of 

MDR and XDR-TB is thought to be much higher than the current estimates because of 

limitations in the methods currently used in surveillance of drug-resistant cases (WHO 2004). 

The lack of routine drug susceptibility testing (DST) in many resource-limited countries, for 

example, contributes to the underestimation of MDR and XDR cases in these areas (WHO 2004). 

A study by Ben Amor and colleagues, confirms the underreporting of MDR-TB in Africa. Using 

estimates from 39 of 46 African countries, the authors reported high rates of MDR-TB, a contrast 

to WHO reports on the rates of MDR-TB in the African region (Ben Amor et al. 2008).  
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1.5.2 Treatment and Outcomes of MDR and XDR-TB 

MDR and XDR-TB treatment involves using second-line anti-TB drugs which are less potent, 

more toxic and more expensive compared with the first-line TB drugs used to treat drug-

susceptible TB. These factors contribute to the low cure and treatment completion rates as well 

as increased mortality seen when comparing outcomes from MDR and XDR-TB patients with 

patients with drug-susceptible TB.  

 

With regards to specific treatment regimens, the choice largely depends on the DST profile, 

although many countries, especially in areas with limited resources have adopted a standardized 

regimen recommended by the WHO, which is based on the DST profile of the M. tuberculosis 

strains in a specific geographical area. Although the treatment outcomes for MDR and XDR 

patients are poor compared with patients with drug-susceptible TB, positive outcomes have been 

reported in predominantly HIV negative populations with both MDR and XDR-TB. In a study in 

Latvia, treatment of MDR-TB patients using information from regional drug resistance patterns 

or individualized drug susceptibility patterns for patients with DST data resulted in cure or 

treatment completion in 66% of HIV negative patients (Leimane et al. 2005). Other reports on 

XDR-TB patients among largely HIV negative populations in South Korea and Peru show 

survival rates of 55% and 60% respectively (Kim et al. 2007, Mitnick et al. 2008).  

 

When comparing MDR-TB and XDR-TB treatment outcomes, XDR-TB patients have been 

reported to have poorer outcomes, especially with HIV-infected patients, where XDR-TB 

infection is usually associated with rapid death (Gandhi et al. 2006, Kim et al. 2008, Dheda et al. 

2010, Migliori et al. 2007, Singh et al. 2007b).  
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The use of fluoroquinolones in the treatment of MDR and XDR-TB as well the integration of TB 

and HIV therapy seems to improve successful outcomes in MDR and XDR-TB patients 

(Leimane et al. 2005, Yew et al. 2000, Chan et al. 2004, Torun et al. 2007, Padayatchi et al. 

2009, O'Donnell et al. 2009, Friedland et al. 2007, Dheda et al. 2010). One study in a population 

of predominantly HIV co-infected patients on antiretroviral therapy (ART) from South Africa 

reported a survival rate of 52% from XDR-TB patients after 6 months of therapy (O'Donnell et 

al. 2009). Several strategies have been proposed for the control of both MDR and XDR-TB and 

these include using standardized treatment regimens instead of individualized treatment based on 

population DST patterns in settings with limited resources and high burden TB (WHO 2008b, 

Van Deun et al. 2004): using empiric therapy, which included 4 or 5 oral second-line drugs for 

suspected MDR and XDR-TB patients awaiting DST results (Leimane et al. 2005, Van Deun et 

al. 2004, Mukherjee et al. 2004); scaling up infection control measures including administrative, 

environmental and personal measures (Bock et al. 2007, Escombe et al. 2007); and establishing 

community based treatment strategies in order to provide services to an increased number of 

patients as well as minimize nosocomial transmission (WHO 2008b, Heller et al. 2010, 

Padayatchi, Friedland 2008, Mitnick et al. 2003). Surgical resection has also been reported to be 

beneficial in the treatment of MDR and XDR-TB in patients with pulmonary TB but this 

procedure is often of unclear benefit in HIV-infected persons who often have disseminated 

disease (Chan et al. 2004, Shiraishi et al. 2008). 

1.6 TB and South Africa 

South Africa ranks third on the list of high burden TB countries in the world and fourth among 

the 27 countries with the highest rates of MDR-TB (WHO 2009a). The country had 

approximately 461,000 new cases of TB in 2007 with an incidence rate of an estimated 948 cases 
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per 100,000 - a major increase from 338 cases per 100,000 population in 1998 (WHO 2009a). 

The TB epidemic in the country is largely attributed to historical neglect, health service 

fragmentation and poor management of treatment strategies, compounded by the HIV epidemic 

(Abdool Karim et al. 2009, Metcalf 1991). Drug-resistant TB, especially MDR and XDR-TB has 

also emerged as a serious challenge in the management of TB in the country. Over 14,000 cases 

of MDR-TB were estimated to occur annually in South Africa in 2006 according to the latest 

WHO drug surveillance report (WHO 2008a). However, up-to-date incidence and prevalence 

estimates of drug-resistant TB are lacking because the last national drug resistance survey was 

done in 2001-2002 (Weyer et al. 2004). 

 

The discovery of M. tuberculosis strains with extensive drug resistance in the KwaZulu Natal 

(KZN) Province of South Africa in 2005 focused global attention not only to the drug-resistant 

TB problem in the country but also to worldwide resistance (Gandhi et al. 2006). The initial 

causal strain in the KZN outbreak was later identified as the F15/LAM4/KZN genotype using 

molecular techniques (Pillay, Sturm 2010) and retrospective studies on the evolution of this 

strain in the province showed that the M. tuberculosis strain type has been responsible for cases 

of MDR-TB since 1994 and XDR-TB from 2001 (Pillay, Sturm 2010). XDR-TB strains have 

since been reported in all the country’s provinces (WHO 2008a) and are composed of diverse 

strain families (Mlambo et al. 2008) as described by spoligotyping (Brudey et al. 2006, 

Kamerbeek et al. 1997).  

 

Since the outbreak of XDR-TB in KZN, there has been an upgrade in the standard policies 

regarding the diagnosis and management of MDR/XDR-TB worldwide (WHO 2008b) and this 
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has resulted in a better understanding of the contribution of drug-resistant strains to the TB 

epidemic.   

 

The most advocated method to address the challenges associated with the management of drug-

susceptible and drug-resistant TB in South Africa has been the WHO recommended Directly 

Observed Treatment Short-course (DOTS) strategy. South Africa adopted the DOTS strategy in 

1996 and it has since been implemented in all regions, although coverage varies within and 

among provinces. According to the latest WHO report, the DOTS strategy seems to be effective 

because the country surpassed the DOTS target of 70% TB case detection rate in 2006 and this 

further increased to 78% in 2007 (WHO 2009b). Treatment success rates for TB have also 

increased from 61% in 2001 to 74% in 2007, although the rate still falls short of the WHO 

recommended goal of 85%.  

 

Diagnosis and treatment of drug-resistant TB however still pose major challenges in South 

Africa and unfavourable treatment outcomes such as default, failure and death have been 

reported in the few studies available from South Africa, especially associated with HIV co-

infected persons (Brust et al. 2010, Holtz et al. 2006, Davies et al. 1999, Shean et al. 2008). 

Abdool Karim and colleagues proposed strategies which, when used together, could improve the 

management of TB in the country (Abdool Karim et al. 2009). The steps include: 

• Determining cure rates in each health facility and developing locally appropriate plans to 

achieve the WHO recommended TB cure rate of 85% within a specified time.  
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•  Improving TB case detection by intensified case finding using active screening for TB in 

every symptomatic patient presenting at a health facility and screening household 

contacts as well as HIV-infected persons attending health clinics. 

•  Integrating TB and HIV care so that 90% of TB patients are offered HIV testing and 

90% of HIV patients are screened for active TB. 

•  Emphasizing the use of the WHOs 3 I’s strategy of Intensified TB case finding, Isoniazid 

Preventative Therapy and TB Infection control (IPT) in TB-HIV care (WHO 2008c).  

•  Lastly, identifying and treating drug-resistant TB so that 85% of retreatment TB cases 

have culture and drug susceptibility testing. 

Some of the strategies proposed above are already being evaluated for use in the country in an 

effort to control TB and the growing burden of drug-resistant TB. Rapid diagnostic assays for 

MDR-TB for example, have been evaluated in a public laboratory in Cape Town, with 

encouraging results (Barnard et al. 2008). The need to manage TB and HIV in the same patient is 

also facilitating the integration of TB and HIV services, with best examples found in the KZN 

Province (O'Donnell et al. 2009, Friedland et al. 2007).  

 

The use of genotyping methods in the study of TB epidemiology has proven to be a valuable tool 

in understanding TB dynamics worldwide (van Soolingen 2001). An integration of such 

techniques into the National TB Programme (NTP) in South Africa would provide insight to 

questions about the current TB epidemic such as the population structure of M. tuberculosis in 

the different province and risk factors for TB transmission and modes of transmission 

(nosocomial, community, household, exogenous re-infection).  Genotyping could also be used to 

confirm suspected mixed infections in TB patients.  
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In the Western Cape Province, where extensive molecular epidemiological studies have been 

undertaken, the population structure and TB transmission patterns of drug-susceptible and drug-

resistant TB are well understood (van der Spuy et al. 2009) and this knowledge possibly 

contributes to the good functioning TB programme in that province. 

1.7 Molecular Epidemiology of TB 

1.7.1 Overview 

The resurgence of TB worldwide has renewed interest in understanding the epidemiology and 

pathogenesis of the disease. Genotyping or DNA fingerprinting, made possible by the discovery 

of various genetic markers in the early 90s, has replaced phenotypic markers such as 

mycobacterial bacteriophage typing (Jones, Greenberg 1978) as the principal method for 

differentiating M. tuberculosis strains. The first reports of using insertion sequences (IS986 or 

IS6110) to examine DNA polymorphisms in TB were published in 1990 (Hermans et al. 1990, 

McAdam et al. 1990), and their application in the study of epidemiology in TB resulted in the 

emergence of the field of molecular epidemiology of TB.  

 

Many of the initial studies focused on evaluating genetic markers in order to determine their 

stability as well as effectiveness in differentiating M. tuberculosis (de Boer et al. 1999, Cohn, 

O'Brien 1998, Yeh et al. 1998). Information from strain genotyping has since been used in 

numerous studies to supplement traditional epidemiological methods and has provided 

invaluable insight on the transmission dynamics of TB disease, both globally and in specific 

regions. Also, molecular tools have given insight into M. tuberculosis population diversity and 

the various risk factors associated with drug-resistant TB. Some of the contributions of 

genotyping in the study of tuberculosis are detailed below.  
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Subsequent to the evaluation and standardization of genotyping methods in the 1990s, strain 

typing was mainly used to study outbreaks and transmission patterns of TB disease in 

institutional settings (Bifani et al. 1999, Frieden et al. 1996, Edlin et al. 1992). The approach was 

based on the principle that strains from a common ancestor have identical or similar DNA 

patterns. Genotype clusters therefore comprised of isolates with identical or highly similar 

genotype patterns (van Soolingen 2001) and generally indicated epidemiologically linked cases 

of recently transmitted diseases (van Soolingen 2001). The development and spread of TB 

disease in the institutional settings were often found to be associated with prior history of TB, 

overcrowding, drug and alcohol abuse as well as HIV co-infection.  

 

Genotyping techniques have since been used extensively worldwide in an effort to understand 

the population structure of M. tuberculosis strains driving the global TB epidemic. Spoligotyping 

in particular, has greatly enhanced the understanding of the global dissemination of M. 

tuberculosis by using international databases to compare isolates from widespread geographic 

areas (Sola et al. 2001, Brudey et al. 2006, Filliol et al. 2002, Filliol et al. 2003). The use of 

spoligotyping, sometimes supplemented with other secondary genetic markers, has identified 

several M. tuberculosis genotype lineages and sub-lineages such as Beijing (van Soolingen et al. 

1995), Haarlem (H) (Kremer et al. 1999), Central Asian (CAS), East African Indian (EAI) and 

Latin America Mediterranean (LAM) (Sola et al. 2001, Brudey et al. 2006, Filliol et al. 2003), 

LAM7_TUR (Zozio et al. 2005), F11/LAM3 (Victor et al. 2004), Cameroon (Niobe-Eyangoh et 

al. 2004), Manila (Douglas et al. 2003) and LAM11_ZWE (Easterbrook et al. 2004).  
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Genotyping methods have allowed for accurate distinction between relapse and re-infection of 

TB disease, and provided evidence of the contribution of exogenous re-infection to the burden of 

active TB in communities (Small et al. 1993, Kruuner et al. 2002, van Rie et al. 1999). DNA 

fingerprinting methods have also been used to demonstrate co-infections with multiple strains of 

TB (mixed infections) (Braden et al. 2001, Richardson et al. 2002a, Warren et al. 2004, Stavrum 

et al. 2009, Yeh et al. 1999, Mendez et al. 2009), a phenomenon that may result in conflicting 

drug susceptibility results. Some studies have also used strain genotyping to investigate cases of 

laboratory cross-contamination in the diagnosis of M. tuberculosis. This has proven useful not 

only in confirming false positive results due to laboratory cross-contamination, but also in 

confirming the source of contamination (e.g. contaminated reagents) (Martinez et al. 2006, Yan 

et al. 2005).  

 

Using molecular genotyping techniques to identify strain families that are associated with drug-

resistant outbreaks worldwide has allowed for the study of possible microbial factors associated 

with transmission and/or disease. The Beijing family, in particular, is widespread geographically 

and has been associated with drug resistance and outbreaks of drug-resistant TB (Glynn et al. 

2002, Kruuner et al. 2001, Toungoussova et al. 2002, Bifani et al. 1996). This characteristic has 

prompted debates on the ‘fitness’ of such strains, and whether they are either more transmissible 

or more likely to cause disease once transmitted compared with other strains.  

 

Some studies investigating mutations in strains of the Beijing family (Kruuner et al. 2001, 

Ebrahimi-Rad et al. 2003) have reported mutations resulting in better adaptability of Beijing 

strains to stress conditions and the possibility of an associated increased ability to spread in such 
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strains. Beijing strains have also shown high virulence in experimental animal models (Manca et 

al. 2005, Tsenova et al. 2005) compared with immunogenic reference strains. A recent review of 

the mechanisms underlying the emergence of Beijing strains (Parwati et al. 2010) however 

acknowledges that other  ubiquitous  genotypes, which have been associated with outbreaks of 

drug-resistant TB, such as Haarlem and African genotypes (Mardassi et al. 2005) may have 

fitness characteristics similar to Beijing strains. Further study is needed to understand the 

mechanisms underlying the transmissibility of such families (Parwati et al. 2010).  

 

To date, a large number of genotyping tools for M. tuberculosis genotyping exist, of which 

IS6110-Restriction Fragment Length Polymorphism analysis (IS6110-RFLP), spacer 

oligonucleotide typing (spoligotyping) and Mycobacterial Interspersed Repetitive Unit Variable 

Number Tandem Repeats (MIRU-VNTR) typing have been internationally standardized and are 

the most commonly used. 

1.7.2 IS6110-RFLP Analysis 

IS6110-Restriction Fragment Length Polymorphism analysis (IS6110-RFLP) was the first 

method extensively used for strain differentiation of M. tuberculosis. The method is based on 

differences in the copy numbers and distribution of the insertion sequence (IS6110) in the M. 

tuberculosis genome. IS6110, first described in 1990, is 1,355 base pairs in size and a member of 

the IS3 family (McAdam et al. 1990, Thierry et al. 1990). The insertion sequence is distributed 

throughout the genome with copy numbers ranging from 0 to more than 20 (Hermans et al. 1990, 

Kurepina et al. 1998, van Soolingen et al. 1991, Sampson et al. 2001). 
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A standardized method for performing IS6110 analysis was proposed by van Embden in 1993 

and has since gained recognition as a gold standard for TB molecular typing (van Embden et al. 

1993). The method uses the restriction enzyme, PvuII, which cleaves IS6110 at a single 

asymmetric site. The resulting fragments are hybridized to a probe specific to the right side of 

the IS and each hybridizing band corresponds to a PvuII-PvuII chromosomal fragment with a 

single IS6110 restriction. Standardized internal and external weight markers are used to facilitate 

accurate computer-assisted analysis of the resultant RFLP fragments (Heersma et al. 1998).  

 

IS6110-RFLP analysis has several limitations compared with the PCR-based genotyping 

methods of typing. The method is relatively slow, technically demanding and requires a 

significant quantity of good quality DNA from viable cultures. Inter-laboratory comparative 

analysis of RFLP patterns can be tedious and requires the use of sophisticated computer 

software. In addition, the method cannot be used reliably to type isolates with < 6 IS6110 

insertions because many of the sites of IS6110 insertion are highly conserved in such strains 

(Soini et al. 2001). This problem is usually overcome by using additional typing techniques such 

as spoligotyping and MIRU-VNTR typing (Kamerbeek et al. 1997, Kremer et al. 1999, Bauer et 

al. 1999, Goyal et al. 1997). 
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1.7.3 Spoligotyping 

Spacer oligonucleotide typing (spoligotyping) simultaneously identifies and differentiates 

members of the M. tuberculosis complex. The method is based on a DNA polymorphism present 

at the Direct Repeat (DR) region, which is uniquely present in M. tuberculosis complex strains 

(Kamerbeek et al. 1997). The DR region contains a variable number of 36 base pair direct 

repeats (DRs), interspersed by non-repetitive spacers, each 35 to 41 base pairs in length 

(Hermans et al. 1991). The DR and adjacent spacer are known as direct variable repeat (DVR) 

(Groenen et al. 1993). The DR was first described by Hermans and colleagues who sequenced 

the region in M. bovis BCG (Hermans et al. 1992). Additional spacers have since been 

discovered in the DR region, and the order of the spacers is well conserved (van Embden et al. 

2000). 

 

Spoligotyping relies on the in vitro amplification of the spacers between the direct repeats in the 

DR locus using primers DRa and DRb (biotinylated). The PCR products are then hybridized to a 

membrane which contains immobilized synthetic oligonucleotide spacer sequences derived from 

the DR of M. tuberculosis H37Rv and M. bovis BCG. Spoligotyping can be applied directly to a 

variety of specimen including cultured cells, non-viable samples and clinical samples 

(Kamerbeek et al. 1997). Results can be readily digitized and compared to an international 

database (Brudey et al. 2006, Dale et al. 2001). Spoligotyping has a turnaround time of 1-2 days 

and has been used extensively as a first-line screening technique supplemented by either IS6110-

RFLP or MIRU-VNTR analysis to improve strain differentiation.  
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The main criticism of spoligotyping is that the method characterizes polymorphisms at a single 

genetic locus whereas IS6110-RFLP and MIRU-VNTR typing measure polymorphisms in the 

entire genome of M. tuberculosis. Other disadvantages include lower discriminatory power 

compared with IS6110-RFLP and MIRU-VNTR typing as well as convergent evolution, (Warren 

et al. 2002), which is a documented but rare phenomenon. 

1.7.4 MIRU-VNTR Typing 

Mycobacterial Interspersed Repetitive Unit Variable Number Tandem Repeat (MIRU-VNTR) 

typing is a PCR-based technique that provides better resolution than spoligotyping and resolution 

comparable to IS6110-RFLP, especially when using a combination of 24 MIRU-VNTR loci. 

Eleven initial VNTR loci comprising five major polymorphic tandem repeats (MPTR) (A-E) and 

6 exact tandem repeats (ETR) (A to F) were first reported in 1998 (Frothingham, Meeker-

O'Connell 1998).  Additional VNTR loci have since been reported (Skuce et al. 2002, Roring et 

al. 2002, Supply et al. 2000, Magdalena et al. 1998). The MIRU-VNTR typing method currently 

employed in various laboratories worldwide has been standardized (Supply et al. 2006) and is 

based on variable numbers of tandem repeats of different classes of interspersed genetic elements 

known as mycobacterial interspersed repetitive units (MIRUs). The method evaluates the number 

of MIRUs distributed throughout the genome. It is based (firstly) on PCR amplification of 

multiple repeat loci using primers specific for the flanking regions of each repeat locus, and on 

the determination of sizes of the PCR products. Size determination can either be performed using 

a capillary system (Kwara et al. 2003, Supply et al. 2001) or gel electrophoresis (Mazars et al. 

2001).  
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The discriminatory power of MIRU-VNTR typing is proportional to the number of loci 

evaluated and the choice of loci is guided by the study question. Generally though, the use of 12 

and 15 loci is sufficient for first-line epidemiological investigations and an extension to 24 loci is 

useful for phylogenetic analysis, and has a discriminatory capacity comparable to that of IS6110-

RFLP (Supply et al. 2006). Recent studies evaluating the use of 24 loci MIRU-VNTR typing in 

population-based investigations have reported varying results, with some studies advocating its 

feasibility (Alonso-Rodriguez et al. 2009, Allix-Beguec et al. 2008a, Oelemann et al. 2007) and 

others reporting insufficient discriminatory capacity, especially when compared to IS6110-RFLP 

(Hanekom et al. 2008, Iwamoto et al. 2007, Jiao et al. 2008).  

 

MIRU-VNTR typing, like spoligotyping, can be used to facilitate global epidemiologic 

surveillance of TB. The development of high-throughput automated MIRU-VNTR analysis 

(Supply et al. 2001) and a MIRU genotyping website (Allix-Beguec et al. 2008b) provides a 

mechanism to compare global TB data.  

1.7.5 Molecular Epidemiology of TB and South Africa 

In South Africa, extensive molecular fingerprinting of mycobacterial strains, mostly using 

IS6110-RFLP and spoligotyping, is performed by few units, with the majority of studies 

emanating from the Western Cape. Studies done from this region have been instrumental in 

understanding the frequency, distribution and population structure of M. tuberculosis genotypes 

in the province and also in providing new insights into TB transmission.  

 

The overall population of circulating drug-susceptible and drug-resistant TB strains is highly 

diverse in this province (Warren et al. 1996) and the TB epidemic is predominantly driven by 
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Beijing, LAM3/F11 and S/F28 families (Streicher et al. 2004, Hanekom et al. 2007b, Victor et 

al. 2007, Johnson et al. 2010, Nicol et al. 2005, Marais et al. 2006, Brudey et al, 2006, Lari et al, 

2007). 

Ongoing and recent transmission of both drug-susceptible and drug-resistant TB strains has been 

reported in the province, together with the risk factors associated with recent TB transmission 

(Middelkoop et al. 2009, Verver et al. 2004, van der Spuy et al. 2003, Victor et al. 1997). A 

recent study illustrated that transmission of TB infection in a high incidence area such as Cape 

Town, occurs at sites other than the household (Verver et al. 2004, Marais et al. 2009). Some of 

the work has also been pioneering in showing the existence and significance of exogenous re-

infection in TB (van Rie et al. 1999) and also the presence of mixed infections and their 

association with retreatment cases (Richardson et al. 2002a, Warren et al. 2004). Spoligotyping 

has enabled reconstruction of the evolutionary history of low copy clades which could not be 

sufficiently differentiated using IS6110-RFLP (Streicher et al. 2007).  

In other parts of the country, most published molecular epidemiological studies have been done 

in the North West Province (mostly in gold-mining communities) and in the (KwaZulu Natal) 

KZN Province.  

The gold mines in the North West Province are associated with community health care centres 

which have well-functioning TB programmes (Calver et al. 2010). Several studies have been 

performed in these communities using traditional epidemiological methods in an effort to 

investigate the effect of factors such as HIV infection and silicosis on the TB epidemic in gold 

mines (Park et al. 2009, Glynn et al. 2008, Cowie 1995, Cowie 1994).  
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Limited work has also been done using molecular typing techniques in combination with 

traditional epidemiological methods to investigate the transmission patterns and risk factors 

associated with drug-susceptible and drug-resistant TB strains (Calver et al. 2010, Godfrey-

Faussett et al. 2000) and to investigate the contribution  of re-infection to the TB epidemic in the 

mining communities (Charalambous et al. 2008).  

The KZN Province has recently been placed on the global stage with the description of XDR-TB 

associated with high mortality in HIV-infected persons (Gandhi et al. 2006). Molecular typing 

was instrumental in identifying the F15/LAM4/KZN strain responsible for the epidemic, and has 

also subsequently been used to illustrate the evolution of this strain from MDR to XDR (Pillay, 

Sturm 2007). Recent molecular studies from KZN have mainly focused on understanding the 

mutations conferring resistance to the highly transmissible F15/LAM4/KZN strain (Ioerger et al. 

2009), as well as the transmission patterns of this strain both in nosocomial settings and in the 

community (Pillay, Sturm 2010). A recent study from KZN highlights the significance and 

contribution of exogenous re-infection to TB disease in high prevalence settings (Andrews et al. 

2008). By using spoligotyping, the authors typed initial and follow-up isolates from 17/23 (74%) 

patients who developed MDR or XDR-TB after being treated for less drug-resistant forms of TB. 

In all the cases the spoligotypes from the follow-up isolates differed from the initial samples, 

indicating exogenous re-infection.  

Very few studies have been performed on a national scale using molecular techniques to 

understand the TB epidemic in South Africa. A recent report by the Medical Research Council of 

South Africa (MRC) investigating drug-susceptible and drug-resistant TB isolates obtained 

during a national survey in 2001-2002, indicated a high diversity in the M. tuberculosis 
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genotypes in the country, with a majority of strains from the T family (ST53) exhibiting mixed 

infections (Stavrum et al. 2009).  

This study was however limited by small sample sizes in some provinces. The Gauteng Province, 

for example, represented 13.8% (35/252) isolates despite having 10.5 million people, 22.8% of 

the country’s population.  

Although the investigation provides important baseline information on the circulating genotypes 

of both drug-susceptible and drug-resistant TB, the limited samples may not reflect the complete 

picture on the TB dynamics in the different provinces. More information is therefore still 

required in order to better understand the structure and distribution of strains circulating within 

specific regions in the country.  

 

The majority of TB molecular epidemiological studies from South Africa have used IS6110-

RFLP either alone or together with spoligotyping as the principal typing techniques.  MIRU-

VNTR typing is emerging as an efficient tool for differentiating M. tuberculosis and has been 

used in numerous studies worldwide (Zozio et al. 2005, Valcheva et al. 2008b, Millet et al. 2007, 

Dou et al. 2008a). 

 

In South Africa, and indeed Africa, there is very limited information regarding the effectiveness 

of MIRU-VNTR typing, especially as a secondary typing method to differentiate the 

predominant M. tuberculosis families in this region. The few studies that have performed MIRU-

VNTR typing to differentiate TB strains have mainly focused analysis on the Beijing family 

(Stavrum et al. 2009, Hanekom et al. 2008, Hanekom et al. 2007a). More information regarding 
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the most discriminatory loci for Beijing and the other prevalent non-Beijing M. tuberculosis 

strains in our region is required in order to allow for the effective use of fewer MIRU loci in 

epidemiological investigations when differentiating clusters identified by less discriminatory 

methods such as spoligotyping.  

 

South Africa has a high TB prevalence and rapid and cost effective epidemiological methods are 

required to cope with the burden of disease. MIRU-VNTR typing together with spoligotyping is 

a fast and reliable means for epidemiological investigations and allows for the simultaneous 

identification and differentiation of M. tuberculosis strains. The digital format of results and the 

international databases (Brudey et al. 2006, Allix-Beguec et al. 2008b) also allow for the 

comparison of results with global data. More studies are required to investigate whether the 

combination of spoligotyping and MIRU-VNTR typing would be effective in differentiating the 

predominant strain types in this region. 

1.8 Rationale for the Study 

1.8.1 Choice of Study Area and Aim of the Study 

Johannesburg is the financial hub of South Africa, the provincial capital of the Gauteng Province 

and the biggest city in South Africa. Johannesburg is comprised of seven administrative regions 

(Figure 1.2). The city has a population of approximately of 3.2 million people, with 49% under 

the age of 34 years. The latest available consensus (2001) reports that Black South Africans 

represent approximately 73% of the population, followed by Whites at 16%, Coloureds at 6% 

and Asians at 4%. The city’s potential in providing job opportunities and its profile as a world-

class city attracts people from all over the country and the world.  
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Figure 1.2: Map illustrating the seven administrative regions of Johannesburg (A to F). Source: the city of 
Johannesburg website, www.joburg.org. 
 

 

The population is growing at a rate of 4.1% each year (Statistics SA 2009) which is partly 

facilitated by illegal immigrants from all over the African continent. People migrate to 

Johannesburg in search of jobs and better living conditions, but instead, most reside in low-cost 

informal settlements that are plagued by overcrowding, poverty and violence. With 

Johannesburg being the most populous, densely inhabited and industrialized of the country’s 

cities, it is likely that the introduction and spread of mycobacterial strains is not the same as that 

seen in the other cities and provinces in the country. 

http://www.joburg.org/�
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1.8.2 General Aim 

This study aimed to provide information on the genotypic characteristics, population structure 

and drug resistance profiles of MDR M. tuberculosis strains in the Johannesburg area, using 

molecular techniques in association with drug susceptibility results. Patient demographic and 

social characteristics were also used to determine factors associated with different treatment 

outcomes of MDR-TB in the region.  

1.8.3 Study Objectives 

1. To establish molecular typing of M. tuberculosis in our laboratory at the Department of 

Clinical Microbiology and Infectious Diseases.  

 

2. To determine the population structure of clinical MDR-TB isolates from Johannesburg 

using molecular techniques and create a database of epidemiological (clinical, social and 

demographic) information. 

 

3. To compare genotyping data from Johannesburg with national and global data. 

 

4. To investigate drug susceptibility profiles associated with MDR-TB strains in 

Johannesburg.  

 

5. To correlate MDR-TB genotypes, patient demographic and social characteristics with 

clinical outcomes in order to identify factors associated with various outcomes in the 

treatment of MDR-TB.  
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1.8.4 Thesis Layout 
This thesis is divided into 7 chapters: Chapter 1 provides a background and introduction to the 

Study; Chapter 2 describes the materials and methods used in the Study. The results chapters 

(Chapter 3 to Chapter 6) are structured such that, Chapter 3 describes the molecular characterization 

and drug susceptibility patterns of multidrug-resistant (MDR) tuberculosis strains from 

Johannesburg; Chapter 4 focuses on the utility of 24 MIRU-VNTR typing for discriminating 

Beijing and non-Beijing MDR-TB isolates in Johannesburg; Chapter 5 reports on treatment 

outcomes of patients infected with MDR-TB at Sizwe Hospital, the MDR-TB referral hospital in 

Gauteng and Chapter 6 describes the genotypic diversity of  “Pre-XDR” and XDR-TB isolates in 

South Africa, June 2005 – December 2006.  

 

Chapter 7 summarises all the major findings for the Study and discusses possible future works. 

Appendices and References are also included at the end of the thesis. The thesis layout is illustrated 

in the flow chart below (Figure 1.3). 
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CHAPTER 2: Materials and Methods  

2.1 Sample Collection and Patient Data 

2.1.1 The NHLS TB Referral Laboratory   

The MDR-TB isolates used in the study were obtained from the National Health Laboratory 

Service Tuberculosis Referral Laboratory (NHLS TB Referral Lab) in Braamfontein, 

Johannesburg. This laboratory provides diagnostic services to the Department of Health, medical 

practitioners and to more than 100 clinics and hospitals, including Sizwe Hospital, the MDR-TB 

referral hospital in the Gauteng Province. The laboratory is the primary facility that performs 

drug susceptibility testing  (DST) for first-line and second-line anti-TB drugs in the province 

and, for this reason, the samples submitted for testing to the lab form a good representation of 

MDR-TB strains circulating in the region.  

2.1.2 Sample Collection 

The isolates used were identified by searching the NHLS TB referral lab database for specimens 

submitted for drug susceptibility testing from the Johannesburg area and from Sizwe Hospital.  

The resultant list contained samples with various drug susceptibility patterns and also multiple 

samples per patient. These results were screened to remove duplicates and only the first known 

MDR-TB sample for each patient was selected for use in the study. The isolates included in the 

study exhibited one of four drug resistance profiles:  

• resistance to isoniazid and rifampicin only  

• resistance to isoniazid, rifampicin and streptomycin 

• resistance to isoniazid, rifampicin and ethambutol 

• resistance to all four anti-TB drugs 
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The current study sample reflects resistance patterns to first-line anti-TB drugs, since most of the 

samples do not have DST results for the second-line anti-TB drugs (kanamycin, ofloxacin and 

ethionamide). This is because second-line testing was not routinely performed in the NHLS TB 

referral lab and was only requested based on clinical suspicion prior to 2006. The policy has 

since been modified due to the development and spread of XDR-TB.  

2.1.3 Patient Data Collection 

MDR-TB samples from patients were divided into two groups based on the submitting health 

care facilities. The first group were patients with MDR-TB from any health care facility in the 

seven regions of Johannesburg. Information on these patients was obtained only from the NHLS 

TB referral database and included: age, gender, date of specimen collection, type of specimen, 

DST profile, clinic location and the region in Johannesburg from which the specimen was 

submitted. The second group were patients from Sizwe Hospital, the MDR-TB referral hospital 

(excluding any patients who were on the list from Johannesburg). This information included all 

the previously mentioned fields, together with additional information obtained from the patient 

files at the hospital. The additional information included; marital status, ethnicity, country of 

origin, employment status, housing status, association with the mines, association with prison, 

TB history, MDR treatment information, HIV serology, MDR-TB outcome and the date of the 

outcome. Permission to access patient files at Sizwe hospital was obtained from the Gauteng 

Provincial Department of Health (Appendix 2). 

 

 



 

38 
 

MDR-TB outcomes were defined using the standard definitions recommended by Laserson and 

colleagues as follows (Laserson et al. 2005):  

• Cure: patient who has completed treatment according to the country’s protocol and has 

been considered culture-negative (with at least five results) for the final twelve months of 

treatment. If only one positive culture is reported during that time, and there is no clinical 

evidence of deterioration, a patient may still be considered cured, provided that this 

positive culture is followed by a minimum of three consecutive negative cultures, taken at 

least thirty days apart.  

• Treatment completed: patient who has completed treatment according to country’s 

protocol but does not meet the definition for cure or treatment failure due to lack of 

bacteriological results (i.e. fewer than five cultures were performed in the final twelve 

months).  

• Death: patient who dies for any reason during the course of MDR-TB treatment. 

• Treatment default: patient whose MDR-TB treatment was interrupted for two or more 

consecutive months for any reason.  

• Transfer out: patient who has been transferred to another reporting unit and for whom the 

treatment outcome is unknown.  

2.1.3 Sample Processing 

Samples were obtained from the NHLS TB referral lab as Mycobacteria Growth Indicator Tube 

(MGIT) culture (BD BioSciences, Sparks, MD, USA).  Three aliquots were taken from each 

tube. The first was used for subculture in new MGITs (if growth in the original MGIT was very 

low).  
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The second was used for subculture onto Löwenstein–Jensen (LJ) slants, in preparation for RFLP 

analysis. And the third was heat-killed in preparation for spoligotyping and MIRU-VNTR 

typing. The original MGIT tubes were stored at 4°C.  

2.1.3.1 Culture in MGITs 

The materials provided by the manufacturer for culture in MGIT tubes included BBL 

Mycobacteria Growth Indicator Tube (MGIT), BACTEC™MGIT 960 supplement kit, 

containing BACTEC MGIT Growth Supplement and BBL MGIT™PANTA (Polymyxin, 

Amphotericin, Nalidixic acid, Trimethoprim, Azlocillin) antibiotic mixture (BD BioSciences, 

Sparks, MD, USA). Fifteen millilitres of the growth supplement was added to a lyophilized vial 

of the antibiotic mixture. Eight hundred microlitres of the growth supplement and PANTA 

mixture was then added to each MGIT tube, followed by 300µl of the specimen. The tubes were 

tightly closed and incubated at 37°C. Growth was detected by the presence of small ‘grains’ or 

flakes in the culture medium, usually after 3-6 weeks in culture. An unopened, un-inoculated 

MGIT tube was used as a control. Spoligotyping, described below in section 2.2, was used as a 

‘positive control’ method to investigate possible cross contamination. Random samples were 

chosen and aliquots from the original MGIT and the subcultures were used to test for laboratory 

cross contamination of results. 

2.1.3.2 Culture on LJ Slants  

LJ slants (BD BioSciences, Sparks, MD, USA) were inoculated with 300µl of culture from the 

MGIT. The slants were incubated (positioned sideways) at 37°C overnight, then turned upright. 

The excess culture media from original inoculum was poured out after 7 days in culture.  
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The slants were aerated after every 3 days for 2 weeks, thereafter every week for 6 to 8 weeks 

depending on the growth observed. Growth was indicated by formation of granular white/cream 

colonies on the slants. 

2.2 Spoligotyping 

Spoligotyping was performed according to the manufacturer’s instructions and using  

membranes and equipment provided with the spoligotyping kit (Isogen, Bioscience BV, Utrecht, 

The Netherlands). The protocol consisted of DNA extraction, PCR amplification, hybridization 

of PCR products, detection and interpretation results (Kamerbeek et al. 1997) as described 

below.  

2.2.1 Sample Processing 

Sample processing was performed in a Biosafety level III (BSL 3) laboratory due to the 

infectious nature of M. tuberculosis, using aerosol-resistant tips to avoid contamination. The 

sample preparation procedure was performed as described in the spoligotyping manual provided 

by the manufacturer (Isogen, Bioscience BV, Utrecht, The Netherlands). Two hundred 

microlitres of culture from MGIT was added in a screw-cap tube containing 500µl of 1 X TE 

buffer (refer to appendix for components) and incubated at 80°C for an hour in order to kill/lyse 

the bacterial cells. The screw-cap tubes were used to prevent aerosol formation during the heat 

killing process. The tubes were then centrifuged at 1800xg for 2mins, the supernatant discarded 

and pellet re-suspended in 500µl of 150mM NaCl. After a further 2mins centrifugation at 

1800xg, the pellet was re-suspended in 300µl of 1 X TE buffer and stored at -20°C until further 

use. 
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2.2.2 Preparation of PCR Mixture  

DNA amplification was performed as previously described in an internationally standardized 

protocol (Kamerbeek et al. 1997), by using DRb (5’-CCGAGAGGGGACGGAAAC-3’) together 

with a 5’ biotinylated primer DRa (5’-GGTTTTGGGTCTGACGAC-3’). The PCR reaction 

mixture used in all spoligotyping applications contained 1X Master Mix: 0.05U/µl Taq DNA 

polymerase in reaction buffer, 2mM MgCl2 , 0.2mM  each of the deoxynucleotide triphosphates 

(Fermentas Life Sciences, Glen Burnie, MD, USA), 2µM of the primer pair (DRa, DRb), DNA 

(1µg), and made up to a final volume of 25µl with sterile water. Amplification was performed 

using an iCycler Thermocycler (Bio-rad Hercules, CA, USA) starting with a denaturing step for 

3mins at 96°C, followed by 30 cycles of 1min at 96°C, 1min at 55°C and 30sec at 72°C. This 

was followed by a final extension step of 72°C for 10mins. DNA from M. tuberculosis strain 

H37Rv and M. bovis BCG were used as positive controls and sterile water was used as a negative 

control. 

2.2.3 Hybridization  

After the PCR reaction was completed, 20µl of the PCR product was added to 150µl 2 X 

SSPE/0.1%SDS in a microcentrifuge tube. The mixture was placed at 99°C for 10mins in order 

to denature the diluted PCR product. Immediately after denaturing, the tube was placed on ice 

for a further 5mins. The spoligomembrane (Isogen, Bioscience BV, Utrecht, The Netherlands) 

was washed in 2 X SSPE/0.1% SDS for 5mins, with constant shaking in a hybridization oven 

(MWG-Biotech AG, Ebersberg, Germany) at 57°C. The membrane was then placed on a support 

cushion in a miniblotter (Isogen, Bioscience BV, Utrecht, The Netherlands).  
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After preparation of the PCR product and assembly of the miniblotter/membrane, the equipment 

was moved to a biohazard safety cabinet located in a laboratory separate from the PCR lab. Any 

excess buffer remaining after pre-treating the membrane was aspirated. The slots were then 

slowly filled with the diluted denatured PCR product, with careful attention to avoid forming air 

bubbles in the slots. The first and last slots on the miniblotter we loaded with 2 X SSPE/0.1% 

SDS buffer, leaving the remaining lanes for samples and controls. After loading, the 

miniblotter/membrane was placed in a hybridization oven (MWG-Biotech AG, Ebersberg, 

Germany) for 60mins at 57°C, without shaking. 

2.2.4 Detection 

PCR products were removed by aspiration from the miniblotter slots after hybridization was 

complete. The membrane was washed twice in 2 X SSPE/0.5 SDS for 7mins at 57°C. Thirty 

millilitres of 2 X SSPE/0.5 SDS (42°C) was added with 7.5µl streptavidin peroxidase conjugate 

(500U/ml) in a 50 ml tube and gently mixed. The mixture was poured onto the membrane and 

incubated for 60mins at 42°C in a rolling bottle.  After incubation, the membrane was washed 

twice with 2 X SSPE/0.5% SDS for 10mins at 42°C, followed by rinsing with 2 X SSPE for 

5mins at room temperature. The detection step was achieved with the use of ECL detection 

liquid (Amersham Biosciences, Buckinghamshire, UK). The membrane was incubated in 10ml 

(5ml detection solution 1 and 5ml detection solution 2) for 90sec then transferred to a clear 

plastic bag. After heat–sealing, the bag was transferred into a 25 x 30 cm film cassette 

(Amersham Biosciences, Buckinghamshire, UK). The film was exposed to the membrane for 

periods ranging 5 to 20mins in a dark room at the Radiology Department at the Charlotte 

Maxeke Johannesburg academic hospital, and developed using a Kodak RPX-OXMAT 

Processor (Eastman Kodak Company, New York, USA). 
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2.2.5 Stripping the Membrane 

Removal of the PCR products from the membrane (stripping) was done by washing the 

membrane twice in 1% SDS at 80°C for 30mins. The membrane was further washed in 20mM 

EDTA, pH 8, for 15mins at room temperature, then sealed in a plastic bag and stored at 4°C until 

further use. 

2.2.6 Interpretation of Results 

Results from the spoligotype membrane autoradiograph were analyzed by recording the presence 

or absence of signals at the sites of DNA/DNA hybridizations. The presence of spacers was 

represented on film as black squares after incubation with streptavidin-peroxidase and ECL 

detection. Results were entered into Excel spreadsheets and compared with the published 

spoligotyping database SpolDB4 (Brudey et al. 2006) and with the updated version SITVIT 2 

from the Pasteur Institute in Guadeloupe.  

2.3 MIRU-VNTR typing 

2.3.1 Sample Preparation  

Samples for use in MIRU-VNTR typing were prepared as described previously in section 2.1.  

2.3.2 PCR Amplification 

PCR amplification of MIRU loci was performed using primers (described in Appendix 3) 

specific for the flanking regions of each locus. The PCR reaction mixture in all reactions 

contained 1X Master Mix: 0.05U/µl Taq DNA polymerase in reaction buffer, 2mM MgCl2, 

0.2Mm each for the deoxynucleotide triphosphates (Fermentas Life Sciences, Glen Burnie, 
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MD,USA), 2µM of the respective primer pair, DNA (1µg) and made up to a final volume of 25µl 

with sterile water.  

 

The PCR amplification reaction was performed using an iCycler Thermocycler (Bio-rad 

Hercules, CA,USA) starting with a denaturing step for 10mins at 95°C, followed by 40 cycles of 

1min at 94°C, 1min at 59°C and 30sec at 72°C. This was followed by a final extension step of 

72°C for 10mins. DNA from M. tuberculosis strain H37Rv was included as positive control and 

sterile water was used a negative control. The primers used in the investigation included 12 

MIRU primers (Supply et al. 2001, Mazars et al. 2001) , ETR (A, B, C) (Frothingham, Meeker-

O'Connell 1998), QUB 11b and QUB 26 (Skuce et al. 2002) and QUB 4156 (Roring et al. 2002), 

Mtub (04, 21, 29, 30, 34 and 39) (Supply et al. 2006). Primer sequences are listed in Appendix 5. 

2.3.3 Gel Preparation and Electrophoresis 

PCR products were analyzed on 1.5% Seakem LE agarose gels (Lonza, Rockland, ME, USA) in 

1X Tris-borate-EDTA (TBE) using the Sub-cell Model 96 apparatus (Bio-rad, Hercules, CA, 

USA). Eight microlitres of a 100bp marker (Fermentas Life Sciences, Glen Burnie, MD, USA) 

was loaded in both outside wells of the gel and also at 6 well intervals. This was done to 

facilitate easy determination of the sizes of the PCR products. Six microlitres of each PCR 

product was loaded. A control sample (H37Rv) was included with every gel. Standard sizes for 

H37Rv amplicons for the different loci are presented in Appendix 6 and Appendix 7. The gels 

were run at 100V for approximately 3hrs then stained with 400ml of 1X TBE buffer containing 

1µg ethidium bromide for 15 to 30mins. Gels were photographed were using Gel Doc XR 

Documentation system (Bio-rad Laboratories, Hercules, CA, USA). 
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2.3.4 Sizing the Alleles 

Amplification usually resulted in PCR products producing single sharp bands after gel 

electrophoresis. In a few cases, the sharp bands were accompanied by a ladder of much lower 

intensity bands (stutter peaks). In such cases, the PCR reaction was repeated as recommended in 

the protocol and the resultant band size was assigned. The sizes of the PCR products were either 

assessed manually or by using the Gel Doc XR Documentation system (Bio-rad Laboratories, 

Hercules, CA, USA).  Sizing reference tables, shown in Appendix 6 and Appendix 7, were used 

to determine number of copies for each MIRU locus.  H37Rv was used to verify the results for a 

particular locus by comparing with the allele number assigned for the H37Rv control for the 

locus used (Appendix 6 and Appendix 7). 

2.4 Statistical Analysis 

Univariable analysis was performed to examine associations between predominant MDR-TB 

strain clusters and age, gender, as well as drug susceptibility profiles using the Pearson's Chi-

square test. Variables with P value of < 0.05 were regarded as statistically significant.  

2.5 Ethics Approval 

Ethics approval for this study was granted by the University of the Witwatersrand Human 

Research (Medical) Ethics Committee. The Ethics Clearance Certificate Number was M050628 

(Appendix 1). Permission to access patient information from Sizwe Hospital was granted by the 

Gauteng Provincial Department of Health (Appendix 2). 
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CHAPTER 3: Molecular Characterization and Drug Susceptibility Patterns 

of Multidrug-resistant (MDR) Tuberculosis Strains from Johannesburg 

 

3.0 Summary 
 
Although TB is a major health problem in South Africa, knowledge regarding the circulating 

strains of M. tuberculosis and especially drug-resistant M. tuberculosis is limited. This chapter 

describes genotyping data and drug resistance profiles on a total of 434 multidrug-resistant 

(MDR) M. tuberculosis strains isolated from patients resident in Johannesburg between 2004 and 

2007. Drug susceptibility testing for four major anti-TB drugs (isoniazid, rifampicin, 

streptomycin and ethambutol) showed that 238 (55%) of the M. tuberculosis isolates were 

resistant to all the four drugs. A comparison of spoligotyping results with the international 

spoligotyping database (SITVIT2) showed a total of 50 shared types. Forty-five shared types, 

containing 417 isolates, matched a pre-existing shared type whereas 5 shared types (containing 

11 isolates) were newly created. Six isolates (orphans) were not identified in the database. High 

diversity was observed among the predominant families driving the MDR-TB epidemic (Beijing, 

Latin American Mediterranean (LAM), East-African-Indian (EAI), T, S, Haarlem (H) and X 

families). Differences were noted in the predominant spoligotypes in Johannesburg compared to 

the Western Cape Province (of particular interest was the under-representation of the 

SIT60/LAM4/KZN spoligotype and EAI family strains in the Western Cape).  

 

Spoligotype-defined families were further split into sub-clusters by using 12 loci MIRU typing, 

resulting in 76 MIRU international types (MITs), containing 389 isolates and 45 orphan isolates 

and a clustering rate of 72.1%. The combined use of spoligotyping and MIRU typing decreased 



 

47 
 

the clustering rate to 66.8%. Spoligotyping showed the lowest discriminatory power (Hunter-

Gaston discriminative index (HGDI) = 0.917) compared with MIRU typing (HGDI = 0.957) 

while combined spoligotyping and MIRU typing resulted in a HGDI of 0.962.  

 

This chapter highlights the diversity of MDR-TB strains in Johannesburg. The high clustering 

rate suggests ongoing transmission and indicates that the other predominant MDR-TB strains are 

as transmissible as strains of the Beijing family. The findings also indicate the effectiveness of 

MIRU tying in differentiating spoligotype-defined clusters and illustrate the potential of these 

methods for the study of the molecular epidemiology of TB in the region. 

3.1 Introduction 

Genotyping is essential in the molecular epidemiology of M. tuberculosis since it identifies 

strains circulating in a population, making it possible to monitor prevalent strains or strain 

families that are overrepresented (Gori et al. 2005). Spoligotyping in particular has resulted in 

the construction of a well-used international database that not only assigns an identity to a given 

clinical isolate but also details the global phylogeography of M. tuberculosis complex strains 

(Brudey et al. 2006, Filliol et al. 2003).   

 

Several studies using molecular typing techniques have identified seemingly stable associations 

between TB bacilli populations with their human hosts in various geographical areas (van 

Soolingen et al. 1995, Niobe-Eyangoh et al. 2004, Hirsh et al. 2004, Hermans et al. 1995, Niobe-

Eyangoh et al. 2003). In East Asia for example, strains of the Beijing family predominate and 

represent more than 50% of the M. tuberculosis strain population (van Soolingen et al. 1995, 

Chuang et al. 2008, Dou et al. 2008b).  



 

48 
 

The Beijing family is the most well studied family in the world thus far, due mostly to its 

association with drug resistance and seemingly increased transmissibility (Glynn et al. 2002, 

Bifani et al. 1996). This genotype is thought to have been endemic in China for a long time 

(Qian et al. 1999) and has now spread worldwide (Brudey et al. 2006, Glynn et al. 2002). Other 

families, as defined by spoligotyping, have been found to predominate in other regions of the 

world, and these findings are summarized below.  

 

The East-African-Indian (EAI) family is also prevalent in East, Middle and Central Asia, 

constituting 30% of circulating strains (Sola et al. 2001, Brudey et al. 2006, Douglas et al. 2003, 

Phyu et al. 2009). CAS1 (Central Asian)-Delhi family is predominant in the Middle East and in 

South and Central Asia (Phyu et al. 2009, Bhanu et al. 2002, Tanveer et al. 2008, Singh et al. 

2004, Mathuria et al. 2008). In Europe the Haarlem family predominates while in South America 

approximately 50% of M. tuberculosis strains belong to the Latin American Mediterranean 

(LAM) family. The LAM family is also prevalent in the Mediterranean basin making up 36% of 

strains in Algeria and 55% in Morocco (Brudey et al. 2006). The X family, a well characterized 

IS6110 low-banding family, is highly prevalent in North and Central America and is thought to 

be linked with Anglo-Saxon ancestry because it is mostly encountered in the UK and former 

British colonies (Sebban et al. 2002). In Africa, three major strain families are most frequently 

identified H, LAM and T family (Brudey et al. 2006, Victor et al. 2004, Mardassi et al. 2005, 

Streicher et al. 2004, Niobe-Eyangoh et al. 2003, Namouchi et al. 2008, Asiimwe et al. 2008, 

Tazi et al. 2007, Godreuil et al. 2007). 
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Even though most of the work from the African region has identified the above mentioned 

families, the sub-lineages and proportions of T, H and LAM families is not homogenous 

throughout the region.  In some countries, a few predominant strain families fuel the TB 

epidemic (Niobe-Eyangoh et al. 2004, Easterbrook et al. 2004, Mardassi et al. 2005, Niobe-

Eyangoh et al. 2003, Namouchi et al. 2008, Chihota et al. 2007) while in others, a high diversity 

of circulating TB strain families is observed (Stavrum et al. 2009, Kibiki et al. 2007, Homolka et 

al. 2008). In North Africa, the prevalent LAM strain type is SIT 42, together with H (SIT50) and 

T (ST53) (Namouchi et al. 2008). In the West Africa, LAM_10 CAM (SIT 61, the Cameroon 

family) predominates together with H and T family (Niobe-Eyangoh et al. 2003, Godreuil et al. 

2007, Homolka et al. 2008). In East Africa, CAS_KILI, LAM, EAI, Beijing are prevalent, 

together with the T2 family (Kibiki et al. 2007, Eldholm et al. 2006, Githui et al. 2004) and in 

Southern Africa, a LAM strain, LAM11_ZWE (SIT 59) predominates in Zimbabwe and Zambia, 

together with LAM and T family (Easterbrook et al. 2004, Chihota et al. 2007). 

 

In South Africa, extensive molecular fingerprinting of mycobacterial strains is performed by few 

units, with the majority of studies describing the local distribution of circulating strains from the 

Western Cape Province. Several studies from other regions have shown that even within a 

country, strains driving TB disease can differ and that it is important to focus TB control efforts 

at a local level (Abadia et al. 2009, Al-Hajoj et al. 2007, Singh et al. 2007c). Johannesburg 

therefore, being the most populous of the country’s cities, could have a different strain 

composition of M. tuberculosis compared with Cape Town and the rest of the country’s cities.  

For TB control, it is important to understand whether specific genotype families are 

overrepresented and if these strains are successfully transmitted within the community.  
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The discriminatory ability of spoligotyping can be improved by applying a secondary typing 

method to clustered strains (Goguet de la Salmoniere et al. 1997). Spoligotyping in combination 

with MIRU-VNTR tying has a discriminatory power comparable to that of IS6110-RFLP, and 

much higher in isolates with low copy numbers of IS6110 (Supply et al. 2001, Mazars et al. 

2001, Lee et al. 2002, Cowan et al. 2002, Cowan et al. 2005, Kremer et al. 2005). Moreover, 

because of its high resolution, simplicity, reproducibility and easy laboratory comparison, 

MIRU-VNTR typing has been found to be highly suitable for global epidemiological 

surveillance of TB (Supply et al. 2003, Mazars et al. 2001, Sola et al. 2003, Kanduma et al. 

2003, Mokrousov et al. 2004, Ferdinand et al. 2004). Numerous studies worldwide have used 

MIRU typing to improve discrimination and assess clonal diversity in the families identified by 

other typing methods (Kwara et al. 2003, Supply et al. 2001, Valcheva et al. 2008b, Sola et al. 

2003, van Deutekom et al. 2005, Dou et al. 2009). MIRU typing has however only been used in 

limited studies in South Africa, mostly in association with Beijing family strains (Stavrum et al. 

2009, Hanekom et al. 2008, Hanekom et al. 2007a).  

 

This chapter details the MDR-TB strain families circulating in Johannesburg as identified using 

spoligotyping and MIRU analysis and also investigates associations between strain diversity, 

drug susceptibility profiles, and patient demographic information (age and gender).  The chapter 

also describes the use of 12 loci MIRU typing in a diverse strain population and investigates the 

utility of 12 MIRU typing for differentiating MDR-TB strain families identified by spoligotyping 

in our setting.  
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3.2 Study Design 

3.2.1 Sample Selection 

434 MDR-TB isolates, collected from the National Health Laboratory Services (NHLS) Central 

TB lab in Braamfontein, Johannesburg, from March 2004 to December 2007 were analyzed in 

this study. One strain per patient was included (first MDR isolate). The samples were primarily 

sputum and were submitted to the NHLS TB referral laboratory from over 100 hospitals and 

clinics in Johannesburg. The NHLS TB referral lab records contain limited patient information 

and no clinical information e.g. history of treatment. The available demographic data (age, 

gender and geographic region) were obtained from NHLS TB referral lab records and analyzed 

in this study. 

3.2.2 Molecular Genotyping 

All MDR-TB isolates from the study population were typed using spoligotyping and MIRU 

analysis (Kamerbeek et al. 1997, Mazars et al. 2001). Spoligotyping was performed as described 

in Chapter 2. Individual spoligotyping patterns were entered in an Excel spreadsheet and 

compared to those of the international database SITVIT2, of the Pasteur Institute in Guadeloupe. 

MIRU typing (12 loci) was performed using primers and conditions as described in Chapter 2. 

MIRU data were sent to the Institut Pasteur de Guadeloupe for comparison and entered into an 

‘in-house’ database containing 12 loci MIRU patterns referred to as MITs (MIRU international 

types). 
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3.2.3 Definition of Spoligotype-MIRU Clusters 

Cluster analysis was performed for spoligotyping, MIRU typing and a combination of both 

spoligotyping and MIRU typing. A cluster was defined as two or more strains with identical 

genetic patterns, and strains with unmatched genetic patterns were considered non-clustered. 

Clusters were assumed to have arisen from recent transmission, and the clustering rate was used 

to estimate the amount of recent transmission in the population (Small et al. 1994). The 

minimum estimate of the proportion of TB cases related to recent transmission (clustering rate) 

was calculated as (number of clustered patients - number of clusters)/total number of patients.  

3.2.4 Statistical Analysis             

Univariable analysis was performed to examine associations between predominant MDR-TB 

strain clusters and age, gender, as well as drug susceptibility profiles using the Pearson's chi-

square test. Variables with P value of < 0.05 were regarded as statistically significant. 

3.3 Results 

3.3.1 Study Population and Drug Resistance Profiles 

The study population constituted 61% males, 38.5% females and gender information was not 

available for 0.5% of the patients. Patients in the group aged 16 to 35 years had the highest 

number (46.3%) of isolates, followed by those in age group 36 to 75 years (36.4%) and age 

group <1 to 15 years (7.8%). Data on age were not available for the remaining 9.5% of the 

patients. Drug susceptibility testing for four major anti-TB drugs (INH, RIF, STR and EMB) 

showed that 238 (55%) of the 434 M. tuberculosis isolates were resistant to all the four drugs. 

Ninety-four (22%) were resistant to INH and RIF only and sensitive to STR and EMB.  
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Fifty-seven isolates (13%) were resistant to INH, RIF and STR and 40 isolates (9%) were 

resistant to INH, RIF and EMB. Few isolates (1%) only had results for INH and RIF without 

additional DST for the other first-line drugs.   

3.3.2 Spoligotyping  

A total of 50 shared types were identified. Forty-five shared types, containing 417 isolates, 

(96%) of our sample matched a pre-existing shared type whereas 5 shared types (containing 11 

isolates) were newly created shared types. The newly created shared types, were designated 2996 

(n=2), 2997 (n=6), 2998 (n =1), 2999 (n=1) and 2196 (n=1) (Table 3.1).  Six isolates were not 

identified in the database (“orphans”): one corresponded to the LAM family, one to H1 (Haarlem 

family), one to S family while three were of unknown origin (Table 3.2). Twenty eight clusters 

(2-71 isolates per cluster) were identified from the 50 shared types (Table 3.1). Among these, ten 

SITs were grouped as predominant/major shared types and included more than 10 isolates each 

(Table 3.3). These predominant SITs represented 337/434 (78%) of all the isolates. A description 

of the predominant spoligotypes and their worldwide distribution in the SITVIT 2 database is 

shown in Table 3.3.  
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Table 3.

SIT 

1: Description of 50 shared types (SIT) containing 434 MDR-TB isolates from Johannesburg, South Africa 

Clade Spoligotype Description 

Total 
strains in 

this 
study 

% in this 
study 

1 Beijing  71 16.36 

1092 CAS1-Delhi  1 0.23 

21 CAS1-Kili  7 1.61 

48 EAI1-SOM  17 3.92 

806 EAI1-SOM  20 4.61 

2997* EAI1-SOM  6 1.38 

2998* EAI1-SOM  1 0.23 

47 H1  2 0.46 

62 H1  3 0.69 

2375 H1  5 1.15 

36 H3  1 0.23 

49 H3  1 0.23 

50 H3  37 8.53 

168 H3  1 0.23 

2999* LAM  1 0.23 

20 LAM1  3 0.69 

815 LAM11-ZWE  1 0.23 

2196* LAM11-ZWE  1 0.23 

17 LAM2  2 0.46 

4 LAM3  1 0.23 

33 LAM3  16 3.69 

719 LAM3  3 0.69 

60 LAM4  69 15.9 

811 LAM4  4 0.92 

42 LAM9   6 1.38 

81 LAM9  1 0.23 

766 LAM9  2 0.46 

803 LAM9  1 0.23 

2165 LAM9  1 0.23 

1634 MANU2  1 0.23 

2992 MANU2  1 0.23 

34 S  32 7.37 

789 S  1 0.23 
Continued on next page 
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Table 3.

SIT 

1: Continued from previous page 

Clade Spoligotype Description 
Total 

strains in 
this study 

% in this 
study 

73 T  2 0.46 

53 T1  45 10.37 

244 T1  10 2.3 

344 T1  1 0.23 

519 T1  1 0.23 

649 T1  3 0.69 

926 T1  5 1.15 

2531 T1  6 1.38 

52 T2  1 0.23 

37 T3  5 1.15 

46 Unknown  3 0.69 

563 Unknown  1 0.23 

1516 Unknown  1 0.23 

2996* Unknown  2 0.46 

2016 X2  1 0.23 

92 X3  20 4.61 

200 X3  1 0.23 
 
Note that an additional 6 orphan patterns are shown in Table 3.2.  
SIT* followed by an asterisk indicates "newly created shared-type" after matching with another orphan in the 
SITVIT2, or due to 2 or more strains belonging to a new pattern within this study: SIT2997 matched an orphan from 
Australia, SIT2998 matched an orphan from South Africa, SIT 2999 matched an orphan from Poland, SIT2996 was 
created by 2 isolates in the present study. Clade designations are according to SITVIT2 using revised SpolDB4 
rules. Unk: Unknown patterns within any of the major clades described in SITVIT2. 
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          Drug resistance 
Isolation 
Number 

Year of 
isolation Spoligotype pattern Octal number Clade INH RIF STR EMB 

J328 2004  776377733760771 S R R R R 
J289 2004  703377777761771 Unknown R R R R 
J271 2005  777741007760601 LAM R R R S 
J279 2005  756177607763771 Unknown R R R S 
J290 2005  700056777760771 Unknown R R R S 
J273 2006  777377774020621 H1 R R R S 

         
Clade designations according to SITVIT2 using revised SpolDB4 rules; Unk: Unknown patterns within any of the major clades described in SITVIT2. LAM = 
Latin American Mediterranean family, H = Haarlem family, S = S family. INH = isoniazid, RIF = rifampicin, EMB = ethambutol. R = resistant, S = susceptible. 
 
 
 
 

 

 

Table 3.2: Description of the orphan strains from the study  
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Table 3.3

SIT* Clade
Total 

strains in 
this study

% in this 
study

% in South Africa 
(excluding this study) 
according to SITVIT2**

Distribution in regions from AFRICA with ≥5% of a given SIT*** World-wide distribution in  countries with ≥5% of a given SIT****

 SIT 1 Beijing 71 16.36 19.93 AFRI-S (18.41), AFRI-E (1.65),  AFRI-N (0.85),  AFRI-W (0.31) ZAF (18.41), USA (13.69), JPN (11.81), RUS (9.92)

SIT 60  LAM 4 69 15.90 23.67 AFRI-S (39.49),  AFRI-N (7.25), AFRI-W (6.88), AFRI-E (1.09) ZAF (39.49), BRA (10.87), VEN (5.43)

SIT 53 T1 45 10.37 8.72 AFRI-S (7.85), AFRI-N (4.51), AFRI-E (3.11),  AFRI-W (2.10), AFRI-M (0.11) ZAF (7.80), ITA (6.70), BRA (6.03), TUR (5.89)

SIT 50 H3 37 8.53 3.54 AFRI-N (5.12),  AFRI-S (4.68), AFRI-E (1.36), AFRI-W (1.25),  AFRI-M (0.16) ESP (9.96), ITA (7.46), BRA (6.97),  AUT (6.80), USA (5.61)

SIT 34 S 32 7.37 20.04 AFRI-S (22.88),  AFRI-N (3.64),  AFRI-E (1.56) ZAF (22.88), CAN (12.82), ITA (11.09), BRA (7.45), USA (7.11)

SIT 806 EAI1-SOM 20 4.61 16.67 ST <5% ST <5%

SIT 92 X3 20 4.61 65.25 AFRI-S (61.76), AFRI-E (0.98), AFRI-W (0.33), AFRI-N (0.33) ZAF (61.76), USA (8.82), BRA (7.19)

SIT 48 EAI1-SOM 17 3.92 8.37 AFRI-S (13.64), AFRI-E (2.27), AFRI-N (1.52) NLD (17.80), ZAF (13.64), BGD (11.74), DNK (10.98), IND (7.58), SAU (5.68)

SIT 33 LAM 3 16 3.69 45.70 AFRI-S (37.97),  AFRI-N (2.01),  AFRI-E (0.63), AFRI-W (0.50) ZAF (37.97), ESP (11.03), BRA (10.65), ARG (7.14), PER (6.77), USA (5.64)

SIT 244 T1 10 2.30 13.33 AFRI-S (24.32),  AFRI-E (5.41), AFRI-W (2.70) ZAF (24.32), PRT (21.62), BRA (16.22), BGD (8.11), FRA (5.41)

: Description of predominant MDR M. tuberculosis shared-types representing ≥2% strains, (9 or more strains) from this study, and their distribution in 
Africa and worldwide in the SITVIT2 database. 

 
* Predominant shared types are defined as SITs representing 2% or more strains in a given dataset (9 or more strains in this study);  
Clades are designated according to SITVIT2 using revised SpolDB4 rules.  
** % of each SIT compared to what is available in SITVIT2 from South Africa (excluding this study). E.g. if according to SITVIT2 and SIT in the world (937) 
and in South Africa (ZAF) (294), excluding this study : (294/937)*100 = 31.4% 
*** Worldwide distribution is reported for regions with ≥5% of a given SIT as compared to their total number in the SITVIT2 datab ase. The definition of 
geographical regions and sub-regions is according to the United Nations (http://unstats.un.org/unsd/methods/m49/m49region.htm).  
**** The 3 letter country codes are according to http://en.wikipedia.org/wiki/ISO_3166-1_alpha-3; Countrywide distribution is only shown for SITs with ≥5% of 
a given SITs as compared to their total number in the SITVIT2 database. 
 

 

 
 

http://unstats.un.org/unsd/methods/m49/m49region.htm�
http://en.wikipedia.org/wiki/ISO_3166-1_alpha-3�
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Table 3.4 shows a comparison of the predominant spoligotypes from Johannesburg compared 

with the major spoligotypes of drug-resistant M. tuberculosis strains circulating in the Western 

Cape Province during the study period (2004 -2007). The Western Cape data were obtained from 

an ‘in house’ database of the Department of Science and Technology/National Research 

Foundation Centre of Excellence in Biomedical Tuberculosis Research, Medical Research 

Centre (MRC) Centre for Molecular and Cellular Biology, Stellenbosch University. A total of 

984 isolates collected in the Boland/Overberg and Karoo/Southern Cape regions during the study 

period were represented in the database. Only the predominant spoligotypes (≥ 10 isolates) from 

this sample are shown in Table 3.4.  
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Table 3.

Clade* 

4: Description of predominant MDR-TB shared-types representing ≥2% strains (i.e. 10 or more str ains) from the Western Cape Province, 2004 – 2007, 
and comparison with this study. 

 SIT Spoligotype pattern Octal code 
Western Cape Johannesburg 

No. ( total %) of 
strains  

No. ( total %) of 
strains  

Beijing 1* 

    000000000003771 368 (39.4) 71 (16.36) 

X1 119 

    777776777760771 92 (9.85)  
LAM3 33* 

    776177607760771 72 (7.71) 16 (3.69) 

T1 53* 

    777777777760771 47 (5.03) 45 (10.37) 

X1 1329 

    777776777560771 36 (3.85)  
X3 92* 

    700076777760771 30 (3.21) 20 (4.61) 
T4_CEU

1 39 


    777777347760471 19 (2.03)  
U 1241 

    777777607700771 19 (2.03)  
T1 1067 

    774037707760700 15 (1.61)  
X1 336 

    777776777760731 14 (1.5)  
X2 137 

    777776777760601 14 (1.5)  
H3 50* 

    777777777720771 13 (1.39) 37 (8.53) 

T5 44 

    777777757760771 13 (1.39)  
S 34* 

    776377777760771 10 (1.07) 32 (7.37) 

                   
SIT and Clade designations are according to SITVIT2 using revised SpolDB4 rules. SIT*indicates shared types also predominant in Johannesburg region. Source 
for Western Cape data: Department of Science and Technology/National Research Foundation Centre of Excellence in Biomedical Tuberculosis Research, 
Medical Research Centre (MRC) Centre for Molecular and Cellular Biology, Stellenbosch University.
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3.3.3 MIRU Typing 

All the 434 MDR clinical isolates were typed by MIRU typing and compared with an ‘in-house’ 

database of the Institut Pasteur de Guadeloupe which in addition to spoligotyping patterns also 

contains 12-loci MIRU patterns (referred to as MIRU international types, MITs). The 50 shared 

types previously identified by spoligotyping were readily distinguished from each other by 

MIRU typing and further split into 76 MITs containing 389 isolates (Table 3.5) together with 45 

orphan isolates (Table 3.6). MIRU analysis of the newly created types confirmed the grouping 

obtained by spoligotyping grouping; SIT 2996 (MIT 313), SIT 2997 (MIT 65), SIT 2998 (MIT 

64) and SIT 2999 (MIT 132) (Table 3.7). The MITs obtained when predominant spoligotypes 

were sub-clustered by MIRU typing are shown in Table 3.8.  
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Table 3.

12 loci MIRU pattern 

5: Description of MIRU shared types from this study. A total of 76 MITs containing 389 isolates matched a 
pre-existing shared type in the SITVIT2 database. 

MIT* for 12 MIRU Total (%) in this study 

223125153324 8 23 (5.3) 
223226143321 10 1 (0.23) 
223325173533 17 17 (3.92) 
224225153324 23 1 (0.23) 
224325153224 31 1 (0.23) 
224325153322 32 2 (0.46) 
224325153323 33 6 (1.38) 
224325153324 34 4 (0.92) 
224326143324 39 1 (0.23) 
225323153323 43 1 (0.23) 
254326223513 64 3 (0.69) 
254326223613 65 6 (1.38) 
223325183533 84 3 (0.69) 
223325171531 96 5 (1.15) 
223325173543 99 8 (1.84) 
223325173523 101 4 (0.92) 
222325173543 104 1 (0.23) 
223325143324 112 1 (0.23) 
224325143324 117 4 (0.92) 
223226153321 128 3 (0.69) 
123326153224 132 1 (0.23) 
124326153224 140 3 (0.69) 
223125153322 156 1 (0.23) 
223125153224 158 4 (0.92) 
224325153321 161 1 (0.23) 
224126152321 163 2 (0.46) 
233325153324 212 8 (1.84) 
224326153323 213 10 (2.3) 
224326153324 215 1 (0.23) 
223326153321 224 6 (1.38) 
224325173533 229 1 (0.23) 
223125143324 231 1 (0.23) 
333225143324 232 5 (1.15) 
223326153323 236 2 (0.46) 
223126152321 237 4 (0.92) 
223325174533 245 4 (0.92) 

Continued on next page 
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Table 3.

12 loci MIRU pattern 

5: continued from previous page 

MIT* for 12 MIRU Total (%) in this study 

124326153324 246 67 (15.44) 
224326173323 248 1 (0.23) 
223325163531 254 10 (2.3) 
233325153325 256 3 (0.69) 
227425113434 261 1 (0.23) 
223326153322 289 1 (0.23) 
224326133324 313 2 (0.46) 
224325163323 343 1 (0.23) 
223326143321 402 1 (0.23) 
124326153325 593 1 (0.23) 
225325143323 611 1 (0.23) 
223326153311 699 1 (0.23) 
233325143325 804 1 (0.23) 
123325153323 897 5 (1.15) 
224126153321 953 1 (0.23) 
124326153322 991 1 (0.23) 
234326153321 1061 1 (0.23) 
223325174523 1202 3 (0.69) 
223325123521 1203 2 (0.46) 
223325173542 1204 2 (0.46) 
223225173523 1205 4 (0.92) 
223325163521 1206 2 (0.46) 
227425112434 1207 4 (0.92) 
254126223413 1208 8 (1.84) 
254226223413 1209 6 (1.36) 
254326223414 1210 19 (4.38) 
225425183324 1211 39 (8.99) 
223327163321 1212 2 (0.46) 
224316153323 1213 1 (0.23) 
224327153323 1214 2 (0.46) 
223226143221 1215 4 (0.92) 
333325153224 1216 8 (1.84) 
333225153324 1217 2 (0.46) 
233325154225 1218 3 (0.69) 
124326153223 1219 1 (0.23) 
124316153225 1220 2 (0.46) 

Continued on next page 
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Table 3.

12 loci MIRU pattern 

5: continued from previous page 

MIT* for 12 MIRU Total (%) in this study 

224315173221 1221 2 (0.46) 
223415153323 1222 4 (0.92) 
224436155322 1223 3 (0.69) 
225436155324 1224 18 (4.15) 

  orphan 45 (10.37) 

Total    434 
*12 loci MIRU sequence: MIRU 02, 04, 10, 16, 20, 23, 24, 26, 27, 31, 39, 40 
All strains matching a pre-existing pattern in the SITVIT2 database are classified as MITs (in case of no match, they 
are designated as "orphan" as shown in Table 3.6). 
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Table 3.

Strain 
number 

6: Description of the orphan MIRU patterns (n=45) from this study and corresponding spoligotyping-based 
information (octal code, SIT, and clade). 

12 loci MIRU (orphan 
pattern) Octal code SIT Clade 

J7 223325152523 000000000003771 1 Beijing 
J29 223325176523 000000000003771 1 Beijing 
J36 223225174533 000000000003771 1 Beijing 
J51 223325121521 000000000003771 1 Beijing 
J118 227223153323 777777774020731 62 H1 
J74 227425123434 703377400001771 21 CAS1-Kili 
J78 227325112434 703377400001771 21 CAS1-Kili 
J106 254426283414 757777777413731 806 EAI1-SOM 
J110 22432612341_ 757777777413731 806 EAI1-SOM 
J128 22_326153323 777777777720771 50 H3 
J20 2233251735_3 000000000003771 1 Beijing 
J273 2253231_3323 777377774020621 Orphan H1 
J69 223325123531 000000000003771 1 Beijing 
J94 254_26223513 777777777413731 48 EAI1-SOM 
J120 226223153323 777777774020731 62 H1 
J160 225225153_24 777377607760771 81 LAM9 
J173 124316153323 776177607760771 33 LAM3 
J177 224326173324 776177607760771 33 LAM3 
J192 123326153321 777777607760731 60 LAM4 
J264 22332517___3 777777777723771 1634 MANU2 
J266 22532_153433 777777747763771 2992 MANU2 
J272 22__25113_3_ 777377777761771 1516 Unknown 
J279 22_32_1_3__3 756177607763771 Orphan Unknown 
J289 22__25113__4 703377777761771 Orphan Unknown 
J295 2243251_3323 677777777760601 2531 T1 
J297 233325144223 776377777760771 34 S 
J305 333325123323 776377777760771 34 S 
J317 2_3325143325 776377777760771 34 S 
J327 233325154224 776377777760771 34 S 
J354 224437145221 777777777740371 519 T1 
J355 224536155322 777737770000071 563 Unknown 
J359 225436155323 677777777760601 2531 T1 
J360 225437165324 700076777760771 92 X3 
J372 224436165531 700076777760771 92 X3 
J377 226536195324 700076777760771 92 X3 
J385 213326143324 777777777760771 53 T1 

Continued on next page 
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Table3.
Strain 

number 

6: Continued from previous page 
12 loci MIRU (orphan 

pattern) Octal code SIT Clade 

J389 _2232615332_ 777777777760771 53 T1 
J390 22_125153326 777777777760771 53 T1 
J391 222425152221 777777777760731 52 T2 
J402 223125143222 777777777760771 53 T1 
J412 223124153325 777777777760771 53 T1 
J415 223325143332 777777777760771 53 T1 
J423 2243251_332_ 777777777760771 53 T1 
J427 22_32515332_ 777777777760771 53 T1 

J432 22_125153324 777777777760771 53 T1 
12 loci MIRU sequence: MIRU 02, 04, 10, 16, 20, 23, 24, 26, 27, 31, 39, 40 
SIT and Clade designations are according to SITVIT2 using revised SpolDB4 rules 
_denotes alleles that could not be amplified at particular MIRU loci (missing alleles) 
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Table 3.

Strain 
number 

7: MIRU profiles of the five newly created shared types (11 isolates) 
Spoligotype  

(SIT) 
MIRU 

2 
MIRU 

4 
MIRU 

10 
MIRU 

16 
MIRU 

20 
MIRU 

23 
MIRU 

24 
MIRU 

26 
MIRU 

27 
MIRU 

31 
MIRU 

39 
MIRU 

40 
 MIT 

profiles 
J267 2196 2 2 4 1 2 6 1 5 2 3 2 1 163 
J287 2996 2 2 4 3 2 6 1 3 3 3 2 4 313 
J288 2996 2 2 4 3 2 6 1 3 3 3 2 4 313 
J280 2997 2 5 4 3 2 6 2 2 3 6 1 3 65 
J281 2997 2 5 4 3 2 6 2 2 3 6 1 3 65 
J282 2997 2 5 4 3 2 6 2 2 3 6 1 3 65 
J283 2997 2 5 4 3 2 6 2 2 3 6 1 3 65 
J284 2997 2 5 4 3 2 6 2 2 3 6 1 3 65 
J285 2997 2 5 4 3 2 6 2 2 3 6 1 3 65 
J268 2998 2 5 4 3 2 6 2 2 3 5 1 3 64 
J269 2999 1 2 3 3 2 6 1 5 3 2 2 4 132 

 
Note: Concordance between newly described spoligotypes (SITs) and MIRU profiles (MITs). 
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Table 3.8

SIT* (Octal code) Clade 

: 12 loci MIRU-based sub-clustering of spoligotype-defined clusters of predominant M. tuberculosis shared-types from Johannesburg 

Total 
strains (%) 
in this study 

MIRU-based sub-clustering (MIT** designation and number of strains per cluster) 

 SIT1 (000000000003771) Beijing  71 (16.36) MIT17 (n=17), MIT84 (n=3), MIT96 (n=5), MIT99 (n=8), MIT101 (n=4), MIT104 (n=1) 

  

MIT254 (n=10), MIT1202 (n=3), MIT1203 (n=2), MIT1204 (n=2), MIT1205 (n=4), MIT1206 (n=2), Orphan  
(n=6) 

 
SIT60 (777777607760731) LAM4 69 (15.90) MIT34 (n=1), MIT215 (n=1), MIT246 (n=64), MIT593 (n=1),MIT99 (n=1), orphan (n=1) 

 
SIT53 (777777777760771) T1 45 (10.37) MIT8 (n=19), MIT31 (n=1), MIT33 (n=1), MIT34 (n=1), MIT156 (n=1), MIT158 (n=3) 

  
MIT224 (n=5), MIT231 (n=1), MIT246 (n=2), MIT953 (n=1), MIT1061 (n=1),  Orphan (n=9) 

 
SIT50 (777777777720771) H3 37 (8.53) MIT23 (n=1), MIT1211(n=35), Orphan (n=1) 

 
SIT34 (776377777760771) S 32 (7.37) MIT212 (n=6), MIT232 (n=5), MIT256 (n=3), MIT804 (n=1), MIT1216 (n=8) 

  
MIT1217 (n=2), MIT1218 (n=3),  Orphan (n=4) 

 
SIT806 (757777777413731)      

EAI1_SOM 20 (4.61) MIT1210 (n=18), Orphan (n=2) 
 

SIT92 (700076777760771) X3 20 (4.61) MIT1224 (n=17), Orphan (n=3) 
 

SIT 48 (777777777413731)  
EAI1-SOM 17 (3.92) MIT64 (n=2), MIT1208 (n=8), MIT1209 (n=6), Orphan (n=1) 

 
SIT33 (776177607760771) LAM3 16 (3.69) MIT213 (n=8), MIT236 (n=2), MIT246 (n=1), MIT1210 (n=1) 

  
MIT1213 (n=1), MIT1214 (n=1), Orphan (n=2) 

 
SIT 244 (777777777760601) T1 10 (2.30) MIT32 (n=2), MIT34 (n=1), MIT39 (n=1), MIT117 (n=4), MIT161 (n=1), MIT289 (n=1) 

 

* Predominant shared types are defined as SITs representing 2% or more strains in a given dataset (i.e., 7 or more strains in this study); clades are designated 
according to SITVIT2 using revised SpolDB4 rules. 
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3.4 Discussion 

The current study is the first study in Johannesburg to report on the strain diversity of a 

substantial sample of MDR-TB strains. MDR-TB is a major healthcare burden in resource poor 

countries that may lack adequate or uninterrupted supplies of second-line drugs and where the 

methods to detect drug resistance are limited. In such countries the lack of resources hinders 

regular drug resistance surveys and therefore the magnitude of the problem remains largely 

unknown. A national survey published by the Medical Research Council in 2004 detailed 

information on TB drug resistance in South Africa. In the report, drug resistance to all first-line 

drugs tested in new cases was 0.5% and in re-treatment cases, 1.4%. In our study of MDR-TB 

isolates, we observed that 55% (238/434) of the isolates showed resistance to all the first-line 

drugs.   

 

In countries like South Africa, where TB is endemic, it is important to identify predominant 

strains in order to monitor changes in strain composition within communities and to understand 

the epidemiology of the disease in the country as a whole.  In Johannesburg the spoligotype 

patterns showed diversity in the predominant strain families and even in shared types within 

certain families. A comparison of the predominant strain families and their worldwide 

distribution in the SITVIT 2 database showed that the families were represented in all regions 

but in varying proportions. The three strain families (H, LAM and T) reported to be prevalent in 

the African continent (Brudey et al. 2006) were indeed present in all the regions of the continent 

as shown on the SITVIT 2 database.  
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There were however some differences in the circulating predominant shared types when the 

Johannesburg strains were further compared with published studies from specific African 

regions. 

 

The LAM spoligotype SIT 42, which is prevalent in North Africa (Namouchi et al. 2008) as well 

as LAM 11_ZWE (SIT 59), which predominates in neighbouring Zambia and Zimbabwe 

(Easterbrook et al. 2004, Chihota et al. 2007) were not well represented in our sample. The study 

sample also did not identify any spoligotypes of the LAM_10 CAM (SIT 61, the Cameroon) 

family which predominates in West Africa (Niobe-Eyangoh et al. 2003, Godreuil et al. 2007, 

Homolka et al. 2008). These observations were unexpected because Johannesburg attracts and 

receives a diverse population of legal and illegal immigrants from all over the African continent. 

 

The lack and/or under representation of these spoligotypes in our study sample could be 

explained by a number of reasons. Firstly, even though the NHLS TB Reference laboratory 

receives specimens from public hospitals in all the regions of Johannesburg, services at these 

hospitals are not free for foreign nationals. This situation is even worse for illegal immigrants 

seeking such services because documentation displaying a valid visa as well as payment is 

required prior to treatment. It could therefore be that the majority of samples sent to the TB 

laboratory exclude such patients. Other explanations could include; insufficient time for the 

strains to establish in the population; inherent microbial characteristics or even the characteristics 

of the host population in Johannesburg. Further analysis of MDR-TB spoligotypes from other 

regions of the continent would be required to investigate difference between those strains and the 

local predominant MDR-TB strains. 
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The diversity in the predominant strains observed in the study is consistent with other studies 

from South Africa (Mlambo et al. 2008, Stavrum et al. 2009, Streicher et al. 2004). A detailed 

comparison with strains from this study with drug-resistant strains in the Western Cape during 

the study period revealed some differences. Interestingly, SIT 60 was not predominant in the 

Western Cape whereas it was the second predominant spoligotype in Johannesburg. SIT 60 

(LAM4/F15/KZN) is often referred to as the KZN strain because this strain type was responsible 

for an outbreak of XDR-TB in the KZN Province, where it was identified in 85% of the patients 

(Gandhi et al. 2006).  A more extensive comparison with the global spoligotyping database 

indicated this strain type was in fact poorly represented in all African regions except for 

Southern Africa, and in particular, South Africa. Since the strain family was not represented in 

the Western Cape, it may be that the high representation in SITVIT 2, excluding this study, is 

due to information submitted from KZN.  

 

This study also showed that the EAI1-SOM family (SIT 48, 806) is predominant in 

Johannesburg. According to the SITVIT 2 database, SIT 48 has been reported in East, North and 

Southern Africa as well as Europe, Asia and Middle East. SIT 806 however showed low 

distribution both in Africa and globally. Data from the Western Cape showed that the EAI family 

did not form part of the predominant families and was generally not well represented (4/984) in 

the population of circulating strains in 2004-2007. EAI ancestral strains are thought to have 

spread back to Africa from Asia through India along with human migrations (Filliol et al. 2003) 

and currently predominate in East Africa and India. The representation of this strain in 

Johannesburg compared to the Western Cape could be explained by differences in the ethnic 

populations in the provinces.  
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The X family, especially SIT 92, was predominant both in Johannesburg and in the Western 

Cape. This family is however not well represented in the rest of Africa according to the SITVIT 

2 database and, in fact, most of the X family strains in the Western Cape (SITs 336, 137, 1329, 

119) were not identified in the Johannesburg sample. The X family is thought to be linked with 

Anglo-Saxon ancestry (Sebban et al. 2002) and the overrepresentation of this family in the 

Western Cape could reflect previous colonization history and the use of Cape Town as the main 

port of entry. 

 

The most prevalent strain family in the study, Beijing family, has a well documented association 

with drug resistance in the literature (Marais et al. 2006, Almeida et al. 2005, Cox et al. 2005, 

Park et al. 2005, Toungoussova et al. 2004, Bifani et al. 2002). The worldwide distribution of 

this strain family has led to speculation that it has selective advantage over other clinical isolates 

to cause disease (Bifani et al. 2002). Hypotheses explaining the successful transmission of 

Beijing include: reduced susceptibility to anti-TB drugs, resulting in a large expansion in Asia 

and worldwide; resistance to Mycobacterium bovis BCG-induced immunity; introduction to 

naive populations and alteration in gene function due to IS6110 insertions (Bifani et al. 2002, 

Beggs et al. 2000, Abebe, Bjune 2006, Gagneux et al. 2006).   

 

The presence of the Beijing family was expected in the current study sample because the strain 

family had been identified in various regions in the African continent (Kibiki et al. 2007, 

Homolka et al. 2008, Githui et al. 2004, Glynn et al. 2005), sometimes associated with drug 

resistance (Stavrum et al. 2009, Streicher et al. 2004). 
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Other families that have been associated with drug resistance and outbreaks in the region include 

the Haarlem family (SIT 50), which was associated with outbreaks in North Africa (Mardassi et 

al. 2005); LAM (SIT 60) was associated with an outbreak of XDR-TB among primarily HIV-

positive patients in KZN (Gandhi et al. 2006) and LAM3/F11,which is one of the strains driving 

the drug-resistant TB epidemic in the Western Cape (Victor et al. 2004, Streicher et al. 2004).  

These drug-resistant M. tuberculosis strain families pose a potential threat for outbreaks of MDR 

and XDR-TB in the region, especially among immunocompromised persons.  

 

Interpreting data on the significance of prevalent strain populations for the clinical benefit of 

patients is challenging because the factors that contribute to the success of any particular M. 

tuberculosis genotype are not well understood. Abundance alone is not necessarily an indicator 

of virulence in bacterial populations and therefore a better understanding of the effects of host 

genetic and environmental variability on disease presentation is required (Malik, Godfrey-

Faussett 2005). The prevalence of TB in large urban areas such as Johannesburg is further 

complicated by close human-to-human contacts and potential multiple sources of M. tuberculosis 

from the diverse ethnic groups migrating to the city from different regions in South Africa and 

the rest of the continent in search of better work opportunities 

 

In the current study, the spoligotype-defined families were further typed by MIRU typing in 

order to further differentiate and assess clonal diversity within the spoligotype families. As with 

studies of M. tuberculosis strain populations from other countries (Valcheva et al. 2008b, Sola et 

al. 2003), this study showed that the combination of the two techniques improved the 

discriminatory power (HGDI = 0.962) compared to spoligotyping alone (HGDI=0.917).  
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Using the combined methods also decreased the clustering rate to 66.8%, whereas spoligotyping 

alone identified 87.1% clustering and MIRU used alone identified 72.1% clustering. In 

epidemiological studies patients whose isolates have identical patterns (i.e. a cluster) are 

considered likely to have been infected recently and can therefore be targeted for 

epidemiological investigation to identify the chain of transmission (van Soolingen 2001). 

Interpreting the proportion of disease due to recent transmission directly derived from a clustered 

proportion is however complicated (Glynn et al. 1999). In urban areas, clustering observed in 

epidemiological data can suggest recent on going transmission of TB, while in geographically 

stable rural populations, clustering may result from simultaneous reactivation of infection 

acquired from the same source in the distant past (Braden et al. 1997).  

 

Some studies have also suggested that the relationship between clustering and the proportion of 

disease attributable to recent transmission depends on different factors such as the patients’ age, 

the geographical study area and the duration of the study (van Soolingen 2001) as well as the 

number of patients studied and the virulence and transmissibility of the strains (Glynn et al. 

1999).  

 

In the current study however, no association was found between clustering and age (P = 0.73) 

when using univariable analysis. Gender and distribution in Johannesburg were however 

associated with clustering (P = 0.033 and P = 0.006 respectively) as was additional drug 

resistance in MDR-TB isolates with either streptomycin or ethambutol (P = 0.001).  
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The clustering rates from this study were higher than estimates of recent transmission and rates 

of clustering reported in other studies performed in other African countries (Easterbrook et al. 

2004, Verver et al. 2004, Godfrey-Faussett et al. 2000, Tudo et al. 2004, Lockman et al. 2001). 

This could either reflect differences in transmission dynamics or the result could be influenced 

by the molecular typing techniques used in this study. Also, the current study investigated 

transmission in MDR TB strains only, the other above mentioned studies from high TB 

incidence countries investigated transmission patterns in samples of drug susceptible and MDR-

TB strains and therefore, the noted differences in transmission patterns could be influenced by 

these differences. A more comparable analysis would require the further use of a more 

discriminatory typing technique such as 24 MIRU-VNTR typing or IS6110-RFLP typing. 

Nevertheless, as with the other studies, the high clustering rate observed could imply ongoing 

transmission in the region, and since the strains transmitted strains are MDR-TB strains, this 

observation has dire consequences for the control of TB disease.  

 

A common pattern in the drug-susceptible, MDR and XDR-TB strains was observed in the 

region. The predominant MDR-TB strain families are the same families driving drug-susceptible 

TB and XDR-TB (Mlambo et al. 2008). In countries like South Africa, with many MDR-TB 

cases (WHO 2008a), it is likely that strains with greater fitness could establish themselves and be 

transmitted and generate disease at the same pace as susceptible strains (Caminero 2010). 

3.5 Conclusions 

The results from the current chapter illustrate the diversity of MDR-TB strains in Johannesburg 

and confirm other studies from South Africa regarding the abundance of M. tuberculosis strain 

types in the country. We observed the similarity in the predominant MDR strains, XDR and 
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drug-susceptible TB strains in the country and propose that the drug-resistant strains are 

sustaining transmission and generating disease with similar effectiveness as drug-susceptible 

strains.  

 

The study has several limitations: Firstly, only MDR-TB isolates were selected for study. 

However, a comparison with a recent molecular epidemiological study of drug-susceptible and 

drug-resistant isolates, including 109 MDR-TB isolates from 8 of the 9 provinces in South 

Africa, provided a basis of discussion regarding the M. tuberculosis genotypes circulating in 

South Africa. Extensive molecular typing of drug-susceptible and mono-resistant M. tuberculosis 

isolates in Johannesburg would however provide a more accurate analysis. Secondly, the use of 

12 MIRU loci as a secondary typing technique limits the interpretation of epidemiological links. 

IS6110-RFLP typing has been shown to improve the discrimination of clusters identified by less 

discriminatory methods, therefore the use of this technique in this study could possibly lower the 

clustering rate and provide more accurate interpretation of transmission patterns. The use of 

IS6110-RFLP typing however proved challenging in this study mainly due to loss of viability of 

cultures as well as technical problems with the procedure. We however believe that the 

combination of spoligotyping and MIRU analysis in this study provides insight into the 

population structure of MDR-TB strains in Johannesburg and identifies communities that can be 

targeted for further study using the more discriminatory typing methods. 

 

This observation has important implications for TB control in the region. We assume that disease 

transmission, reflected by the high clustering rate, occurs either because the MDR-TB contact is 

immunocompromised and progresses rapidly to active TB disease after exposure, or because the 
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source patient delays seeking medical attention, resulting in the potential for many secondary 

cases. If this is the case, increased emphasis should be placed on the early identification of 

MDR-TB cases through an upscale in drug susceptibility testing and also, improved referrals to 

MDR-TB hospitals and treatment follow-up until cure.  

Still, these recommendations are challenging in a high TB/HIV incidence region like South 

Africa and would require substantial resources. 
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CHAPTER 4: Utility of 24 MIRU-VNTR Typing For Discriminating Beijing 

and Non-Beijing MDR-TB Isolates in Johannesburg 

4.0 Summary 
 
The previous chapter described the spoligotype and 12 MIRU loci-defined population structure 

of MDR-TB strains in Johannesburg, which was dominated by several globally distributed strain 

types. In this chapter, 24 loci MIRU-VNTR typing was performed on strains from Beijing, CAS, 

EAI and H families. The objective was to assess the ability of the method to differentiate strains 

as compared with the 12 loci MIRU combination and also to identify specific MIRU-VNTR loci 

with high discriminatory power among the predominant strain families in our region. The 

proposed 15 MIRU-VNTR locus combination together with MIRU 39 was found to be sufficient 

as a secondary typing method for the routine epidemiological investigation of the Beijing family 

MDR-TB M. tuberculosis isolates. The other families could also be sufficiently differentiated by 

the 15 MIRU locus combination. However, additional typing either by IS6110-RFLP or by use 

of 24 MIRU loci plus hypervariable VNTR loci (3232, 3820 and 4120) should be considered for 

population-based molecular epidemiological studies investigating transmission patterns in order 

to obtain maximal resolution.  

4.1 Introduction 

The Beijing, Haarlem and EAI families are some of the predominant families driving the drug-

resistant TB epidemic in South Africa (Mlambo et al. 2008, Stavrum et al. 2009, Streicher et al. 

2004, Johnson et al. 2010).  
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In an effort to understand the molecular epidemiological dynamics of TB disease in South 

Africa, the ‘gold standard’ for typing M. tuberculosis strains, IS6110-RFLP, has been used in the 

Western Cape Province (van der Spuy et al. 2009). However, this method is cumbersome, time-

consuming and requires large quantities of DNA from viable samples, therefore other effective 

methods need to be evaluated for the characterization and differentiation of predominant M. 

tuberculosis strain families in this region. MIRU-VNTR typing has been shown to have 

discriminatory capacity close to that of IS6110-RFLP, especially when using 24 MIRU-VNTR 

loci (Supply et al. 2006). MIRU-VNTR loci however do not exhibit uniform discriminatory 

power across M. tuberculosis families in different areas and therefore may need to be selected for 

each particular region, especially where resources are limited, in order to minimize cost 

(Mokrousov et al. 2004, Han et al. 2007). 

 

The Beijing genotype strains constitute a significant proportion of circulating strains worldwide   

(Brudey et al. 2006, Glynn et al. 2002, Bifani et al. 2002), and often demonstrate some important 

pathogenic features such as increased  BCG virulence (Lopez et al. 2003), association with drug 

resistance (Cox et al. 2005) and the ability to multiply more rapidly in human macrophages 

(Zhang et al. 1999). Generally, strains of the Beijing family are closely related and therefore 

difficult to differentiate using most of the currently used typing techniques. The standard method 

to identify Beijing is spoligotyping, which results in highly similar patterns showing an absence 

of hybridization signals in spacers 1 to 34 (Glynn et al. 2002, Bifani et al. 2002, Kremer et al. 

2004). In regions such as East Asia where the genotype constitutes more than 50% of circulating 

strains, the method cannot be used in epidemiological investigations to trace transmission 

patterns.  
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The same concerns arise in countries like South Africa, where Beijing strains are associated with 

mono- and multidrug resistance (Streicher et al. 2004, Johnson et al. 2010) and also extensively 

drug-resistant (XDR) TB (Mlambo et al. 2008).  

 

As previously mentioned, IS6110-RFLP has been found to be the most discriminatory method 

for more detailed typing of Beijing strains (van Soolingen et al. 1995, Kremer et al. 2004). 

Unfortunately, the limitations of this method necessitate the evaluation of more rapid, reliable, 

reproducible and user-friendly methods. The 12 MIRU typing method has been used in 

numerous studies as a secondary typing method to either spoligotyping or IS6110-RFLP to 

confirm clonality (Zozio et al. 2005, Valcheva et al. 2008b, Millet et al. 2007, Dou et al. 2008a, 

Sola et al. 2003, Mokrousov et al. 2004, Baboolal et al. 2009, Candia et al. 2007, Aktas et al. 

2008, Durmaz et al. 2007, Sharma et al. 2008, Allix et al. 2004, Nikolayevskyy et al. 2006, Ali 

et al. 2007). 

 

Even though the 12 loci MIRU method has shown limited ability to discriminate Beijing strains, 

the data obtained from these studies have been invaluable for characterizing global diversity and 

phylogenetic reconstruction (Mokrousov et al. 2004). A proposed 24 loci MIRU-VNTR system 

(Supply et al. 2006), which includes a sub-set of 15 MIRU-VNTR loci recommended for use in 

molecular epidemiological investigations, as well as the full set of 24 MIRU-VNTR loci which is 

recommended for more extensive phylogenetic analysis, has shown marked improvement in 

differentiating M. tuberculosis strains compared with the 12 loci typing method (Oelemann et al. 

2007, Jiao et al. 2008, Abadia et al. 2009, Valcheva et al. 2008a, Maes et al. 2008, Alonso-

Rodriguez et al. 2008). 
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Population based studies evaluating the use of the proposed 24 loci MIRU-VNTR studies in 

comparison with IS6110-RFLP have however reported varying results. Studies from Spain, 

Germany and Belgium (Alonso-Rodriguez et al. 2009, Allix-Beguec et al. 2008a, Oelemann et 

al. 2007) reported good concordance between MIRU-VNTR and IS6110-RFLP. Other studies 

from Beijing endemic regions (Iwamoto et al. 2007, Jiao et al. 2008) and from South Africa 

(Hanekom et al. 2008) report a slightly better strain discriminating ability when typing Beijing 

strains using IS6110-RFLP and the South African study (Hanekom et al. 2008) identified 

discordant results when comparing MIRU-VNTR and IS6110-RFLP, especially when identifying 

transmission patterns. The studies advocate the use of either the IS6110-RFLP or 24 loci MIRU-

VNTR with additional hypervariable loci VNTR 3820, VNTR 3232 and VNTR 4120 when 

investigating epidemiological links in stains of the Beijing family. 

 

When using a MIRU-VNTR typing system, a preliminary evaluation to assess the diversity of 

particular loci in local strains for each geographical region prior to implementing MIRU typing 

for routine use is recommended since not all the standard 12, 15 or 24 loci are necessarily 

required to define all the unique isolates in a given situation (Supply et al. 2006, Mokrousov et 

al. 2004). Selecting loci with high discriminatory ability depending on the strain families 

(Brudey et al. 2006) known to be prevalent in a particular region could minimize time and 

expense. In South Africa, where the MDR and XDR-TB epidemic is driven by Beijing strains 

together with other families (LAM, S, X, T, EAI) (Mlambo et al. 2008, Stavrum et al. 2009), 

investigations of effective MIRU-VNTR loci need to be expanded to all these families.  
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Limited studies have used MIRU-VNTR analysis to characterize M. tuberculosis strains in South 

Africa thus far (Stavrum et al. 2009, Hanekom et al. 2008, Hanekom et al. 2007a, Savine et al. 

2002). A study by Hanekom and colleagues compared Beijing MIRU types from Cape Town 

with those from the Beijing endemic region of East Asia using 12 MIRU profiles and identified 

nine Beijing MIRU types that were shared between the two regions (Hanekom et al. 2007a). 

While it provides essential baseline information regarding the MIRU types in the region, this 

study was limited to using the 12 MIRU typing method.  

 

A more recent study by Hanekom and colleagues investigated concordance between IS6110-

RFLP and 24 loci MIRU-VNTR (Hanekom et al. 2008) using Beijing strains from the Western 

Cape. Even though discordance was reported between the methods, especially regarding 

investigations on transmission patterns, the study showed the improvement in discriminatory 

power between 12, 15 and 24 MIRU-VNTR typing and also advocated the use of 24 MIRU-

VNTR loci together with other hypervariable loci in population studies involving the Beijing 

family. Another recent study by Stavrum and colleagues, using 15 loci MIRU-VNTR to type 

Beijing strains from different Provinces in the country identified QUB-11b as highly 

discriminatory for Beijing strains and MIRU 40, Mtub 39, QUB-11b and QUB-26 as highly 

discriminatory for T family (SIT53). The identification of such effective MIRU loci and their 

associated families could eventually result in optimized first-line MIRU-VNTR typing geared to 

rapidly differentiate the specific, predominant strain families in the region.  

 

This chapter describes the most discriminatory loci for typing strains from the Beijing (SIT1) and 

non-Beijing strain families (Haarlem (SIT50), EAI (SIT48, ST806) and CAS (SIT21, ST1092) 
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using 24 MIRU-VNTR combination (Supply et al. 2006) in the region. We also suggest the 

optimal MIRU-VNTR loci combinations for differentiating the predominant M. tuberculosis 

strain families in Johannesburg, in an effort to minimize both time and expense.  

4.2 Study Design 

4.2.1 Sample Selection and Molecular Typing 

To further differentiate the patterns identified by 12 loci MIRU typing, 24 MIRU-VNTR typing 

was used on a set of isolates consisting of Beijing (n=71), EAI (n=44), CAS (n=8) and H (n=41) 

family strains. The discriminatory index for the 12 MIRU versus 24 MIRU locus system was 

calculated using the Hunter Gaston Discriminatory Index (HGDI)(Hunter, Gaston 1988). The 

HGDI was also calculated for each of the MIRU loci. MIRU-VNTR analysis was performed as 

described in Chapter 2. 

4.3 Results  

4.3.1. Beijing Family  

The proposed 24 MIRU-VNTR locus combination was used to differentiate 71 MDR-TB isolates 

previously shown to belong to the Beijing family on the basis of spoligotyping (Chapter 3). 

Interpretable results on the 12 MIRU loci were obtained for all 71 Beijing strains, which resulted 

in 19 MIRU profiles corresponding to a total of 64 clustered and 7 unique isolates. When the 

patterns were compared to a MIRU database at the Pasteur Institute in Guadeloupe, our sample 

identified 13 MITs and 6 orphans (Table 4.1).  
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Application of the 24 MIRU-VNTR typing method decreased the sizes of the clusters and sub-

divided the 12 MIRU-defined clusters into several new clusters (Table 4.1). The use of the 12 

locus combination was the least discriminatory (HGDI 0.90), while using the 15 MIRU loci 

typing method provided better resolution (HGDI 0.95). The full set of 24 provided the highest 

discriminatory power (HGDI 0.97).  The discriminatory power also differed significantly among 

the 24 MIRU-VNTR loci.  

 

Table 4.2 shows a comparison of the discriminatory capacities of the different MIRU-VNTR loci 

for Beijing family, with the QUB-11b locus (HGDI: 0.73) found to be the most discriminatory 

locus among the Beijing strains. The use of the proposed 15 MIRU locus combination (Supply et 

al. 2006) showed only eight loci with high to moderate discriminatory power in our study (Table 

4.2). The supplemental nine loci showed moderate discrimination in only three loci (MIRU 27, 

MIRU29 and MIRU39). The lowest discrimination was found for the monomorphic loci 

(MIRU2, MIRU4, MIRU20, MIRU23, MIRU24, MIRU 31 and ETRB) (Table 4.2). 
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Table 4.

12 loci MIRU 

1: Beijing family (SIT1) sub-clustered using 12 loci MIRU and 24 loci MIRU-VNTR typing (n=71) 

24 loci MIRU-VNTR 

MIT 17 223325173533324582444433 n=3 
223325173533 223325173533324582444435 n=2 

n=17 223325173533424682484433 n=1 
  223325173533424282452433 n=1 

  223325173533424482354443 n=1 
  223325173533424282452433 n=2 
  223325173533424282452433 n=4 
  223325173533424482354443 n=2 
  2233251735333245_2444433 n=1 

MIT 84     
223325183533 223325183533424682454433 n=3 

n=3     

MIT 96 223325171531424482454433 n=1 

223325171531 223325171531423472454233 n=1 
n=5 223325171531424482454433 n=1 

  223325171531424582454433 n=2 

MIT 99 223325173543424282452433 n=7 

223325173543 223325173543424282432433 n=1 
n=8     

MIT 101 223325173523324682454433 n=1 

223325173523 223325173523324582444435 n=1 
n=4 223325173523424653454433 n=1 

  223325173523424672454433 n=1 

MIT 104     
222325173543 222325173543424662454434 n=1 

n=1     

MIT 245 223325174533424582454633 n=1 

223325174533 223325174533424582444433 n=1 
n=4 223325174533424582454433 n=2 

MIT 254 223325163531425693344433 n=9 

223325163531 223325163531424683344433 n=1 
n=10     

MIT 1202     
223325174523 223325174523424582454433 n=3 

n=3     

MIT 1203     
223325123521 223325123521425693344433 n=2 

n=2     
Continued on next page 
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Table 4.

12 loci MIRU 

1: continued from previous page 

24 loci MIRU-VNTR 

MIT 1204     
223325173542 223325173542424282452433 n=2 

n=2     

MIT 1205 223225173523425582454434 n=3 

223225173523 223225173523424582434433 n=1 
n=4     

MIT 1206     
223325163521 223325163521425683344433 n=2 

n=2     
Orphan     

223325152523 223325152523424572454431   
223325176523 223325176523424582454433   
223225174533 223225174533424582454433 n=6 
223325121521 223325121521424482454433   
2233251735_3 2233251735_3424_82454433   

223325123531 223325123531425693344433   

  
 _denotes alleles that could not be amplified at particular MIRU loci (missing alleles) 
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Table 4.

MIRU-VNTR  

2: HGDI of each MIRU-VNTR locus (24 loci) in MDR M. tuberculosis Beijing genotype strains from 
Johannesburg 

MIRU-
VNTR 
locusa 

MIRU-
VNTR alias 

No. of 
alleles 

No. of 
repeats  HGDI Discrimination 

15 MIRU  2163b QUB-11b 4 2 - 6 0.73 high 

 1955 Mtub 21 4 3 - 8 0.5 moderate 

 2996 MIRU 26 5 2 - 8 0.46 moderate 

 802 MIRU 40 3      1 - 3 0.46 moderate 

 4052 QUB-26 7   2 - 11 0.46 moderate 

 577 ETR-C 3      3 - 5 0.41 moderate 

 424 Mtub 04 2      2 - 3 0.41 moderate 

 4156 QUB-4156 2      2 - 3 0.36 moderate 

 3690 Mtub 39 4 2 - 5 0.24 poor 

 2165 ETR-A 2 3 - 4 0.2 poor 

 2401 Mtub 30 3 2 - 6 0.19 poor 

 1644 MIRU 16 2 2 - 3 0.13 poor 

 960 MIRU 10 2 2 - 3 0.03 poor 

 580 MIRU 4 1 2 0 poor 

 3192 MIRU 31 1 5 0 poor 

       
Supplemental 

9  4348 MIRU 39 3 2 - 4 0.6 moderate 

 3007 MIRU 27 5 1 - 6 0.39 moderate 

 2347 Mtub 29 2 2 - 3 0.37 moderate 

 3171 Mtub 34 2 3 - 4 0.08 poor 

 2461 ETR-B 1 2 0 poor 

 2531 MIRU 23 1 5 0 poor 

 2059 MIRU 20 1 2 0 poor 

 154 MIRU 2 1 2 0 poor 

 2687 MIRU 24 1 1 0 poor 

              
a The loci within different MIRU-VNTR locus combinations are listed in descending order of allele diversity. 
Abbreviations: MIRU-VNTR: mycobacterial interspersed repetitive units-variable number of tandem repeats; 
HGDI, Hunter -Gaston diversity index; ETR, exact tandem repeats. Highly discriminatory: >0.6, moderate: 0.3-0.6, 
poor:<0.3 (Sola et al., 2003). 
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4.3.2 Non-Beijing Families (EAI, CAS and H)  
Application of the 12 MIRU loci typing method to the Haarlem family (SIT 36, 47, 50, 62, 168, 

2375) confirmed the subtypes originally identified by spoligotyping (Table 4.3). The majority of 

strains (96.4%) of the most predominant spoligotype SIT 50 were grouped into MIT 1211 

(225425183324) and further typing using 24 MIRU-VNTR loci did not appreciably differentiate 

the groups identified by MIRU 12 (Table 4.3).  

 
Table 4.3

Spoligotype 

: H family sub-clustered using 12 loci MIRU and 24 loci MIRU-VNTR typing (n=41) 

12 Loci MIRU 24 loci MIRU-VNTR   

SIT 36 MIT 611    
n=1 225325143323 225325143323323633234343 (n=1) 

  n=1    

SIT47 MIT 1211     
n=2 225425183324 225425183324323273234323 (n=2) 

  n=2    

SIT 50 MIT 1211 225425183324323273234343 (n=27) 
n=28 225425183324    

  n=27    
  22_326153323 22_326153323224473444143 (n=1) 
  n=1    

SIT 62 MIT 43     
n=3 225323153323 225323153323323583222333 (n=1) 

  n=1    
  227223153323 227223153323223573232343 (n=1) 
  n=1    
  226223153323 226223153323223573232333 (n=1) 
  n=1    

ST168 MIT 1211     
n=1 225425183324 2254251833243232_3234343 (n=1) 

  n=1    

ST 2375 MIT 897     
n=5 123325153323 123325153323323663234343 (n=5) 

  n=5    

Orphan 2253231_3323 2253231_3323323583222343 (n=1) 
n=1 n=1     
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A similar result was observed for strains of the CAS family, where MIRU typing successfully 

identified and differentiated strains from CAS1_KILI (SIT 21) and CAS1_DELHI (SIT 1092) 

families by both 12 and 24 loci combinations (Table 4.4). The predominant spoligotype, ST21 

was further split into two MIT types (MIT 1207 and 261) but typing using 24 MIRU-VNTR loci 

did not further sub-cluster the other 12 loci-defined groups (Table 4.4).  

 

Table 4.4

Spoligotype 

: CAS family (SIT21, SIT 1092) sub-clustered using 12 loci MIRU and 24 loci MIRU-VNTR typing (n=8) 

12 loci MIRU  24 loci MIRU-VNTR   

SIT 21 MIT 1207    
  227425112434 227425113434422252434322 n=4 
  n=4    
  MIT 261 

 
  

  227425113434 227425113434422252434322 n=1 
  n=1    
  Orphan    
  227425123434 227425123434422232434322 n=1 
  227325112434 227325112434422252424322 n=1 

SIT 1092 MIT 229     
  224325173533 224325173533422272444323 n=1 
  n=1     

 

MIRU typing of the EAI family (ST 48, 806, 2997, 2998) using the 12 loci combination resulted 

in 6 MITs and 3 orphan patterns compared to the four SITs identified by spoligotyping (Table 

4.5). 24 MIRU-VNTR typing further sub-divided MIT 1210 (n=20) into 6 MIRU patterns, the 

largest consisting of 75% of the strains (Table 4.5). The discriminatory power of the 24 MIRU-

VNTR combination increased (HGDI: 0.85) compared with 12 MIRU combination (HGDI: 

0.77).  
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Table 4.

Spoligotype 

5: EAI1_SOM family sub-clustered using 12 loci MIRU and 24 loci MIRU-VNTR typing (n=44) 

12 Loci MIRU 24 loci MIRU-VNTR 

SIT48 MIT 64 2543262235139423312113236 n=1 
n=17 254326223513 2543262235139423312113237 n=1 

  n=2     
  MIT 1208 2541262234139423212113237 n=8 
  254126223413     
  n=8     
  MIT 1209 2542262234139423212113237 n=5 
  254226223413 2_42262234139423212113237 n=1 
  n=6     
  254_26223513 254_262235139423212113237 n=1 
  n=1     

SIT806 MIT 1210 25432622341464414512133212 n=15 
n=20 254326223414 __4326223_146442512133212 n=1 

  n=18 2_4326223414222337244211 n=1 
    2_432622341464414512133212 n=1 
  254426283414 25442628341464414512133212 n=1 
  n=1     
  254426283414 2243261_3___64414512133212 n=1 
  n=1     

SIT2997 MIT 65     
n=6 254326223613 2543262236136248432103212 n=6 

  n=6     
  MIT 64     

SIT 2998 254326223513 2543262235139423322113237 n=1 
n=1 n=1     

        
_denotes alleles that could not be amplified at particular MIRU loci (missing alleles) 
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Table 4.6

MIRU-VNTR locusa 

: HGDI of each MIRU-VNTR locus  (24 loci) in  MDR 
M. tuberculosis non-Beijing genotype strains from Johannesburg 

HGDI Discrimination 

QUB-26 0.76 high 
QUB-11b 0.74 high 
Mtub 21 0.73 high 
ETR-A 0.72 high 
ETR-C 0.66 high 

Mtub 39 0.66 high 
MIRU 16 0.65 high 
MIRU 26 0.65 high 
MIRU 10 0.63 high 
MIRU 31 0.61 high 

QUB-4156 0.59 moderate 
MIRU 39 0.58 moderate 
MIRU 23 0.55 moderate 
Mtub 29 0.55 moderate 
Mtub 30 0.53 moderate 
MIRU 4 0.5 moderate 

MIRU 24 0.5 moderate 
ETR-B 0.48 moderate 

MIRU 40 0.47 moderate 
Mtub 34 0.42 moderate 
Mtub 04 0.2 poor 
MIRU 2 0.12 poor 

MIRU 27 0.1 poor 
MIRU 20 0 poor 

   

      
a The loci within different MIRU-VNTR locus combinations are listed in descending order of allele diversity. 
Abbreviations: MIRU-VNTR: mycobacterial interspersed repetitive units-variable number of tandem repeats; 
HGDI, Hunter -Gaston diversity index; ETR, exact tandem repeats. Highly discriminatory: >0.6, moderate: 0.3-0.6, 
poor:<0.3 (Sola et al., 2003). 
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4.3.3 Simultaneous Co-infection and Clonal Variants in EAI Family 
 
Table 4.7 illustrates the use of MIRU-VNTR typing in detecting possible mixed infection and 

clonal variants in M. tuberculosis specimens. The sample shown is from the EAI family. All the 

EAI family isolates were fully typed using 24 MIRU-VNTR typing and of the 44 isolates, 6 (J85, 

J94, J99, J111, J115 and J110) showed either a double allele in a single MIRU-VNTR locus, thus 

suggesting the presence of 2 closely related clonal variants or 2 or more alleles in more that two 

loci, suggesting co-infection with multiple strains of M. tuberculosis.  
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Table 4.7

Strain numberSpoligotype Family STI 
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12 MIRU loci MIT profile 24 MIRU loci

J80 EAI1-SOM 48 2 5 4 1 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254126223413 1208 2541262234139423212113237
J86 EAI1-SOM 48 2 5 4 1 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254126223413 1208 2541262234139423212113237
J87 EAI1-SOM 48 2 5 4 1 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254126223413 1208 2541262234139423212113237
J89 EAI1-SOM 48 2 5 4 1 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254126223413 1208 2541262234139423212113237
J90 EAI1-SOM 48 2 5 4 1 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254126223413 1208 2541262234139423212113237
J91 EAI1-SOM 48 2 5 4 1 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254126223413 1208 2541262234139423212113237
J92 EAI1-SOM 48 2 5 4 1 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254126223413 1208 2541262234139423212113237
J93 EAI1-SOM 48 2 5 4 1 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254126223413 1208 2541262234139423212113237
J81 EAI1-SOM 48 2 5 4 2 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254226223413 1209 2542262234139423212113237
J82 EAI1-SOM 48 2 5 4 2 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254226223413 1209 2542262234139423212113237
J83 EAI1-SOM 48 2 5 4 2 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254226223413 1209 2542262234139423212113237
J84 EAI1-SOM 48 2 5 4 2 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254226223413 1209 2542262234139423212113237
J85 EAI1-SOM 48 2 2+5 4 2 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254226223413 1209 2_42262234139423212113237
J96 EAI1-SOM 48 2 5 4 2 2 6 2 2 3 4 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254226223413 1209 2542262234139423212113237
J88 EAI1-SOM 48 2 5 4 3 2 6 2 2 3 5 1 3 9 4 2 3 3 1 2 11 3 2 3 6 254326223513 64 2543262235139423312113236
J95 EAI1-SOM 48 2 5 4 3 2 6 2 2 3 5 1 3 9 4 2 3 3 1 2 11 3 2 3 7 254326223513 64 2543262235139423312113237
J94 EAI1-SOM 48 2 5 4 2+3 2 6 2 2 3 5 1 3 9 4 2 3 2 1 2 11 3 2 3 7 254_26223513 orphan 254_262235139423212113237
J97 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J98 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J99 EAI1-SOM 806 1+2 2+5 4 3 2 6 2 2 3 3+4 1 4 6 4 4 2 5 1 2 13 3 2 1 2 254326223414 1210 __4326223_146442512133212
J100 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J101 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J102 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J103 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J104 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 2 5 1 2 13 3 2 1 2 254326223414 1210 2543262234146442512133212
J105 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J107 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J108 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J109 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J111 EAI1-SOM 806 2 2+5 4 3 2 6 2 2 3 4 1 4 2 2 3 3 7 2 4 4 4 2 1 1 254326223414 1210 2_4326223414222337244211
J112 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J113 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J114 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J115 EAI1-SOM 806 2 2+5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 2_432622341464414512133212
J116 EAI1-SOM 806 2 5 4 3 2 6 2 2 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254326223414 1210 25432622341464414512133212
J106 EAI1-SOM 806 2 5 4 4 2 6 2 8 3 4 1 4 6 4 4 14 5 1 2 13 3 2 1 2 254426283414 orphan 25442628341464414512133212
J110 EAI1-SOM 806 2 2 4 3 2 6 1 2+5 3 3+4 1+2 3+4 6 4 4 14 5 1 2 13 3 2 1 2 22432612341_ orphan 2243261_3___64414512133212
J280 EAI1-SOM 2997 2 5 4 3 2 6 2 2 3 6 1 3 6 2 4 8 4 3 2 10 3 2 1 2 254326223613 65 2543262236136248432103212
J281 EAI1-SOM 2997 2 5 4 3 2 6 2 2 3 6 1 3 6 2 4 8 4 3 2 10 3 2 1 2 254326223613 65 2543262236136248432103212
J282 EAI1-SOM 2997 2 5 4 3 2 6 2 2 3 6 1 3 6 2 4 8 4 3 2 10 3 2 1 2 254326223613 65 2543262236136248432103212
J283 EAI1-SOM 2997 2 5 4 3 2 6 2 2 3 6 1 3 6 2 4 8 4 3 2 10 3 2 1 2 254326223613 65 2543262236136248432103212
J284 EAI1-SOM 2997 2 5 4 3 2 6 2 2 3 6 1 3 6 2 4 8 4 3 2 10 3 2 1 2 254326223613 65 2543262236136248432103212
J285 EAI1-SOM 2997 2 5 4 3 2 6 2 2 3 6 1 3 6 2 4 8 4 3 2 10 3 2 1 2 254326223613 65 2543262236136248432103212
J268 EAI1-SOM 2998 2 5 4 3 2 6 2 2 3 5 1 3 9 4 2 3 3 2 2 11 3 2 3 7 254326223513 64 2543262235139423322113237

: Six isolates from EAI1_SOM family (n=44) showing either clonal variation (2 alleles in 1 locus) or mixed infection (2 or more alleles > 2 loci). 
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4.4. Discussion 

MIRU genotyping can be performed using automated high throughput equipment which 

facilitates rapid and highly reproducible results. Resource-limited countries usually cannot afford 

the cost and maintenance of such equipment, and therefore for such settings MIRU typing can be 

done using simple agarose gel electrophoresis. This method basically requires the same quality 

control precautions as required for all PCR-based methods and the use of affordable gel 

electrophoresis equipment. Moreover, knowledge of the predominant families circulating in a 

given setting together with the MIRU loci that show high discriminatory power in these families 

could result in saving costs as only those selected loci would be used when genotyping. In the 

current study, a detailed analysis of the MIRU loci (24 MIRU-VNTR) that show high 

discrimination for Beijing and non-Beijing strains in the region will be discussed. 

   

An analysis of the Beijing family strains from the study sample supported a previous study by 

Mokrousov and colleagues, who identified MIRU 26 and MIRU 39 to have good discrimination 

for South African Beijing strains (Mokrousov et al. 2004). The overall results from our study do 

however differ slightly with the aforementioned study in that while MIRU 10 was also 

recommended for differentiation of South African Beijing strains (Mokrousov et al. 2004), we 

found that the MIRU 10 locus showed poor discrimination for our sample (HGDI 0.03).  

 

Another report by Jiao and colleagues (2008) found that the supplemental nine loci are not 

polymorphic in Beijing genotype strains (Jiao et al. 2008). Our results however suggest that 

MIRU 27 (HGDI 0.37), MIRU (HGDI 0.39) and especially MIRU 39 (HGDI 0.6) could be 

useful in differentiating Beijing strains in the study region.  
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When using the 24 MIRU-VNTR loci typing method we identified QUB-11b to be highly 

discriminatory for Beijing family strains (HGDI: 0.73). This locus has also been found in various 

studies to sufficiently differentiate Beijing and non-Beijing strains (Supply et al. 2006, Jiao et al. 

2008, Millet et al. 2007, Valcheva et al. 2008a, Wada et al. 2007, Kam et al. 2006).   

 

The complete set of MIRU-VNTR loci that were useful in discriminating Beijing isolates in this 

study were: MIRU26, MIRU27, MIRU39, MIRU40, ETR-C, QUB-11b, QUB-26, QUB-4156, 

Mtub 04, Mtub 21 and Mtub 29. Since most of these discriminatory loci are included in the 

proposed 15 loci combination (Supply et al. 2006), with the exception of MIRU 27, MIRU 39 

and Mtub 29, we suggest that the proposed 15 MIRU locus combination with additional MIRU 

39 (HGDI: 0.6) can be used as a typing method in routine epidemiological investigation of the 

predominant MDR-TB M. tuberculosis isolates in the region. Additional typing either by 

IS6110-RFLP or by use of 24 MIRU loci plus hypervariable VNTR loci (3232, 3820 and 4120) 

would be required for maximal resolution in phylogenetic and transmission studies (Hanekom et 

al. 2008). The study also identified MIRU2, MIRU4, MIRU20, MIRU23, MIRU24, MIRU 31 

and ETRB to be monomorphic in typing Beijing family strains. Several studies have also 

identified either one or all of these MIRU loci (2, 20, 23 and 24) to be monomorphic in Beijing 

strains (Mokrousov et al. 2004, Valcheva et al. 2008a, Kam et al. 2005) and even recommended 

their exclusion in epidemiological investigations involving this genotype (Mokrousov et al. 

2004).  
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The discriminatory index of the combined sample of non-Beijing strains (n=93) was calculated 

for each of the MIRU-VNTR loci; ten loci were highly discriminatory (MIRU 10, MIRU 16, 

MIRU 20, MIRU 31,ETR-A, ETR-C, QUB-11b, QUB-26, Mtub21and Mtub39). Another ten 

loci were moderately discriminatory (MIRU 4, MIRU 23, MIRU24, MIRU 39, MIRU 40, ETR-

B, QUB-4156, Mtub 29, Mtub30 and Mtub34) and four were poorly discriminatory (MIRU 2, 

MIRU20, MIRU27 and Mtub04). The poor discriminatory loci have been reported in other 

studies (Jiao et al. 2008, Sola et al. 2003, Han et al. 2007, Nikolayevskyy et al. 2006, Valcheva 

et al. 2008a, Alonso-Rodriguez et al. 2008, Kam et al. 2005). Since these loci are not included in 

the 15 MIRU-VNTR typing method recommended for epidemiological investigation, we suggest 

that the 15 loci combination is sufficient for typing of non-Beijing strains in our region, 

especially the predominant families identified in chapter 3. Population-based molecular 

epidemiological studies of TB would however require the additional use of IS6110-RFLP or 24 

MIRU-VNTR typing, with additional hypervariable loci for maximal resolution (Hanekom et al. 

2008). 

 

Mixed/multiple infections are a major concern in the diagnosis and treatment of TB. Double 

alleles in a single MIRU-VNTR locus suggest the presence of 2 closely related clonal variants 

whereas 2 or more alleles in more that two loci suggest co-infection with multiple strains on M. 

tuberculosis (Supply et al. 2006, Allix et al. 2004, Garcia de Viedma et al. 2005). Simultaneous 

co-infection by more than one strain of M. tuberculosis has been demonstrated in several studies 

(Richardson et al. 2002a, Warren et al. 2004, Garcia de Viedma et al. 2005, Bandera et al. 

2001). Confirming such multiple infections can however be a complicated and laborious process 

since it requires either the use of a highly discriminating genotyping method or the culture and 
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analysis of multiple single colonies from each specimen (Richardson et al. 2002a, Warren et al. 

2004).  

 

IS6110-RFLP has been the method of choice for exploring clonally complex cases of TB due to 

its high discriminatory power, and the existence of more than one clone is usually detected by 

the presence of low intensity bands, and the interpretation of such results requires expertise 

(Warren et al. 2004). MIRU-VNTR typing has proven useful for simplifying and optimizing the 

characterization of clonally complex cases (Garcia de Viedma et al. 2005), since it produces a 

single allele for each locus resulting in single band patterns after PCR amplification. If two 

different strains are present, two different alleles should be observed in a single locus thereby 

suggesting clonal variants. 

 

MIRU loci have been reported to be more stable than IS6110 (Mazars et al. 2001), therefore it is 

unlikely that the result seen in our sample could be due to random variations caused by 

instability of the loci. Laboratory contamination is a possible explanation for this result and 

therefore additional genotyping using IS6110-RFLP would be necessary in order to confirm the 

suspected mixed infections identified in this study. The importance of correctly identifying co-

infections with multiple M. tuberculosis strains is of particular significance in a high burden TB 

area like South Africa. Such infections can have significant impact on TB chemotherapy, 

especially if the infecting M. tuberculosis strains have differing drug resistance profiles. The 

overall findings in this chapter are that the use of 15 loci MIRU-VNTR typing is feasible for a 

high TB incidence region like Johannesburg, South Africa. The high rate of TB in the region 

however increases the possibility of simultaneous co-infections with multiple M. tuberculosis 
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strains and therefore, if such cases are suspected, subsequent analysis using IS6110-RFLP would 

be required for confirmation. 

4.5 Conclusions 

The overall findings in this chapter are that the use of 15 loci MIRU-VNTR typing is feasible for 

a high TB incidence region like Johannesburg, South Africa. The high rate of TB in the region, 

however, increases the possibility of simultaneous co-infections with multiple M. tuberculosis 

strains and therefore, if such cases are suspected, subsequent analysis using IS6110-RFLP would 

be required for confirmation. 
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Chapter 5: Multidrug-resistant Tuberculosis: Treatment Outcome Analysis at 

Sizwe Hospital, the MDR-TB Referral Hospital in Gauteng 

5.0 Summary  

Multidrug-resistant tuberculosis disease is associated with lengthy treatment, expensive and 

potentially toxic regimens, with high rates of poor treatment outcomes often observed (treatment 

failure and death). This study describes the treatment outcomes of MDR-TB patients at Sizwe 

Hospital, Johannesburg, who started treatment between 2004 and 2007 and investigates possible 

risk factors associated with poor outcomes. Treatment success (completion and cure) was 

recorded in 158 (48.8%) of patients, while 73 (22.5%) had poor outcomes, 93 (28.7%) defaulted, 

11(3.1%) were transferred out to other health facilities and 16 (4.6%) had no recorded final 

outcome. The proportion of successful treatment significantly increased over time. Univariable 

and multivariable analysis (level of significance P = 0.05) identified the year of MDR-TB 

diagnosis and spoligotype-defined families as factors associated with treatment outcome. No 

associations were found between treatment outcome and HIV status, previous TB, and additional 

MDR resistance to either streptomycin or ethambutol. 

 

The study also describes the molecular characteristics of the MDR-TB isolates obtained from the 

patients at Sizwe Hospital and complements the characterization of isolates from Johannesburg 

(Chapter 3) by extending the study area to include the rest of the Gauteng Province. MDR-TB 

cases identified in this province are ideally referred to Sizwe Hospital for treatment and follow-

up therefore, this sample is a good representation of the MDR-TB strains circulating at the 

MDR-TB referral hospital, and in Gauteng. 
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The strain diversity of the isolates from Sizwe Hospital was determined using spoligotyping and 

MIRU analysis and the results were similar to the Johannesburg-only sample (Chapter 3), with 

Beijing, LAM, EAI, T and H families forming the largest groups in the MDR-TB population in 

the region.  

5.1 Introduction 

Multidrug-resistant TB disease is characterized by difficulties in treatment compared with drug-

susceptible TB, since the MDR-TB strains are resistant to the two most efficient anti-tuberculosis 

drugs, rifampicin and isoniazid (WHO 2008b, WHO 2008a). MDR-TB treatment is often 

associated with high rates of treatment failure of at least 50%, which is even higher in countries 

with less developed TB programmes (Espinal et al. 2000) and often results in high mortality 

rates (Migliori et al. 2009, Migliori et al. 2008a).  

 

Knowledge of risk actors associated with poor outcomes of MDR-TB treatment is crucial for 

developing more effective treatment solutions (Caminero 2010). Several studies have been 

performed in developed countries to evaluate the treatment outcomes in MDR-TB patients and  

also to identify the predictors of poor outcomes (Chan et al. 2004, Flament-Saillour et al. 1999, 

Bang et al. 2010, Eker et al. 2008). The risk factors in these settings often include prior treatment 

with anti-TB drugs; resistance to fluoroquinolones (FQN); resistance to capreomycin; HIV 

infection; history of imprisonment; older age; male gender and extra-pulmonary TB (Yew et al. 

2000, Chiang et al. 2006, Orenstein et al. 2009, Chan, Iseman 2008).  
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There is, however, limited information on both the treatment outcomes of MDR-TB patients and 

the factors associated with poor outcomes in high TB and HIV prevalence regions such as sub-

Saharan Africa. Some of the available studies have either been limited by sample numbers or 

focused mostly on investigating factors associated with default of patients from MDR-TB 

treatment (Holtz et al. 2006, Davies et al. 1999, Shean et al. 2008, Seung et al. 2009).  A recent 

study from the KZN Province does, however, highlight the magnitude of TB drug resistance as 

well as the negative effects of HIV infection, prior history of TB, year of diagnosis and male sex 

on poor treatment outcomes in the KZN Province (Brust et al. 2010). South Africa currently 

ranks fourth among all countries in terms of MDR-TB burden (WHO 2009b) and the recent 

discovery of XDR-TB in the KZN Province (Gandhi et al. 2006) as well as subsequent reports of 

XDR-TB in other provinces (WHO 2008a) emphasize the magnitude of the drug-resistant TB 

epidemic in the country.  

 

The treatment regimen for MDR-TB is generally determined by considering drug susceptibility 

profiles of the infecting M. tuberculosis isolate and includes the use of second-line anti-TB drugs 

(WHO 2008b).  The selected regimen can vary between a standardized and individualized 

structure depending on the country’s treatment policy and resources (WHO 2008b, Yew et al. 

2000, Chan et al. 2004, Van Deun et al. 2004, Flament-Saillour et al. 1999, Tahaoglu et al. 2001, 

Shin et al. 2006). In South Africa, the management of MDR-TB involves referral of MDR-TB 

patients to specialized MDR-TB hospitals situated in the various provinces. Sizwe Hospital is the 

referral hospital for the Gauteng Province and MDR-TB patients identified in medical centres in 

the province are ideally referred to Sizwe Hospital for treatment.   
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A standardised treatment recommended by the World Health Organization is used for treatment 

(Weyer 2004), which consists of a four month intensive phase with kanamycin, pyrazinamide, 

ofloxacin, ethionamide and either terizidone or ethambutol, followed by a 12-18 months 

continuous phase of ofloxacin, ethionamide and either terizidone or ethambutol (WHO 2008b, 

Weyer 2004).   

 

The treatment strategy of providing MDR-TB patient management in specialized institutions, 

often accompanied with individualized treatment regimens, has been used extensively and with 

great success in developed countries with low TB/HIV prevalence (Chan et al. 2004, Eker et al. 

2008, Ferrara et al. 2005, Talay et al. 2008). Regions with high burden of TB and limited 

resources usually opt for the WHO recommended treatment strategy (Weyer 2004) as well as 

community-based treatment (Mitnick et al. 2003) mainly because of the high load of TB cases, 

as well as lack of resources including medication, medical personnel and beds in treatment 

facilities. 

 

The current study aimed to investigate treatment outcomes of MDR-TB patients who had been 

treated at Sizwe Hospital for ≥ 2 years and to identify possible risk factors associated with p oor 

treatment outcomes (treatment failure and death). We also used molecular typing to characterize 

the MDR-TB genotypes from patients at Sizwe Hospital and investigated possible associations 

between genotypes and treatment outcomes. 
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5.2 Study Design 

5.2.1 Study Population  

A total of 351 patients with culture-confirmed MDR-TB who started treatment at Sizwe Hospital 

between 2004 and 2007 were included in this study. The study group included patients from all 

areas in Gauteng but excluded any patients from Johannesburg identified in Chapter 3 in order to 

avoid duplicate analysis in molecular typing. Patients who were either transferred out or had no 

record of final outcome were excluded from the final analysis, resulting in a final study 

population of 324 patients. Ethical approval for the study was granted by University of the 

Witwatersrand Human Research (Medical) Ethics Committee. Permission to access patient 

information from Sizwe Hospital was obtained from the Gauteng Provincial Department of 

Health. 

5.2.2 Outcome Definitions 

Standard definitions for cure, treatment completion, treatment failure, death, default and transfer 

out were used as described in Chapter 2 (Laserson et al. 2005). Successful treatment was further 

defined as either cure and/or completion and poor treatment was defined as either treatment 

failure and/or death (Veen et al. 1998). The duration of treatment for all patients was ≥ 2 years.  

5.2.3 Molecular Characterization of MDR-TB Isolates 

All the 351 MDR-TB isolates from the study population were typed using spoligotyping and 

MIRU analysis. Only the first MDR sample was used per patient for genotyping analysis.  

Spoligotyping was performed as described in Chapter 2.  
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The individual spoligotyping patterns were entered in an Excel spreadsheet and compared to 

those of the international database SITVIT2 (Institut Pasteur de Guadeloupe, available online at 

http://www.pasteurguadeloupe.fr:8081/SITVITDemo). MIRU typing (12 loci) was performed 

with primers and conditions as described in Chapter 2. MIRU data were sent to the Institut 

Pasteur de Guadeloupe for comparison and entered into an ‘in-house’ database containing 12 loci 

MIRU patterns referred to as MITs (MIRU international types). 

5.2.4 Statistical Analysis 

Univariable analysis was performed to examine associations between baseline characteristics and 

treatment outcomes using the Pearson's chi-square test. Characteristics examined included; age, 

gender, year of MDR-TB diagnosis, drug susceptibility profiles, prior history of TB, HIV status 

and spoligotype-defined clades. Variables with P < 0.05 on univariable analysis were then 

incorporated into a multivariable logistic regression model to estimate the predictors of poor 

outcome. Odds ratios were estimated at 95% confidence intervals, and a P value of < 0.05 was 

regarded as statistically significant.        

5.3 Results 

5.3.1 Analysis of Treatment Outcomes 

Of the 351 patients whose strains were selected for analysis at the beginning of the study, 16 

(4.6%) patients had no recorded final treatment outcome and 11 (3.1%) patients were transferred 

out to other regions for continued treatment. Final outcome was available for 324 (92%) of the 

patients and only these patients were included in the final analysis. The baseline characteristics 

(gender, age, HIV status, previous TB, and drug resistance profiles) for the 324 patients with 

known final outcome are shown in Table 5.1.  

http://www.pasteurguadeloupe.fr:8081/SITVITDemo�
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Among these patients, 93 (28.7%) defaulted, 73 (22.5%) had poor outcome and 158 (48.8%) had 

successful outcomes (Figure 5.1).  

Table 5.1
n(%) 

: Baseline characteristics  

Total 324 
Gender   
Female 154 (47.5) 
Male 170 (52.5) 
Age, years    
≤15 9 (2.8) 
16 - 35 167(51.5) 
≥36 145(44.8) 
Missing 3 (0.9) 
HIV status    
HIV-positive 203(62.7) 
HIV-negative 72(22.2) 
Missing 49 (15.1) 
Prior history of TB    
Yes 182(56.2) 
No 97(29.9) 
Missing 45 (13.9) 
Resistance to TB drugs   
INH + RIF only 30 (9.3) 
INH + RIF + STR 30(9.3) 
INH + RIF + EMB 26(8) 
INH + RIF + STR + EMB  232(71.6) 
INH + RIF, no additional DST 6(1.9) 
    
HIV: human immunodeficiency virus; TB: 
tuberculosis 

   

The proportion of cases with successful treatment increased from 2004-2007 with a 

commensurate decrease in the proportion of default and poor outcome (Figure 5.1). Univariable 

analysis revealed that later year of starting treatment, male gender and strain families other than 

the Haarlem family were associated with successful rather than poor treatment outcome (Table 

5.2). 
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 Although there was a trend towards more successful outcomes among those who were not 

resistant to both ethambutol and streptomycin, this was not significant (Table 5.2). There was no 

evidence of association between successful outcomes and either HIV or previous TB among 

those for whom data were available. In multivariable analysis, year of MDR-TB diagnosis and 

strain family remained significantly associated with treatment outcomes, while gender showed 

only weak evidence of an association (Table 5.2). 

  

 
Figure 5.1

 

: Treatment outcomes for MDR-TB patients  starting treatment in 2004-2007 
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Table 5.2

  

: Odds ratio  (OR) for successful treatment versus poor treatment among MDR-TB patients at Sizwe Hospital 

Successful outcome Univariable analysis 
 

Multivariable analysis   

Variables N % OR 95% CI P value OR 95% CI P value 
Start year 

       
  

2004 18/37 48.6% 1 
 

 < 0.001 
  

 < 0.001 
2005 30/57 52.6% 1.17 0.51-2.69 

 
0.83 0.35-2.03   

2006 53/71 74.6% 3.1 1.35-7.18 
 

2.62 1.08-6.42   
2007 57/66 86.4% 6.68 2.58-17.35 

 
5.32 1.94-14.60   

Gender  
       

  
Female 67/113 56.8% 1 

 
0.004 

  
0.065 

Male 91/118 77.1% 2.31 1.31-4.10 
 

1.81 0.96-3.42   
Strain family 

       
  

LAM 43/56 76.8% 1 
 

0.005 
  

0.041 
T 29/41 70.3% 0.73 0.29-1.83 

 
0.85 0.32-2.25   

Beijing  28/41 68.3% 0.65 0.27-1.61 
 

0.64 0.24-1.70   
H 16/38 42.1% 0.21 0.09-0.54 

 
0.24 0.09-0.64   

Other 42/55 76.4% 0.98 0.41-2.40 
 

0.78 0.30-2.01   
Age  (yrs) 

       
  

0-15 7-Jun 85.7% 1 
 

0.208 
  

  
16-35 71/114 62.3% 0.27 0.03-2.36 

   
  

≥ 36 79/107 73.8% 0.47 0.05-4.08 
   

  
Missing       2/3 66.7% 0.33 0.01-8.18 

   
  

MDR additional resistance 
       

  
embRstrR 107/168 63.7% 1 

 
0.122 

  
  

embRstrS 14/18 77.8% 2 0.63-6.33         

         Continued on next page 
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Table 5.2
  

: continued from previous page 
Successful outcome Univariable analysis   Multivariable analysis   

Variables N % OR 95% CI P value OR 95% CI P value 
MDR additional resistance 

       
  

embSstrR 17/21 81% 2.42 0.78-7.53 
   

  
embSstrS 17/21 81% 2.42 0.78-7.53 

   
  

HIV status 
       

  
No 42/55 76.4% 1 

 
0.131 

  
  

Yes 105/155 67.8% 0.65 0.32-1.32 
   

  
Missing 21-Nov 52.4% 0.34 0.12-0.98 

   
  

Previous TB 
       

  
No  54/72 75% 1 

 
0.215 

  
  

Yes 91/136 70% 0.67 0.36-1.28 
   

  
Missing 13/23 56.5% 0.43 0.16-1.16 

   
  

CI, confidence interval; HIV, human immunodeficiency virus;  TB, tuberculosis; embR= ethambutol resistant; strR = streptomycin 
resistant; embS = ethambutol susceptible = strS,  streptomycin susceptible; LAM = Latin American Mediterranean; H = Haarlem; T =  
"ill-defined T family" 
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5.3.2 Molecular Characterization of MDR-TB Isolates 

5.3.2.1 Spoligotyping 

When spoligotyping results were compared to the updated international spoligotyping database 

(SITVIT 2) all 351 isolates matched existing shared spoligotype international types (STIs), 

resulting in 41 different shared types belonging to clades; Beijing, CAS, EAI, H, LAM, S, T, X 

and unknown clade (ST 46) (Table 5.3). Spoligotyping grouped 339 isolates into 29 clusters, 

resulting in a high clustering rate of 88.3% (339-29/351).  A comparison of MDR-TB strains 

from Sizwe Hospital (Gauteng) with strains circulating in Johannesburg (Chapter 3) showed a 

similarity in the predominant strains (Table 5.3). 

5.3.2.2 MIRU Analysis 

Secondary typing using MIRU analysis identified 101 MITs (MIRU international types) and 78 

orphan patterns when compared to an ‘in-house’ database (SITVIT 2) of the Institut Pasteur de 

Guadeloupe. A total of 61 clusters, containing 233 isolates were identified, with a resultant 

reduced clustering rate of 49% (233-61/351) compared with spoligotyping.  The sub-clusters 

obtained when predominant spoligotypes were differentiated by MIRU typing are shown in 

Table 5.4. This table also shows the global regions in which the spoligotypes identified in this 

region predominate as identified by the international spoligotyping database, SITVIT2. 
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Table 5.

SIT* 

3: Comparison of spoligotype shared types (SIT) identified from Sizwe Hospital (Sizwe) compared with 
Johannesburg (JHB). 

Clade** Spoligotype description 

Sizwe  
(No of 

isolates) 
n=351 

JHB  
(No. of 

isolates) 
n=434 

1 Beijing  59 (16.81) 71(16.36) 
60 LAM4  54(15.38) 69(15.90) 
50 H3  51(14.53) 37(8.53) 
53 T1  26(7.41) 45(10.37) 
34 S  19(5.41) 32(7.37) 
92 X3  16(4.56) 20(4.61) 
48 EAI1_SOM  15(4.27) 17(3.92) 

2531 T1  15(4.27) 6(1.38) 
33 LAM3  12(3.42) 16(3.69) 
37 T3  7(1.99) 5(1.15) 
42 LAM9  7(1.99) 6(1.38) 

926 T1  7(1.99) 5(1.15) 
18 X2  6(1.71)   
46 Unknown  5(1.42) 3(0.69) 

766 LAM9  4(1.14) 2(0.46) 
815 LAM11_ZWE  4(1.14) 1(0.23) 
4 LAM3  3(0.85) 1(0.23) 
71 S  3(0.85)   

811 LAM4  3(0.85) 4(0.92) 
1536 LAM9  3(0.85)   
2997 EAI1_SOM  3(0.85) 6(1.38) 

47 H1  2(0.57) 2(0.46) 
62 H1  2(0.57) 3(0.69) 
73 T  2(0.57) 2(0.46) 

129 EAI6_BGD1  2(0.57)   
137 X2  2(0.57)   
719 LAM3  2(0.57) 3(0.69) 
806 EAI1_SOM  2(0.57) 20(4.61) 
21 CAS1_Kili  1(0.28) 7(1.61) 
26 CAS1_Delhi  1(0.28)   
51 T1  1(0.28)   
59 LAM11_ZWE  1(0.28)   

158 T3  1(0.28)   
244 T1  1(0.28) 10(2.30) 
393 T1  1(0.28)   
498 T1  1(0.28)   

Continued on next page 
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Table 5.

SIT* 

3: continued from previous page 

Clade** Spoligotype Description 

Sizwe 
 (No of 

isolates) 
n=351 

JHB 
 (No. of 
isolates) 
n=434 

1355 LAM6  1(0.28)   
1597 T1  1(0.28)   
1607 LAM11_ZWE  1(0.28)   
1915 S  1(0.28)   

17 LAM2 

 
2(0.46) 

20 LAM1 

 
3(0.69) 

36 H3 

 
1(0.23) 

49 H3 

 
1(0.23) 

52 T2 

 
1(0.23) 

81 LAM9 

 
1(0.23) 

168 H3 

 
1(0.23) 

200 X3 

 
1(0.23) 

344 T1 

 
1(0.23) 

519 T1 

 
1(0.23) 

563 Unknown 

 
1(0.23) 

649 T1 

 
1(0.23) 

789 S 

 
1(0.23) 

1092 CAS1_Delhi 

 
1(0.23) 

1516 Unknown 

 
1(0.23) 

1634 MANU2 

 
1(0.23) 

2016 X2 

 
1(0.23) 

2165 LAM9 

 
1(0.23) 

2375 H1 

 
5(1.15) 

2992 MANU2 

 
1(0.23) 

2196 LAM11_ZWE 

 
1(0.23) 

2996 Unknown 

 
2(0.46) 

2998 EAI1_SOM 

 
1(0.23) 

2999 LAM    1(0.23) 
*SIT designations in SITVIT2 database. ** Clade designations according to SITVIT2 using revised SpolDB4 rules; 
Unk: Unknown pattern within any of the major clades described in SITVIT2 
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SIT*(Octal Code) Clade 
 
 

 
Number (%) 
in this study 

 
Distribution in Regions with 
≥5% of a given SIT ** (%) 

 
MIRU-based sub-clustering (MIT***designation and number of strains per 

sub cluster) 

SIT1 
 (000000000003771)  

Beijing 
 

59 (16 .81) 

AMER-N (30.39), ASIA-SE 
(13.77), AFRI-S (12.54), ASIA-E 
(11.09), ASIA-N (8.27), ASIA-S 

(5.16) 
 

MIT 17(n=5), MIT 83 (n=3), MIT 84 (n=2), MIT 96 (n=2), MIT 99 (n=4), MIT 229 
(n=3), MIT 245 (n=1), MIT 254 (n=8), MIT 431 (n=2), MIT 469 (n=1), MIT 886 (n=2), 
MIT 1364 (n=2), MIT 1365 (n=2), MIT 1368 (n=2), MIT 1371 (n=1), MIT 1372 (n=1), 

MIT 1382 (n=1), MIT 1387 (n=2), Orphan (n=15) 
 

SIT33 
 (776177607760771) 

LAM3 
 

12 (3.42) 

AFRI-S (32.02), AMER-S 
(22.07), AMER-N (15.86), 
EURO-S (13.60), EURO-W 

(5.42) 
 

MIT 38 (n=2), MIT 169 (n=1), MIT 213 (n=2), MIT 236 (n=1), MIT 247 (n=2), MIT 
807 (n=1), MIT 1214 (n=2), Orphan (n=1) 

 

SIT34 
 (776377777760771) 

S 
 

19 (5.41) 

AMER-N (28.57), AFRI-S 
(20.95), EURO-S (15.24), 

AMER-S (11.16), EURO-W 
(7.62) 

 

MIT 178 (n=2), MIT 212 (n=1), MIT 232 (n=1), MIT 247 (n=1), MIT 256 (n=3), MIT 
487 (n=1), MIT 1216 (n=4), MIT 1218 (n=1), MIT 1379* (n=1), MIT 1388 (n=1), 

Orphan (n=3) 
 

SIT37 
 (777737777760771) 

T3 
 

7 (1.99) 

EURO-W (15.18), AMER-N 
(14.85), ASIA-W (14.52), EURO-

N (12.21), EURO-E (6.93), 
AMER-S (5.94), EURO-S (5.61), 

AFRI-S (5.61), ASIA-S (5.28) 
 

MIT 27 (n=1), MIT 34 (n=1),  MIT 157 (n=1),  MIT 382 (n=1),  MIT 1222 (n=1),  MIT 
1370 (n=1),  Orphan (n=1) 

SIT42 
 (777777607760771) 

LAM9 
 
 

7 (1.99) 

AMER-S (29.85), AMER-N 
(16.29), EURO-S (12.79), EURO-

W (7.03), AFRI-N (5.07) 
 

MIT 10 (n=1), MIT 246 (n=2), MIT 1215 (n=2), MIT 1375 (n=1), Orphan (n=1) 
 

SIT48 
 

 (777777777413731) 
EAI1-SOM 

 

15 (4.27) 

EURO-N (25.32), ASIA-S 
(20.51), EURO-W (14.43), AFRI-

S (12.91), AFRI-E (9.62) 
 

MIT 1210 (n=1), MIT 1362 (n=2), MIT 1367 (n=2), MIT 1380 (n=2), Orphan (n=8) 
 

SIT50 
 (777777777720771) 

 
H3 

51 (14.53) 

AMER-N (22.22), AMER-S 
(16.16), EURO-W (15.61), 

EURO-S (12.84), EURO-E (6.57), 
AFRI-S (5.00) 

 

MIT 46 (n=1), MIT 140 (n=1), MIT 740 (n=1), MIT 1029 (n=2), MIT 1211 (n=20), MIT 
1363 (n=2), MIT 1369 (n=6), MIT 1373 (n=2), MIT 1374 (n=3), MIT 1377 (n=3), MIT 

1386 (n=2), Orphan (n=8) 
 

 

Table 5.4: Description of predominant M. tuberculosis shared-types from Sizwe Hospital and their worldwide distribution in the SITVIT2 database, 
followed by 12-loci MIRU-based subclustering of spoligotype-defined clusters 
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Table 5.4
 

: Continued from previous page 

SIT*(Octal Code) Clade 
 
 

 
Number (%) 
in this study 

 
Distribution in Regions with 
≥5% of a given SIT ** (%) 

 
MIRU-based sub-clustering (MIT***designation and number of strains per 

sub cluster) 

 
SIT53 

 (777777777760771) 
T1 

 

26 (7.41) 

AMER-N (19.67), AMER-S 
(14.46), EURO-W (12.82), 

EURO-S (10.02), ASIA-W (8.69), 
AFRI-S (6.50) 

 

MIT 8 (n=1), MIT 23 (n=1), MIT 45 (n=1), MIT 46 (n=1), MIT 117 (n=1), MIT 128 
(n=1), MIT 149 (n=2), MIT 208 (n=2), MIT 224 (n=2), MIT 699 (n=1), MIT 733 (n=2), 

MIT 771 (n=1), MIT 1029 (n=1), MIT 1062 (n=1), MIT 1385(n=1), Orphan (n=7) 
 

SIT60 
(777777607760731) 

LAM4 
 
 
 
 

54 (15.38) 

AFRI-S (45.53), AMER-S 
(16.48), AFRI-W (7.54), 

AMER-N (6.15), AFRI-N 
(5.59), EURO-S (5.03) 

 

MIT 215 (n=1), MIT 246 (n=15), MIT 249 (n=2), MIT 593 (n=2), MIT 1361 
(n=2), MIT 1366 (n=14), MIT 1374 (n=1), MIT 1375 (n=2), MIT 1378 (n=3), 

Orphan (n=12) 
 

SIT92 
(700076777760771) 

X3 
 

16 (4.56) 
AFRI-S (50.25), AMER-N 
(23.04), AMER-S (9.07) 

 

MIT 34 (n=9), MIT 46 (n=1), MIT 215 (n=1), MIT 462 (n=1), MIT 676 (n=1), 
MIT 1383 (n=1), Orphan (n=2) 

SIT926 
(773777777760771) 

T1 
 

7 (1.99) 

AFRI-S (55.17), ASIA-W 
(17.24), AMER-N (13.79), 

AMER-S (6.90)  
 

    MIT 8 (n=2), MIT 10 (n=1), MIT 23 (n=1), MIT 208 (n=2), Orphan (n=1) 

SIT2531 
(677777777760601) 

T1 
15 (4.27) AFRI-S 91.30, AMER-S 8.70 

 
MIT 22 (n=3), MIT 33 (n=5), MIT 116 (n=1), MIT 188 (n=1), MIT 1389 (n=1), 

Orphan (n=4) 
    

* Predominant shared types are defined as SITs representing 2% or more strains in a given dataset (i.e., 7 or more strains in this study); clades are designated 
according to SITVIT2 using revised SpolDB4 rules. 
** Worlwide distribution is reported for regions with ≥5% of a given SIT as compared to their total number in the SITVIT2 database. The definition of macro-
geographical regions and sub-regions is according to the United Nations (http://unstats.un.org/unsd/methods/m49/m49regin.htm); Regions: AFRI (Africa), 
AMER (Americas), ASIA (Asia), EURO (Europe), and OCE (Oceania), subdivided in: E (Eastern), M (Middle), C (Central), N (Northern), S (Southern), SE 
(South-Eastern), and W (Western). 
*** 12 loci MIRU pattern designations in SITVIT2 database, a database of the Pasteur Institute in Guadeloupe.  
 
 

http://unstats.un.org/unsd/methods/m49/m49regin.htm�
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5.4 Discussion  

Currently, the estimated proportion of MDR-TB cases among TB cases in South Africa 

ranges from 1.8% among all new cases and 6.7% among previously treated TB cases 

(WHO 2009b). The treatment of such cases is lengthy, expensive and is associated with 

high mortality rates and high rates of default from treatment (Gandhi et al. 2006, Shean et 

al. 2008). Most of the available studies on MDR-TB treatment outcomes, from countries 

with a low HIV prevalence and often limited samples sizes, indicate higher rates of 

successful treatment (51 – 77%) (Kim et al. 2007, Chan et al. 2004, Mitnick et al. 2003, 

Bang et al. 2010, Chiang et al. 2006, Orenstein et al. 2009, Tahaoglu et al. 2001, Migliori 

et al. 2007, Kliiman, Altraja 2009, Goble et al. 1993) when compared to the current study 

(48.8%). In South Africa, MDR-TB treatment involves hospital-based treatment for 

several months at the start of treatment, which ensures effectiveness, adherence and also 

removes infectious patients from the community (Singh et al. 2007a). This system 

however means that patients are separated from their families and from daily routines for 

long periods and therefore can result in treatment interruption (default) as patients 

attempt to leave the hospitals to attend to their lives (Holtz et al. 2006). The default rates 

observed in the current study decreased over the years 2004 to 2007 (36.3% – 20.5%), 

this is consistent with other studies in South Africa (Brust et al. 2010, Holtz et al. 2006, 

Shean et al. 2008) and from other high TB prevalence countries  (Chiang et al. 2006, 

Palmero et al. 2004, Park et al. 2004). The decreased default observed in the study 

corresponds to a time when the country was implementing health care reform measures in 

response to the discovery of XDR-TB in the KwaZulu Natal Province.  
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The importance of improving programmatic factors such as for example, communication 

between personnel and patients and increased patient supervision, have been shown to 

improve treatment completion in other studies (Thiam et al. 2007). Infection control 

measures, data capture, admission and discharge guidelines as well as security measures 

were scaled up at Sizwe Hospital subsequent to the XDR-TB outbreak in KZN (M.P 

Grobusch, personal communication) and these improvements may have contributed to the 

decrease in default from treatment.  

 

Several studies have reported high mortality and poor treatment outcomes associated with 

HIV-infected patients (Brust et al. 2010, Flament-Saillour et al. 1999, Kliiman, Altraja 

2009). The poor outcomes and especially rapid time to death have mostly been observed 

in the absence of effective antiretroviral treatment (Wells et al. 2007, Gandhi et al. 2006, 

Frieden et al. 1996, Seung et al. 2009). A recent study from the KZN Province, the first 

extensive study detailing the treatment outcomes of MDR-TB patients in a TB referral 

hospital in South Africa, reported an association between HIV co-infection and death. 

Since the study period was prior to the availability of ART therapy in the public sector 

(2000-2003), the authors attributed the HIV/death association to the lack of ART therapy 

and recommended an integration of ART with second-line anti-TB treatment in the 

management of MDR-TB patients (Brust et al. 2010). The current study showed no 

association between HIV status and poor treatment outcomes. This difference in 

association could be due to several factors.  
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Firstly, it could be a reflection of the effectiveness of integrating second-line anti-TB 

treatment together with antiretroviral therapy (ART), as is done at Sizwe Hospital. 

Administering ART together with MDR-TB treatment has been noted to improve 

treatment outcomes of MDR-TB patients in previous reports (O'Donnell et al. 2009, 

Dheda et al. 2004) and the rapid time of death that is frequently associated with 

HIV/MDR-TB co-infected patients is greatly decreased with effective early treatment of 

both HIV and MDR-TB.  

 

Secondly, our observation may be due to the death of the most ill TB-HIV co-infected 

patients before they are admitted to Sizwe Hospital. Hence, those patients who do get to 

the MDR referral hospital may be healthier and, for example, have higher CD4 cell 

counts at the initiation of MDR-TB treatment, which combined with appropriate ART 

could account for good treatment outcomes. Further investigations would be necessary to 

evaluate the associations between CD4 cell counts and other parameters at diagnosis and 

treatment outcomes in this setting. 

 

The proportion of isolates resistant to all four drugs was higher in this sample (72%) 

compared with 55% observed in the sample from Johannesburg (Chapter 3). This 

observation could reflect patients with higher levels of drug resistance (resistant to all 

four first-line drugs) are likely to be referred to Sizwe hospital from the hospitals and 

clinics in Gauteng. The observed high resistance to the majority of first-line anti-TB 

drugs strongly highlights the necessity for regular surveillance of drug resistance at a 
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national level in order to get a better picture of the actual resistance situation in South 

Africa.  

 

Comparing the genotyping data from Johannesburg (Chapter 3) with genotyping data 

from Sizwe Hospital confirmed the diversity of strains circulating in our region as well as 

the predominance of the SITs responsible for MDR-TB in the province. The distribution 

of these strains, according to SITVIT2, revealed that most of the predominant strains, 

with the exception of LAM9/SIT42, which is prevalent in North Africa, (Namouchi et al. 

2008) are well represented in the African region (≥5%).  

 

An association between strain family and treatment outcome was observed in the study 

(P = 0.041). All the strain families with the exception of the Haarlem (H) family seemed 

to have similar percentages of successful treatment outcome whereas the H family was 

associated with less chance of a successful treatment outcome. Data on the associations 

between strain family and outcomes need to be interpreted with caution in regions with 

high MDR-TB prevalence. Some patients in such regions may be infected with either 

mixed infections of M. tuberculosis and/or exogenous re-infection by different M. 

tuberculosis strains. The infecting M. tuberculosis isolates can sometimes differ in strain 

families and even drug susceptibility profiles (Mendez et al. 2009, Garcia de Viedma et 

al. 2005). Further studies investigating serial isolates of M. tuberculosis strains during 

MDR-TB treatment would provide better information on the associations of strain 

families and treatment outcomes. 
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A history of previous TB infection and treatment is often associated with the 

development of acquired MDR-TB in areas with a high prevalence of TB (Leimane et al. 

2005, Brust et al. 2010, Kliiman, Altraja 2009, Faustini et al. 2006). This is usually 

attributed to the failure of TB control efforts due to poor case management, interruptions 

of drug supply and the use of inadequate drug regimens or treatment defaults. In the 

current study, a high proportion (56%) of MDR-TB patients had a history of previous TB. 

New MDR-TB cases were noted in 30% patients, while 14% of patients had a missing 

record of prior TB history. The higher number of retreatment TB cases observed in this 

study agrees with the studies of other investigators mentioned above and suggests that 

previous exposure to anti-TB drugs may result in acquired drug-resistant TB. 

 

Statistical analysis showed no association between treatment outcomes and previous TB. 

The lack of association between the treatment outcomes of new versus retreatment MDR-

TB cases could be explained by the fact that at the initiation of MDR-TB treatment all the 

patients were already infected with an MDR-TB strain and were receiving standard 

treatment from a specialized referral centre; factors other than the method of infection 

(acquired or transmitted) with a drug-resistant strain determined the treatment outcome. 

 

In studies investigating treatment outcomes of MDR-TB patients, additional risk factors 

such as resistance to fluoroquinolones (FQN), prior use of FQN, resistance to 

capreomycin, history of imprisonment, low body mass index, extra-pulmonary TB, 

underlying illness (excluding HIV infection), alcohol consumption and smoking were 

associated with poor outcomes (Chan, Iseman 2008).   
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One of the main limitations of the current study is that it relied on accurate capture of 

data by staff members at admission and on patient information from patient files at the 

hospital. The data collection sheet used in this study (Appendix 8) was originally 

designed to capture information on the above mentioned risk factors often associated with 

MDR-TB in the literature (Orenstein et al. 2009, Chan, Iseman 2008). These variables 

had to be excluded from analysis because of incomplete data capture and therefore other 

potential factors that may have affected the observed treatment outcomes could not be 

evaluated. Improved methods on recording patient data in the MDR-TB referral hospitals 

as well as complete clinical information would allow for further insight into factors 

associated with treatment outcomes for MDR-TB patients. This knowledge would also 

aid in developing appropriate interventions in order to improve treatment outcomes. 

 

The process used for referring patients to Sizwe Hospital also needs to be re-evaluated. 

Of the 434 patients identified in Johannesburg (Chapter 3), only 10% were found to have 

patient files at Sizwe Hospital. This suggests that some of the patients may have died 

before they could have been admitted, that others did not show up for admission, or were 

treated elsewhere. Since resources for patient admission and patient follow-up are 

limited, this situation seems to have not been addressed. The situation results in 

incomplete data sets for epidemiological studies focused on MDR-TB in the region, since 

only a proportion of MDR-TB patients reach the referral hospitals. In order to increase 

the proportion of MDR-TB patients that receive proper medical treatment in high TB 

burden areas such as South Africa, community-based treatment or satellite in-patient 
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treatment centres should perhaps be considered (Padayatchi, Friedland 2008, Mitnick et 

al. 2003).  

 

Another limitation of this study was that during the study period, drug susceptibility 

testing for second-line anti-TB drugs was not mandatory in the NHLS referral TB lab and 

thus treatment DST results for MDR-TB treatment were not available. XDR-TB has been 

associated with poor outcomes in several studies (Migliori et al. 2008b, Migliori et al. 

2009, Cox et al. 2007) and therefore, the poor outcomes of some of the patients in this 

study could be linked to the development of XDR-TB during treatment. Policies 

regarding testing for second-line drug resistance have since been modified in the country 

subsequent to the discovery of XDR-TB in all the provinces, and further investigations 

that include a more comprehensive drug susceptibility profile of MDR-TB isolates should 

provide a better understanding of the contribution of XDR-TB to treatment outcomes. 

5.5 Conclusions 

The findings of the current study have clear implications for TB control efforts in our 

province, since the incidence of MDR-TB continues to increase and predominant MDR-

TB strains may be transmitted with similar effectiveness to drug-susceptible TB strains. It 

has been reported that cure rates of >60% are required to interrupt the transmission of 

drug-resistant TB and that a cure rate of ≥ 80% is needed to achieve a 10 fold reduction 

in global MDR-TB incidence in the next 20 years (Dye, Williams 2000). The current 

study, together with other studies from South Africa (Brust et al. 2010, Shean et al. 2008) 

show successful treatment rates of less than 50% in MDR-TB cases and highlights the 

challenge that still exists in managing and treating multidrug-resistant TB in the country.  
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According to our results, Sizwe hospital, a specialized treatment centre which is equipped 

with trained personnel, a HIV clinic that provides ART, improved infection control 

strategies and efficient security measures, seemed to show steady yearly improvements in 

managing MDR-TB cases. This was reflected in the annual decrease in default and poor 

outcomes rates as well as the improved successful treatment outcomes. Improved 

treatment outcomes have been reported in other programs from resource-limited countries 

with high MDR-TB, low HIV prevalence such as Estonia, Latvia, Peru, the Philippines, 

and the Russian Federation (Nathanson et al. 2006) when treatment in administered in 

accordance with WHO recommended guidelines.  

 

During the study period of this thesis, standardized methods to determine drug 

susceptibility testing to second-line drugs and rapid molecular testing for detection of 

MDR-TB were being evaluated in the country’s laboratories (Barnard et al. 2008). This 

could eventually result in earlier MDR-TB case detection and in more cases being 

referred to Sizwe Hospital. Hence, the typical patient in the hospital could change in the 

next few years and continued reporting of MDR-TB treatment outcomes is necessary in 

the referral centres in order to detect changes in the risk factors associated with poor 

treatment outcomes. 
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Early diagnosis of MDR-TB patients has been shown to improve overall treatment 

outcomes in countries with more effective MDR-TB treatment programmes (Leimane et 

al. 2005). Clinicians in resource-limited countries unfortunately usually only diagnose 

MDR-TB after failed treatments using first-line anti-TB drugs, by which time patients 

may have a worse prognosis and have transmitted the disease in their communities. 

Attention to early diagnosis and early MDR-TB treatment, particularly focused on 

HIV/MDRTB co-infected patients would likely result in improved treatment outcomes. 

 

The current study highlights the challenges associated with MDR-TB treatment in this 

high TB and HIV prevalence region. The diverse and highly transmissible MDR-TB 

strain population, as well as inadequate system used to refer patients to specialized MDR-

TB centres contribute to the continuous rise in the incidence of MDR-TB in the region. 

 

 Routine use of rapid diagnostic methods, drug susceptibility testing of new and re-

treatment TB cases, a better referral and monitoring system, an integrated treatment for 

HIV and TB are still all required in order to effectively manage the drug-resistant TB 

epidemic in the country. 
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CHAPTER 6: Genotypic Diversity of “Pre-XDR” and XDR-TB Isolates 
in South Africa, June 2005 –December 2006 

 

Part of the work in this chapter has been published in the International Journal of 

Tuberculosis and Lung Disease 2008 Jan; 12 (1): 99-104. 

6.0 Summary 

Extensively drug-resistant tuberculosis (XDR-TB), which is defined as multi-drug-

resistant Mycobacterium tuberculosis resistant to any fluoroquinolone and kanamycin or 

capreomycin or amikacin, is emerging as a major threat to TB control worldwide. 

Treatment of such cases is extremely difficult and is complicated by the HIV/AIDS 

pandemic, especially in developing countries. Little is known about the genotypic 

population structure of XDR-TB and whether these strains have primarily been 

transmitted or have each individually acquired the mechanisms for resistance. The 

objective of the study was to gain insight into the genotypic population structure of “pre-

XDR” and XDR Mycobacterium tuberculosis strains in South Africa using a molecular 

approach and thereby determine whether XDR-TB is mainly acquired or transmitted. 

Forty one XDR-TB strains resistant to ofloxacin and kanamycin were isolated from 699 

patients at the NHLS TB referral laboratory in Johannesburg, South Africa, from June 

2005 to December 2006. Sixty seven ‘pre-XDR’ isolates, resistant to either ofloxacin or 

kanamycin, together with ethionamide, were also identified. All of these isolates were 

genotyped by spoligotyping. A total of 33 different spoligotypes and 9 genotypic families 

were identified from 42 hospitals/clinics in 5 provinces in the country.  
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This study was the first description of the genotypic population structure of extensively-

resistant M. tuberculosis strains in South Africa. The high level of genotypic diversity 

observed suggests that acquisition of resistance to second-line drugs is an important 

factor in the TB epidemic in South Africa. 

6.0 Introduction 

To date, extensively drug-resistant TB (XDR-TB) has been identified in more than 50 

countries worldwide and poses a serious challenge to TB management. Extensive drug 

resistance was first noted in the late 1980s and 1990s, and in 2004 the WHO and USA 

Centers for Disease Control and Prevention (CDC) surveyed selected national reference 

laboratories to estimate the rates of XDR-TB (Centers for Disease Control and Prevention  

2006). It was found that between 2000 and 2004, 20% of the strains tested were MDR-

TB and that 10% of these were XDR-TB, using the previous definition of XDR-TB 

(resistance to 3 of the 6 classes of second-line drugs). The data collected showed that 

rates of XDR-TB varied across the globe, with Asian and East European countries 

showing the highest rates. In October 2006, the WHO re-defined XDR-TB as MDR-TB 

with additional resistance to any fluoroquinolone and to at least one of three injectable 

second-line anti-TB drugs used in treatment (capreomycin, kanamycin or amikacin), 

mainly because currently drug susceptibility testing is reliable only for capreomycin, 

kanamycin or amikacin and the fluoroquinolones, among the second-line anti-TB drugs. 

In 2006, an outbreak of XDR-TB in KwaZulu Natal (KZN) was associated high mortality 

rates and attracted a lot of international attention (Gandhi et al. 2006). Subsequent to the 

KZN outbreak, XDR-TB was identified in 60 locations in KZN and in all 9 provinces in 

South Africa (Madariaga et al. 2008).  
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XDR-TB has also been reported in 53 countries worldwide and is associated with poor 

outcomes, especially in HIV co-infected persons (Gandhi et al. 2006, Kim et al. 2008, 

Migliori et al. 2009, Migliori et al. 2008a, Migliori et al. 2007). 

 

Our study was the first in South Africa to report on the diversity on XDR-TB strains, as 

identified by spoligotyping. Prior to that, the only published genotypic information of 

XDR-TB strains worldwide was from an Iranian study of 12 patients, where a chain of 

transmission of Haarlem and East African Indian-3 strains was identified (Masjedi et al. 

2006). Few studies have since reported on the use of molecular genotyping techniques in 

the study of XDR-TB transmission (Calver et al. 2010, Lai et al. 2010, Sun et al. 2008). 

A study from Iran recently reported on potentially highly transmissible super extensively 

drug-resistant TB strains, which are resistant to most of the available second-line anti-TB 

drugs and belong to diverse M. tuberculosis strain families (Haarlem, Beijing, EAI and 

CAS families) (Velayati et al. 2009).  

 

The aim of our previous/published study (Mlambo et al. 2008) was to use a molecular 

epidemiological approach to gain an insight into the genotypic diversity of XDR-TB M. 

tuberculosis strains in South Africa and thereby to determine whether XDR-TB is mainly 

acquired (secondary resistance) or transmitted (primary resistance). Since MDR-TB is a 

precursor for XDR-TB, is it also important to understand the drug susceptibility patterns 

and genetic characteristics of “pre-XDR-TB” strains especially in regions with high TB 

prevalence, in order for effective control of the development of XDR-TB.  
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The published data focused mainly on the molecular characteristics of the 41 XDR-TB 

strains. This chapter aims to further describe the molecular characteristics, distribution 

and transmission patterns of the “pre-XDR” TB strains. 

6.2 Study Design 

6.2.1 Sampling and Drug Susceptibility Testing 

In this study a convenience sample was used, representing all MDR-TB isolates 

submitted to the NHLS TB referral laboratory, Johannesburg, from June 2005 to 

December 2006. This laboratory is the primary government facility able to test for 

second-line resistance in the country during this period. The indirect susceptibility 

procedure using BACTEC 460/BACTEC 12B medium (Becton Dickinson Diagnostic 

Systems, Sparks, MD, USA) was used as per the manufacturer’s instructions to test for 

resistance to second-line drugs. Second-line testing was performed using ofloxacin 

(OFX) (2.0 µg/ml), KM (5.0 µg/ml) and ethionamide (ETH) (2.5 µg/ml). DST was not 

performed for all second-line drugs at the NHLS TB referral lab for several reasons: CM 

has not been available in South Africa for treatment, AMK may exhibit cross-resistance 

with the other aminoglycoside agents (such as KM), and there were no guidelines for 

testing para-aminosalicylic acid (PAS). Due to the difficulties associated with 

retrospective data collection in South Africa, the only patient information available was 

sex, age and clinic/hospital of sample origin. Ethical clearance for the study was obtained 

from the University of the Witwatersrand Human Research (Medical) Ethics Committee. 
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6.2.2 Spoligotyping 

Only the first heat-inactivated culture received from each patient was used for genotypic 

analysis; all follow-up heat-inactivated cultures were excluded from the analysis. 

Spoligotyping was performed according to the internationally standardized protocol as 

described in Chapter 2 (Kamerbeek et al. 1997). To assess whether laboratory 

contamination could have influenced the interpretation of the genotyping data, serial 

isolates from 13 patients were randomly sampled and spoligotyped. All of these results 

were concordant. The SpolDB4 database (http://www.pasteur-guadeloupe.fr/tb/spoldb4) 

was used to assign genotype families to the spoligotypes obtained (Brudey et al. 2006). 

Culture material was unavailable for restriction fragment length polymorphism analysis. 

6.3 Results  

MDR-TB isolates (n=845) from 699 patients were submitted from 7 of the 9 provinces of 

South Africa for testing for resistance to second-line drugs, from June 2005 to December 

2006. Of these, 22 (3%) were resistant to ofloxacin only, 7 (1%) to kanamycin only and 

117 (16.5%) were resistant to ethionamide only. Resistance to 2 or 3 second-line drugs 

was observed in isolates from 108 (15%) patients (Table 6.1) and molecular analyses 

were performed on these isolates. Sixty two percent of the samples resistant to 2 or more 

drugs were from male patients. The year of birth was available for 106 of the patients, 

with the average age being 37 years and the median age 36 (range 2-56). Of the isolates 

resistant to 2 or more second-line drugs, 41 isolates from 16 clinics in 4 provinces were 

found to be resistant to kanamycin and ofloxacin, defining them as XDR-TB. Thirty were 

also resistant to ethionamide (Figure 6.1).  

 

http://www.pasteur-guadeloupe.fr/tb/spoldb4�
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Table 6.1

Spoligotype 
family 

: The percentage and distribution of “pre-XDR” and XDR-TB strain families in the provinces of 
South Africa 

  
XDR-TB 

MDR+OFX MDR+KM 
Province +ETH +ETH 

        
  Number     % Number     % Number     % 

Beijing  North West  4   1   2   
Northern Cape  5   2   4   
Limpopo  3 34 0 12 0 47 
Gauteng  2   3   0   
Free State  0   0   1   

LAM  North West  0   4   2   
Northern Cape  0   0   0   
Limpopo  1 12 0 17 0 13 
Gauteng  4   5   0   

EAI North West  2   3   0   
Limpopo 1   0   0   
Gauteng 1 10 0 6 0 0 

X North West  1   9   0   
      

Gauteng  0 2 1 19 1 7 
T  North West  2   5   0   

Northern Cape  0   1   0   
Gauteng  2 10 1 13 0 0 

H  North West  1   2   1   
Northern Cape  0   1   1   
Limpopo  0 5 1 13 0 20 
Gauteng  1   3   1   

S  North West  1 2 1 2 0 0 

CAS Gauteng 0 0 1 2 0 0 
Manu1 Gauteng  0 0 0   1 7 
Not in 
SpolDB4 

North West  6   5   1   
Limpopo  2   2   0   
Gauteng  2 24 1 15 0 7 

TOTAL   40   52   15   
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MDR-TB 
699 patients 

June 2005 to December 2006 

MDR-TB with Ethionamide 
Resistance 

117 (17%) patients 

MDR-TB with Ofloxacin  
Resistance  

22 (3%) patients 

MDR-TB with Kanamycin  
Resistance  

7 (1%) patients 

MDR-TB with Ofloxacin and  
Kanamycin Resistance  

11 (2%) patients 

MDR-TB with Ofloxacin, 
Kanamycin and Ethionamide 

Resistance  
30 (4%) patients 

MDR-TB with Ofloxacin and 
Ethionamide Resistance  

57 (8%) patients 

MDR-TB with Kanamycin and 
Ethionamide Resistance  

15 (2%) patients 

“pre-XDR-TB” 
101 (14%) patients 

XDR-TB 
41 (6%) patients 

 

 
Figure 6.1 Second-line DST results of the 699 submitted MDRTB isolates. MDR = multidrug-resistant; TB = tuberculosis; ETH = 
ethionamide; OFX = ofloxacin; KM = kanamycin; XDR = extensively drug-resistant; DST = drug susceptibility testing. 
 



 

129 
 

 
 
Of these isolates, 8 (20%) originated from the Gauteng MDR-TB referral hospital 

(Sizwe), 7 (17%) from a TB hospital in Limpopo, another 7 (17%) from a hospital 

serving a gold mining community in North West Province and 6 (15%) from a nearby 

hospital.  One to two strains were submitted from 12 other hospitals and clinics (Table 

6.1). Seventeen spoligotypes and seven internationally recognised spoligotype families 

were observed amongst the XDR isolates, of which the Beijing genotype family formed 

the largest group with 14 (34%) (Table 6.1).   

 

Sixty-seven patients were identified as having MDR-TB with resistance to either 

ofloxacin or kanamycin, together with ethionamide resistance, and were termed a ‘pre-

XDR’ group. Isolates originated from 30 hospitals/clinics in 5 provinces (Table 6.1). 

Twenty one spoligotypes and 9 genotypic families were seen (Table 6.2). Resistance to 

ofloxacin and ethionamide was observed in 52 isolates (78%) and kanamycin and 

ethionamide resistance in 15 isolates (22%). The spoligotypes families found among the 

ofloxacin and ethionamide resistant group and kanamycin and ethionamide resistant 

group are shown in Figure 6.1. To assess whether molecular laboratory contamination 

contributed to the similarity of strain types seen, subsequent isolates from 13 patients 

were randomly sampled and typed. All spoligotype results for serial isolates were 

concordant.  



 

130 
 

Table 6.
Spoligotype family 

2: Description of “pre-XDR-TB” strains circulating in South Africa 
SIT Spoligotype pattern MDR+OFX+ETH MDR+KM+ETH 

Beijing  1  6 (12%) 7 (46%) 

LAM  

LAM3/33 

9 (17%) 2 (13%) LAM4/60 

LAM11/ZWE/82 

EAI  
EAI1_SOM/48  3 (6%) 0 

EAI1_SOM/1649 

X  
X3/92  10 (18%) 1 (7%) 
X2/18 

T  

T1/53 

7 (14%) 0 
T1/244 

T1/803 

T1/1597 

Haarlem (H)  
H3/50  7 (14%) 3 (20%) 

H3-T3/36 

S S/71  1 (2%) 0 
CAS  CAS1_DELHI/25  1 (2%) 0 

Manu 1 100  0 1 (7%) 
Not in database   



8 (15%) 1 (7%) 
TOTAL     52 15 
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6.4 Discussion 
 
This is the first study to demonstrate that a significant proportion of MDR-TB cases in South 

Africa have XDR-TB. The calculated proportion of XDR-TB maybe an under-estimate, given 

that this study only analyzed a convenience sample of isolates which were largely collected 

before the description of XDR-TB in South Africa (Gandhi et al. 2006). In the absence of 

awareness, attending clinicians may not have submitted MDR-TB specimens for routine second-

line DST. This study also raises concerns over the significant proportion of MDR-TB cases 

(14%) that were resistant to a single marker of XDR-TB (either OFX or KM). As drug resistance 

in M. tuberculosis is due to the accumulation of mutations in the genome, this pool of ‘pre-XDR-

TB’ strains are at risk of developing extensive resistance if not managed appropriately. The 

higher proportion of OFX resistance as compared to KM resistance seen in this study could be 

due to the widespread use of FQs to treat other ailments (such as diarrhoea and urinary tract 

infections) (Grimaldo et al. 2001). In contrast, the clinical use of KM to treat other infections is 

limited. 

 

Genotyping of the isolates by spoligotyping showed that a range of strain types had developed 

XDR-TB. These XDR-TB strains represented at least seven different genotype families, with the 

Beijing genotype making up 34% of the isolates. In previous studies, the Beijing genotype has 

been associated with drug resistance (European Concerted Action on New Generation Genetic 

Markers and Techniques for the Epidemiology and Control of Tuberculosis 2006) and has been 

found to be overrepresented in children with drug-resistant TB in the Western Cape, South 

Africa (Marais et al. 2006).  
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The Beijing family constitutes approximately 17% of MDR-TB in Gauteng and 39% of strains in 

the Western Cape (Chapter 3). The proportion of Beijing strains seems to have doubled 

compared to earlier studies (Streicher et al. 2004, Richardson et al. 2002b) in the Western Cape 

and this could be evidence for the transmissibility of this family in that region. Analysis of the 

spoligotyping data suggest that the majority of XDR-TB cases (63%) in South Africa have 

developed extensive drug resistance through acquisition, as defined by the presence of a unique 

spoligotype within a defined geographical setting. This estimate may be as high as 75% if it is 

assumed that each cluster (within a defined geographical setting) was initiated by a source case 

who acquired extensive drug resistance (Small et al. 1994).  

 

One reason for this high level of acquisition could be the high number of MDR-TB patients who 

default from treatment in South Africa. A study by Holtz and colleagues showed that 30% of 

patients defaulted within the first 6 months of treatment, and even more at later stages (Holtz et 

al. 2006). Acquisition of resistance reflects negatively on the success of the National 

Tuberculosis Programme in the country and is an issue that has to be addressed to prevent the 

spread of this potentially incurable disease (Van Rie, Enarson 2006). This study also raises the 

concern that XDR-TB may be transmitted between patients in the community and/or hospitals 

and clinics. A likely instance of transmission was observed where six patients admitted to a 

hospital in the North West Province presented with XDR-TB with an identical M. tuberculosis 

strain (previously undescribed spoligotype). Another possible case of transmission in the North 

West Province was noted where two patients from the same health care facility had isolates with 

the Beijing spoligotype.  
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All of the XDR-TB isolates analyzed from this province originated from gold mining hospitals or 

health care facilities in mining areas. It therefore appears that transmission may play an 

important role in this setting, which is consistent with an increased risk of transmission expected 

in the crowded working and residential conditions typically associated with mines. Identical 

XDR-TB strains (with identical spoligotypes) were isolated from two or more patients attending 

the same hospital/clinic in three additional instances. However, we acknowledge that the 

discriminatory power of spoligotyping may not be able to accurately define transmission in all 

instances, particularly in the case of strains with the Beijing genotype. In future studies, it will be 

important to use high resolution genotyping methods (IS6110-RFLP or MIRU-VNTR typing) to 

accurately quantify the contribution of transmission to the XDR-TB epidemic.  

  

6.5 Conclusions 

The first MDR-TB case in South Africa was recorded in 1985 (Weyer et al. 1995). Since then 

the number of MDR-TB cases in the country has steadily increased (World Health Organization, 

International Union Against Tuberculosis and Lung Disease 2004). A similar scenario with 

XDR-TB should be avoided, as 16.2% of South Africans between the ages of 15 and 49 are 

estimated to be HIV-positive (Shisana O et al. 2005) and the twin epidemics of HIV and TB 

makes the emergence of XDR-TB potentially disastrous for both local and international TB 

control.  

 

 

 

. 
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CHAPTER 7: Conclusions and Future Work 

7.0 Conclusions and recommendations 

South Africa has high burden of TB and MDR-TB and currently ranks 4th among 27 high burden 

MDR-TB countries worldwide and yet, very little is known about the population structure and 

transmission patterns of the MDR-TB strains in most of the country’s provinces. Apart from two 

nationwide studies, both of which had limited samples of MDR-TB isolates from the Gauteng 

Province (Stavrum, 2009), no other information is available on the composition of MDR-TB 

genotypes in the province. The work from this PhD is the first study to characterize a significant 

sample of MDR-TB isolates from Johannesburg, the most populous of the country’s cities.  

 

The ability of M. tuberculosis strains to spread varies between strain types and different strains 

have different geographical specificities (Gagneux et al. 2006, Filliol et al. 2006). Molecular 

genotyping allows for tracking local epidemics and provides insight into the global migration 

and expansion of strains (Brudey et al. 2006, Sola et al. 2003). In the current study, the use of 

spoligotyping and MIRU-VNTR identified possible ongoing transmission of diverse of MDR-TB 

strains, comprising Beijing, LAM, EAI, T, S, H and X families. The spread of such drug-

resistant strains poses a great challenge both local and global efforts to control TB. Strategies 

such as rapid diagnostic tests for MDR-TB, early identification of MDR-TB cases through an 

increase in DST in new and retreatment patients and efficient referrals to MDR-TB hospitals are 

urgently required in the region in order to minimize the ongoing transmission of MDR-TB 

strains. 
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Resource-limited, high disease burden countries like South Africa should aim to take advantage 

of rapid, accurate and reliable methods used in TB molecular epidemiological investigations. 

Spoligotyping and MIRU-VNTR typing are PCR-based methods that proved to be suitable for 

use in identifying and differentiating M. tuberculosis strains in the current study. Our experience, 

in the current study, with using IS6110-RFLP typing confirmed the reports regarding the 

challenges of this method (van Soolingen 2001, Mathema et al. 2006). The use of IS6110-RFLP 

analysis was attempted throughout the study but proved to be challenging, mostly because of the 

lack of sufficient quantities of DNA. Some of the cultures used in the study had been stored in 

MGIT tubes at 4°C for extended periods, and these either did not grow sufficiently when sub-

cultured or did not provide sufficient DNA after extraction. Such technical difficulties can prove 

to be expensive and time consuming, especially in areas where resources are limited. Results 

from the study illustrate the effectiveness of MIRU-VNTR typing together with spoligotyping in 

epidemiological studies in the region.  

 

The work from this PhD also describes treatment outcomes of MDR-TB from the referral 

hospital in Gauteng, South Africa. The results indicate periodic improvement in MDR-TB 

treatment success from 2004 – 2007. The short-comings in the referral of patients from health 

centres in Johannesburg to the MDR-TB treatment hospital were highlighted. Only 10% of 

patients identified in Johannesburg were found in the Sizwe Hospital patient records. Several 

studies from the country have recently been advocating a change in the system used to manage 

MDR and XDR-TB patients (Padayatchi et al. 2009, Heller et al. 2010, Brust et al. 2010). The 

high TB burden would benefit from a decentralization of TB treatment and the establishment of a 

community-based treatment approach that would target the two most dangerous diseases in 
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South Africa to date, TB and HIV/AIDS. Our study was initiated prior to the reports of XDR-TB 

strains in the KZN Province of South Africa and was already ongoing at the time of the KZN 

outbreak. The association of successful treatment outcomes with the year of initiation of 

treatment observed in the current study possibly reflects the changes in patient management 

implemented at Sizwe hospital subsequent to the XDR-TB outbreak in KZN. A better referral 

system, routine use of rapid diagnostic methods and DST as well as an integration of TB and 

HIV care are still required in order to effectively manage the drug-resistant TB epidemic. 

 

In view of the high rates of additional resistance (resistance to INH and RIF together with other 

first-line anti-TB drugs) observed in the study we recommend that regular drug surveillance is 

essential in South Africa. The last national survey was done in 2001-2002 using a limited sample 

of drug-resistant strains from the various provinces in the country. Our findings indicate that 

among the MDR-TB isolates, more than 50% are resistant to all the first-line drugs.  MDR-TB is 

a precursor to XDR-TB and poses a massive challenge to the TB control programmes in the 

country. Our findings are especially worrying since the MDR-TB strains seem to have become 

established and may be spreading as efficiently as drug-susceptible strains. In a country like 

South Africa, with an estimated co-infection rate of TB/HIV of 70% (Abdool Karim et al. 2009), 

the duel epidemics could result in further increases in mortality. 

7.1 Future Prospects 

The studies described in this thesis form the basis for further research in several ways. Firstly, 

the epidemiological database of drug-resistant TB in Gauteng allows for ongoing studies 

comparing drug-resistant TB isolates from the rest of the country as well as from other countries 

in Africa. 
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 Such a database would help in monitoring strain dynamics which is essential for TB control over 

time. The establishment of molecular typing techniques in our department together with our 

collaboration with the NHLS TB referral laboratory opens up possibilities for multiple studies. 

For example, baseline information of the drug-susceptible and mono-resistant strains of TB that 

are circulating in the region is required in order to better understand TB disease.  

 

Spoligotyping and MIRU-VNTR analysis offer reliable, fast methods for this analysis. Also, the 

spoligotyping and MIRU results are easily comparable with other laboratories and submission of 

such information to the international spoligotyping and MIRU-VNTR typing databases would 

improve on global knowledge of TB disease.  

 

Clinicians are often faced with challenges when treating suspected cases of mixed M. 

tuberculosis strain infection. Several studies from South Africa have identified mixed infection 

in TB specimen (Richardson et al. 2002a, Stavrum et al. 2009). Stavrum and colleagues 

acknowledge that the contribution of mixed infections is not known in South Africa (Stavrum et 

al. 2009). The collaboration with the NHLS TB referral lab will allow for investigating this 

question by using MIRU-VNTR typing together with spoligotyping to characterize patients with 

changing drug susceptibility patterns or treatment failure. A recent study from KZN 

demonstrated the importance of exogenous re-infection in TB patients in an area of high TB 

incidence (Andrews et al. 2008). Spoligotyping was used to confirm this phenomenon.  

 

The real and serious threat of XDR-TB outbreaks in our region necessitates studies into the 

mechanisms of resistance in M. tuberculosis strains with extensive resistance to anti-TB drugs. 
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Several studies worldwide have used mutational analysis to gain insight into the differences 

between MDR and XDR-TB strains of similar and different strain families. The current study has 

provided the department with a wealth of MDR and XDR-TB strains that will contribute in an 

understanding of the mechanisms conferring drug resistance in TB strains circulating to our 

region. As has been illustrated, molecular epidemiological methods can be used effectively to 

understand the dynamic of TB disease. These methods on their own however will not accomplish 

the end goal of increasing TB treatment success rates and controlling the development and 

spread of drug-resistant TB. Innovative rapid and affordable diagnostics are required as well as 

novel treatment regimens. Public health systems and National TB programmes also need to be 

strengthened and encouraged to integrate strategies such as combined treatment strategies of TB-

HIV in clinics. Supervised community-based treatment programs for both TB and HIV/AIDS 

would also aid the over-burdened TB referral hospitals and result in greater distribution of the 

medication and care required by patients.  
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APPENDICES 

Appendix 1: Ethical approval from the University of the Witwatersrand 
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Appendix 2: Permission for Access to Patient Files at Sizwe Hospital 
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Appendix 3: Solutions for Spoligotyping 

 

 
Stock solutions 

27.6g Sodium Hydrogen Phosphate (dihydrate), 
20 X SSPE  

175.3g Sodium Chloride  
7.4g EDTA 
deionised water to 1000ml (pH 7.4) 
adjust pH with sodium hydroxide pellets 
 
10% SDS
deionised water to 500ml 

 (50g SDS, mix in Fume Hood) 

 
0.5M EDTA 
93g EDTA, 
deionised water to 500ml 
 

 
Working Solutions 

 100ml 10x SSPE 
2 X SSPE / 1% SDS 

 5ml 10% SDS 
deionised water to 500ml 
 

100ml 10x SSPE 
2 X SSPE / 0.5% SDS  

 25ml 10% SDS 
deionised water to 500ml 
 

20 ml 10% SDS 
1% SDS  

deionised water to 200ml 
 

20ml 0.5M EDTA 
20Mm EDTA  

deionised water to 500ml 
 
 
 
 
 
 
 
 



 

142 
 

 

Appendix 4: Composition of MIRU-VNTR Typing Sets for 12, 15 and 24 loci 
 

MIRU-VNTR loci 12 loci MIRU   15 loci MIRU  24 loci MIRU  
MRU 2  *  * 
MIRU 4 * * * 

MIRU 10 * * * 
MIRU 16 * * * 
MIRU 20 *  * 
MIRU 23 *  * 
MIRU 24 *  * 
MIRU 26 * * * 

M-27 *  * 
M-31 * * * 
M-39 *  * 
M-40 * * * 

ETR-A  * * 
ETR-B   * 
ETR-C  * * 

QUB - 11b  * * 
QUB - 26  * * 

QUB - 4156  * * 
Mtub 04  * * 
Mtub 21  * * 
Mtub 29   * 
Mtub 34   * 
Mtub 30  * * 
Mtub 39  * * 
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Appendix 5: MIRU-VNTR PCR Primer Sequences 
MIRU primer Sequence Reference 

MIRU2-F TGGACTTGCAGCAATGGACCAACT (Supply et al. 2001b) 

MIRU2-R TACTCGGACGCCGGCTCAAAAT (Supply et al. 2001b) 

MIRU4-F GCGCGAGAGCCCGAACTGC (Supply et al. 2001b) 

MIRU4-R GCGCAGCAGAAACGTCAGC (Supply et al. 2001b) 

MIRU10-F GTTCTTGACCAACTGCAGTCGTCC (Supply et al. 2001b) 

MIRU10-R GCCACCTTGGTGATCAGCTACCT (Supply et al. 2001c) 

MIRU16-F TCGGTGATCGGGTCCAGTCCAAGTA (Supply et al. 2001c) 

MIRU16-R CCCGTCGTGACGCCCTGGTAC (Supply et al. 2001c) 

MIRU20-F TCGGAGAGATGCCCTTCGAGTTAG (Supply et al. 2001c) 

MIRU20-R GGAGACCGCGACCAGGTACTTGTA (Supply et al. 2001c) 

MIRU23-F CTGTCGATGGCCGCAACAAAACG (Supply et al. 2001b) 

MIRU23-R AGCTCAACGGGTTCGCCCTTTTGTC (Supply et al. 2001c) 

MIRU24-F CGACCAAGATGTGCAGGAATACAT (Supply et al. 2001c) 

MIRU24-R GGGCGAGTTGAGCTCACAGAA (Supply et al. 2001c) 

MIRU26-F TAGGTCTACCGTCGAAATCTGTGAC (Supply et al. 2001b) 

MIRU26-R CATAGGCGACCAGGCGAATAG (Supply et al. 2001b) 

MIRU27-F TCGAAAGCCTCTGCGTGCCAGTAA (Supply et al. 2001b) 

MIRU27-R GCGATGTGAGCGTGCCACTCAA (Supply et al. 2001b) 

MIRU31-F ACTGATTGGCTTCATACGGCTTTA (Supply et al. 2001b) 

MIRU31-R GTGCCGACGTGGTCTTGAT (Supply et al. 2001b) 

MIRU39-F CGCATCGACAAACTGGAGCCAAAC (Supply et al. 2001c) 

MIRU39-R CGGAAACGTCTACGCCCCACACAT (Supply et al. 2001c) 

MIRU40-F GGGTTGCTGGATGACAACGTGT (Supply et al. 2001b) 

MIRU40-R GGGTGATCTCGGCGAAATCAGATA (Supply et al. 2001b) 

ETRA-F AAATCGGTCCCATCACCTTCTTAT (Frothingham, Meeker-O'Connell 1998) 

ETRA-R CGAAGCCTGGGGTGCCCGCGATTT (Frothingham, Meeker-O'Connell 1998) 

ETRB-F CGCGAACACCAGGACAGCATCATG (Frothingham, Meeker-O'Connell 1998) 

ETRB-R CGGTGATCGAGTGGCTATACGCTC (Frothingham, Meeker-O'Connell 1998) 
ETRC-F GTGAGTCGCTGCAGAACCTGCAG (Frothingham, Meeker-O'Connell 1998) 
ETRC-R GGCGTCTTGACCTCCACGAGTG (Frothingham, Meeker-O'Connell 1998) 

Qub11b-F CGTAAGGGGGATGCGGGAAATAGG (Skuce et al. 2002) 

Qub11b-R CGAAGTGAATGGTGGCAT (Skuce et al. 2002) 

Qub26-F AACGCTCAGCTGTCGGAT (Skuce et al. 2002) 

Qub26-R GGCCAGGTCCTTCCCGAT (Skuce et al. 2002) 
Qub4156-F CTGGTCGCTACGCATCGTG (Roring et al. 2002b) 

Qub4156-R TGGTGGTCGACTTGCCGTTGG (Roring et al. 2002b) 
Continued on next page 
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Continued from previous page: MIRU-VNTR PCR Primer Sequences 

MIRU primer Sequence Reference 
Mtub04-F CTTGGCCGGCATCAAGCGCATTATT (Supply et al. 2006a) 

Mtub04-R GGCAGCAGAGCCCGGGATTCTTC (Supply et al. 2006a) 
Mtub21-F AGATCCCAGTTGTCGTCGTC (Supply et al. 2006a) 
Mtub21-R CCACATCGCCTGGTTCTGTA (Supply et al. 2006a) 

Mtub29-F GCCAGCCGCCGTGCATAAACCT (Supply et al. 2006a) 

Mtub29-R AGCCACCCGGTGTGCCTTGTATGAC (Supply et al. 2006a) 

Mtub30-F CTTGAAGCCCCGGTCTCATCTGT (Supply et al. 2006a) 

Mtub30-R ACTTGAACCCCCACGCCCATTAGTA (Supply et al. 2006a) 

Mtub34-F GGTGCGCACCTGCTCCAGATAA (Supply et al. 2006a) 

Mtub34-R GGCTCTCATTGCTGGAGGGTTGTAC (Supply et al. 2006a) 

Mtub39-F CGGTGGAGGCGATGAACGTCTTC (Supply et al. 2006a) 

Mtub39-R TAGAGCGGCACGGGGGAAAGCTTAG (Supply et al. 2006a) 
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Appendix 6: Allelic table for 12 MIRU loci  

Number of copies 

M
IR

U
 0

2 

M
IR

U
 0

4 

H
37

rv
 M

ir
u0

4 

M
IR

U
 1

0 

M
IR

U
 1

6 

M
IR

U
 2

0 

M
IR

U
 2

3 

M
IR

U
 2

4 

M
IR

U
 2

6 

M
IR

U
 2

7 

M
IR

U
 3

1 

M
IR

U
 3

9 

M
IR

U
 4

0 

0 402 175 122 482 565 437 150 395 285 498 492 540 354 

1 455 252 199 537 618 514 200 447 336 551 545 593 408 

2 508 329 276 590 671 591 253 501 387 604 598 646 462 

3 561 406 353 643 724 668 306 555 438 657 651 699 516 

4 614 483   696 777 745 359 609 489 710 704 752 570 

5 667 560   749 830 822 412 663 540 763 757 805 624 

6 720 637   802 883 899 465 717 591 816 810 858 678 

7 773 714   855 936 976 518 771 642 869 863 911 732 

8 826 791   908 989 1053 571 825 693 922 916 964 786 

9 879 868   961 1042 1130 624 879 744 975 969 1017 840 

10 932 945   1014 1095 1207 677 933 795 1028 1022 1070 894 

11 985 1022   1067 1148 1284 730 987 846 1081 1075 1123 948 

12 1038 1099   1120 1201 1361 783 1041 897 1134 1128 1176 1002 

13 1091 1176   1173 1254 1438 836 1095 948 1187 1181 1229 1056 

14 1144 1253   1226 1307 1515 889 1149 999 1240 1234 1282 1110 

15 1197 1330   1279 1360 1592 942 1203 1050 1293 1287 1335 1164 

Box = H37 control                            

Reference tables courtesy of Thierry Zozio, Pasteur Institute Guadeloupe & Supply et al (2006). 
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Appendix 7: Allelic tables for ETR and VNTR Loci  

  
M

tu
b 

04
 

E
T

R
-C

 

M
tu
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21

 

Q
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B
-1

1b
 

E
T

R
-A

 

M
tu

b 
29

 

M
tu

b 
30

 

E
T

R
-B

 

M
tu

b 
34

 

M
tu

b 
39

 

Q
U

B
 2

6 

Q
U

B
 4

15
6 

0 537 171 92 77 195 335 247 347 326 272 187 563 

1 588 208 149 146 270 392 305 404 380 330 298 622 

2 639 266 206 215 345 449 363 461 434 388 409 681 

3 690 324 263 284 420 506 421 518 488 446 520 740 

4 741 382 320 353 495 563 479 575 542 504 631 799 

5 792 440 377 422 570 620 537 632 596 562 742 858 

6 843 498 434 491 645 677 595 689 650 620 853 917 

7 894 556 491 560 720 734 653 746 704 678 964 976 

8 945 614 548 629 795 791 711 803 758 736 1075 1035 

9 996 672 605 698 870 848 769 860 812 794 1186 1094 

10 1047 730 662 767 945 905 827 917 866 852 1297 1153 

11 1098 788 719 836 1020 962 885 974 920 910 1408 1212 

12 1149 846 776 905 1095 1019 943 1031 974 968 1519 1271 

13 1200 904 833 974 1170 1076 1001 1088 1028 1026 1630 1330 

14 1251 962 890 1043 1245 1133 1059 1145 1082 1084 1741 1389 

15 1302 1020 947 1112 1320 1190 1117 1202 1136 1142 1852 1448 
Reference tables courtesy of Thierry Zozio, Pasteur Institute Guadeloupe & Supply et al (2006). 
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Appendix 8: Patient Data Collection Forms 
 
Section A: Patient demographic information 

1. Study identification number: 
2. Admitting Hospital/Clinic: 
3.  Hospital/Clinic location: 
4. Date of birth:  
5. Age on admission: (Yrs) 
6. Weight on admission: (Kg) 
7. Ethnic group:    Black     White     Asian    Coloured 
8. Gender:    Male      Female 
9. Occupation:  Employed 

                         Unemployed 
10. Area/Region residing for the past six months: Regions A-G 

                                                                                                 Area 
11. Nationality/Country of origin: 
12. Has the person worked as a miner:          Previously     Yes       No, when (Yr)  

                 Currently      Yes       No, where  
13. Has the person been in prison :           Previously    Yes       No, when (Yr)  

                 Currently      Yes       No, where  
 
Section B: Laboratory Report (results also available from NHLS TB referral lab) 

14. Referral Hospital/Clinic: 
15. Clinic Code: 
16. Region/ Area: 
17. Specimen Type: 
18. Date received:  
19. Date processed: 
20. Microscopy result: 
21. Culture result: 
22. Drug susceptibility test results: 

        
Section C: Treatment History 
 

23. TB contacts:      Yes      No     Not available 
24. Previous TB treatment:      Yes      No        Not available  

 
25. If Yes: 
26. Year of diagnosis with TB:  
27. the outcome of last treatment course    
 Cure      Treatment completed      Treatment default      Transfer out 
 

      Where was patient treated:     Hospital    Home       Other 
      When (Yr):  
      Length of treatment: ‹1 mth,    1-2 mths    3-4 mths,    4-6 mths   ›6 mths  

28. Year of Diagnosis with MDR-TB:  
29. Localization of disease:      Pulmonary      Extra-pulmonary       Both 
30. Management of MDR-TB soon after diagnosis 

                    In-patient                        Out-patient  
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31. Previous admission at Sizwe:       Yes              No 
32. If yes, date & duration of hospitalization: 
33.  Criteria for hospitalizing patient: 
defaulting         persistency of positive sputum          severity of MDR-TB         Other 

34. Underlying diseases 
     Diabetes       Yes     No       Not available 
     Substance abuse     Yes    No 
     Silicosis      Yes    No 
     Smoker                                                                   Yes      No 
     Asthma                                                                   Yes      No 
     Hypertension      Yes       No 
     Other                                                                      
HIV status:    Reactive             Non-reactive            Not available 
 
Section D: Treatment monitoring  
 
A. Initial phase of treatment 

35. Date of starting initial phase: 
 

36. Initial phase treatment: 
 

Drug Dose Freq # of 
days/wk 

duration 

Kanamycin/Amikacin     
Pyrazinamide     
Ofloxacin/Ciprofloxacin     
Ethionamide     
Ethambutol     
Terizidone/Cycloserine     
Other     
 
Monthly smears and culture: 
Month Test Date of Specimen Result 

Negative/ Positive 

First Smear 1   
Smear 2   
Culture   

Second Smear 1   
Smear 2   
Culture   

Third Smear 1   
Smear 2   
Culture   

Fourth Smear 1   
Smear 2   
Culture   



 

149 
 

Fifth Smear 1   
Smear 2   
Culture   

Sixth Smear 1   
Smear 2   
Culture   

    
 
 
B. Continuation phase 

37. Date of starting continuation phase: 
38. Drugs used in continuation phase  

 
Drug Dose Freq # of 

days/wk 
duration 

Kanamycin/Amikacin     
Pyrazinamide     
Ofloxacin/Ciprofloxacin     
Ethionamide     
Ethambutol     
Terizidone/Cycloserine     
Other     
Monthly smears and culture 
Month Test Date of Specimen Result 

Negative/ Positive 

First Smear 1   
Smear 2   
Culture   

Second Smear 1   
Smear 2   
Culture   

Third Smear 1   
Smear 2   
Culture   

Fourth Smear 1   
Smear 2   
Culture   

Fifth Smear 1   
Smear 2   
Culture   

Sixth Smear 1   
Smear 2   
Culture   
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Seven Smear 1   
   
Smear 2   
Culture   

Eight Smear 1   
Smear 2   
Culture   

Nine Smear 1   
Smear 2   
Culture   

Ten Smear 1   
Smear 2   
Culture   

Eleven Smear 1   
Smear 2   
Culture   

Twelve Smear 1   
Smear 2   
Culture   

    
 

39. Other treatment monitoring practices:  
40. Surgical intervention:    Yes              No 
41. Type of intervention: 

Pneumonectomy      Lobectomy     Intercostal drainage 
 Other 
 

Section E: Treatment outcomes 
Outcome Date Discharged to clinic 

Cure (successful)   
Treatment completed (successful)   
Treatment failure (poor)   
Death (poor)   
Treatment default   
Transfer out   
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Appendix 9: Publication 
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