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ABSTRACT 

Molecular epidemiology has been playing a major role in understanding the key issues in the epidemiology of 

tuberculosis (TB), contributing to the development of control policies and helping in the prevention and fight 

against TB. This work aimed to develop a new genotyping method for Mycobacterium tuberculosis (Mtb) strains 

using genes containing polymorphic GC-rich sequences (PGRS), that have been systematically linked to the 

antigenic properties and virulence of Mtb. The nucleotide sequences of thirty-two genomes of different Mtb 

strains were aligned and screened for discriminatory regions, leading to the design of fifteen novel pairs of 

primers, fitting mainly to PE_PGRS and PPE genes. In silico, the new method even outperformed the currently 

most widely adopted methods. To test the new method and simultaneously assess the occurrence of a possible 

outbreak, 20 samples from different TB patients were analyzed. Data obtained allowed the differentiation of 16 

out of 20 samples. A simultaneous analysis of a set of 5 variable number of tandem repeat (VNTR) loci and the 

IS6110-Mtb2 method, was performed in order to increase the differentiation power and to allow comparisons. 

Although the new genotyping method proved to be useful in strain differentiation, it still requires optimization 

and application in larger investigations. Additionally, the mechanisms underlying the mutations in the PGRS 

genes require deeper studies. Only then, this new method can prove its full potential. 

Keywords 

Molecular epidemiology; Mycobacterium tuberculosis; genotyping; PGRS genes; antigenic properties and 

virulence 
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RESUMO 

A epidemiologia molecular tem desempenhado um papel fundamental na compreensão de questões-chave da 

epidemiologia da tuberculose (TB), contribuindo para o desenvolvimento de políticas de controle e ajudando na 

prevenção e na luta contra a TB. Este trabalho teve como objetivo desenvolver um novo método de genotipagem 

de estirpes de Mycobacterium tuberculosis (Mtb) usando genes que contêm sequências polimórficas ricas em GC 

(PGRS), que têm sido sistematicamente ligados às propriedades antigénicas e virulência de Mtb. Para tal, 

alinharam-se as sequências de nucleótidos de trinta e dois genomas de estirpes diferentes de Mtb e estes foram 

rastreados para identificação de regiões discriminatórias. Tal, levou à obtenção de quinze novos pares de 

oligonucleótidos iniciadores, que permitem amplificar sobretudo os genes PE_PGRS e PPE. In silico, este novo 

método superou os atualmente mais usados. Para testar o novo método e simultaneamente detetar a ocorrência 

de um possível surto, foram analisadas 20 amostras de diferentes pacientes com TB, tendo o resultado obtido 

permitido diferenciar 16 das 20 amostras testadas. Um conjunto de 5 loci que apresentam um número variável 

de repetições em tandem (VNTR), juntamente com o método IS6110-Mtb2, foram analisados em simultâneo 

para aumentar o poder de diferenciação e para efeitos comparativos. O novo método de genotipagem provou 

ser útil na diferenciação de estirpes, no entanto, requer otimização e aplicação em investigações mais amplas. 

Adicionalmente, os mecanismos subjacentes às mutações nos genes PGRS requerem estudos mais 

aprofundados. Só assim, este novo método pode provar todo seu potencial. 

Palavras-chave 

Epidemiologia molecular; Mycobacterium tuberculosis; genotipagem; genes PGRS; propriedades antigénicas e 

virulência 
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I. INTRODUCTION 

I.1 Epidemiology of tuberculosis 

Mycobacterium tuberculosis (Mtb), the most recognized member of the Mycobacterium tuberculosis Complex 

(MTBC) and the most predominant causative agent of tuberculosis (TB), has been one of the most devastating 

pathogens in the history of humanity. TB is considered the biggest cause of death in the world for an infectious 

disease, surpassing Human Immunodeficiency Virus (HIV)1,2, and it is one of the oldest diseases around, that has 

accompanied mankind through its evolution3. The expansion of this disease has been a consequence of the global 

human population increase and migration movements of people4 and is estimated that one-third of the world’s 

population are infected with Mtb. Other socio-epidemiological factors, such as overpopulation, poverty, 

malnutrition, war, and displacement, to underfunding or even breakdown of TB control systems, contribute to 

this situation. Malnutrition is associated to poor host immunity and is consequently connected to susceptibility 

to TB5, also illustrated by the interaction between HIV and TB, as the risk of developing active TB is 20 to 30 times 

higher in Mtb/HIV coinfected individuals than in HIV-negative individuals with Mtb infection6. 

TB has an huge health and economic impact not only in developing regions but also in high-income countries, 

mainly due to TB/HIV coinfection and the increased appearance of multidrug-resistant5 (MDR, defined as 

resistance to at least isoniazid and rifampin) and extensively drug-resistant (XDR, defined as MDR plus additional 

resistance to any fluoroquinolone and at least one of three injectable drugs, amikacin, kanamycin, or 

capreomycin)6 Mtb strains, currently accounting for approximately 5% and 0.5%, respectively, of all TB cases5. 

Also, the high rate of travel/migration, characteristic of modern societies, led to a new challenge in countries 

where TB was declining, mainly due to massive immigration from countries where TB is highly endemic4,5. 

According to the Global Tuberculosis Report from 2016, redacted by the World Health Organization (WHO), in 

2015 there were an estimated 10.4 million new cases of the disease, of which 5.9 million (57%) were among 

men, 3.5 million (34%) among women and 1.0 million (10%) among children, with African and South-East Asian 

regions representing 72% of these new cases. Figure I.1 illustrates the global incidence rates in 20151.  

Also, 1.2 million cases showed coinfection with HIV (12%). African and South-east Asian regions are the most 

affected regions (834 000 and 227 000 cases, respectively), accounting for almost 90% of these cases, with the 

African region showing the highest rate by far, with an average 84 cases, compared to an average of 5.3 cases, 

per 100 000 population, for the rest of the world1. 
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Figure I.1 – Global estimated TB incidence rates in 2015, according to the WHO 2016 Global TB report1. African and South-
East Asian regions accounted for 72% of the total cases. 

Globally, the rate of decline in TB incidence remained at only 1.5% from 2014 to 2015. To reach the first 

milestones of the End TB Strategy, this rate needs to speed up to a 4-5% annual decline by 2020. The End TB 

Strategy, a resolution passed by the WHO during the World Health Assembly in May 2014, aims to end the global 

TB epidemic, with targets to reduce TB deaths by 95% and cut new cases by 90% between 2015 and 2035. This 

incidence target and objectives are shown in Figure I.21. 

 

Figure I.2 Projected acceleration in the decline of global TB incidence rates to reach target levels7. Current rate of decline 
in TB remains at 1.5%. To achieve the milestone of reducing TB incidence by 90% by 2035, compared to 2015, this rate must 
increase to a 4-5% annual decline. For this to happen, optimization of current and introduction of new emerging tools is 
required. 

The increasing prevalence of drug resistance in Mtb led to an increase in mortality among immunocompromised 

patients5. Treatment and control are threatened by increasing numbers of MDR or nearly untreatable XDR Mtb 

strains6. In 2015 there were an estimated 480 000 new cases of MDR-TB and an additional 100 000 people with 

rifampicin-resistant (RR) TB, who were also newly eligible for MDR-TB treatment. India, China and the Russian 

Federation together accounted for 45% of these cases. Incidence rates of MDR-TB cases in 2015 are shown in 

Figure I.3. Interestingly, the European region presents the highest rate of MDR-TB cases, with 14 cases per 100 
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000 population. Of the estimated 580 000 people newly eligible for MDR-TB treatment, only 125 000 (22%) were 

enrolled. Five countries accounted for 60% of this gap: India, China, the Russian Federation, Indonesia and 

Nigeria1,6. 

Ineffective treatments in most of the cases results in high mortality and continued transmission, as well as 

amplification of resistance leading to nearly untreatable, XDR-TB cases. Cases where strains are resistant to two 

of the newest anti-TB drugs, delamanid and bedaquiline, have already been reported6,8,9.  

 

Figure I.3 - Estimated incidence of MDR-TB in 2015, for countries with at least 1000 incident cases1. Together, India, China 
and the Russian Federation accounted for 45% of these cases. 

An estimate of 1.4 million deaths were caused by the disease, and an additional 0.4 million deaths resulting from 

people coinfected with HIV, with African and South-East Asia regions (740 000 and 790 000 deaths, respectively, 

of which 300 000 and 74 000 were from people coinfected with HIV, respectively) accounting for almost the 

totality of deaths1. Up to two thirds of TB patients die if they do not receive appropriate treatment3. 

In Portugal and Poland, there were approximately 2400 and 7200 (350 and 140 showing coinfection with HIV) 

newly confirmed cases in 2015, respectively. These included 33 and 70 MDR-TB cases, and led to approximately 

260 and 560 deaths, in Portugal and Poland, respectively. Comparing to the whole European Region, Portugal 

and Poland show a lower incidence rate (23 and 19, respectively, vs 36 cases per 100 000 population), and a 

diminished MDR-TB rate (0.32 and 0.18, respectively, vs 14 cases per 100 000 population)1. 

Notified TB cases increased from 2013-2015, mostly due to a 34% increase in notifications in India. However, in 

2015, of the total estimated 10.4 million new TB cases, only 6.1 million were notified to national authorities and 

reported to WHO. This represents a 4.3 million gap between incident and notified cases, with India, Indonesia 

and Nigeria accounting for more than half of this gap1. 

TB treatment already prevented 49 million deaths globally between 2000 and 2015, but substantial diagnostic 

and treatment gaps still exist. The latest treatment outcome data shows a treatment success rate of 83% for TB 

(75% in case of HIV-positive patients), 52% for MDR-TB and only 28% for XDR-TB1. 
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This data shows that, despite the many efforts to control TB, it still remains a major public health problem 

worldwide5. The high incidence and mortality of TB demanded faster diagnosis and differentiation of Mtb, as 

delayed diagnosis of Mtb infections leads to late and improper treatment10. For these reasons it is important to 

understand which strains are involved in MDR/XDR-TB cases and outbreaks and identify new strains that may be 

rising and those declining5. 

Molecular methods used in epidemiology of TB allowed the typing, and the identification of different lineages of 

Mtb and specific strains, the monitorization of the transmission of the disease and determining the genetic 

diversity behind phenotypic characteristics. These methods, supported by socio-demographic data, have been 

contributing to the development of molecular epidemiology and to the control policies of the disease3,5,11. 

I.2 General aspects of disease 

I.2.1 Latent and active TB 

Latent TB infection (LTBI) is the state in which the individual is infected with Mtb without any clinical symptoms, 

radiological abnormality, or microbiological evidence. It is estimated that one-third of the world’s population are 

infected with Mtb in a latent state5. The prevalence rate of LTBI in developing countries is estimated to be as 

high as 51.5%, while in high-income countries is 28.1%12. Of these infected individuals, 5 to 10% will progress to 

active TB disease from months to years later. Early detection and treatment of active TB as well as preventive 

treatment of individuals with LTBI are considered two of the cornerstones of TB control13. 

I.2.2 Pulmonary and extra-pulmonary TB 

Pulmonary TB is the most common type of TB since it is the easiest way the disease can be directly transmitted 

from person to person. Globally, 85% of the reported cases correspond to pulmonary TB1. 

When the disease appears, the symptoms (coughing, fever, night sweats, and weight loss, among others) may 

be mild for several months, resulting in delayed diagnosis and the mycobacteria will be transmitted to other 

people, infecting approximately 10 to 15 people in one year3. 

In the lungs, the mycobacteria are absorbed within alveolar macrophages and contained in endocytic 

compartments that can maturate to phagosomes, leading to the elimination of the bacteria or to an active TB 

infection. The infection is usually contained in the lungs, however, some virulent Mtb strains developed 

strategies to avoid or turn immune response in their favor. Some mycobacteria remain dormant for decades, 

but, in any immunosuppressing condition, they can become active, replicate and spread14. 

Patients with extra-pulmonary TB only represent 10-15% of TB cases, but they can develop the most severe forms 

of the disease. Since the disease can affect any organ, the diagnosis in these cases is usually more difficult and 

delayed15. Children and patients with immunosuppression are the most affected by extra pulmonary TB3.  
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I.2.3 Treatment and vaccines 

The first effective drug treatments for TB appeared in the 1940s1. The currently recommended treatment for 

new cases of drug-susceptible TB (where strains are susceptible to all first-line anti-TB drugs16) is a 6-month 

regimen of four first-line drugs: isoniazid, rifampicin, ethambutol and pyrazinamide. The Global TB Drug Facility 

supplies a complete 6-month plan for approximately 40$ per person. Treatment for MDR-TB is longer, and 

requires more expensive and more toxic drugs. Until early 2016, the treatment regimens recommended by WHO 

typically lasted for 20 months, and costed approximately 2000 to 5000$. In the light of new evidence, the WHO 

issued an updated guidance in May 2016, and a standardized shorter MDR-TB regimen of 9-12 months is now 

recommended for all patients (excluding pregnant women) with pulmonary MDR-TB. The cost of a shortened 

drug regimen rounds 1000$ per person. New TB drugs have begun to emerge and combination regimens that 

include new compounds are being tested in clinical trials1. 

The Bacille Calmette-Guérin (BCG) vaccine was developed almost 100 years ago and has been shown to prevent 

severe forms of TB in children. However, until now none effective vaccine in preventing TB disease in adults, 

either before or after exposure to Mtb infection, has been developed. Currently there are 13 TB vaccines in Phase 

I, Phase II or Phase III trials1. 

I.3 Microscopic characteristics of mycobacteria  

Mycobacteria are shaped like slightly curved or straight bacillus. They are approximately 1-10 μm long (usually 

3-5 μm) and 0.2-0.6 μm wide3, and are characterized by a very complex cell wall envelope, responsible for the 

low permeability, as well as the characteristic differential staining procedure, which specifically stains all 

mycobacteria14. Acid‐fast bacteria staining uses carbol fuchsin‐based methods, such as Kinyoun and Ziehl‐

Neelsen staining, and fluorochrome‐based methods, such as auramine alone or auramine and rhodamine (Truant 

stain)14,17. A microscopic examination after Ziehl-Neelsen staining is shown in Figure I.4. 

Direct microscopic examination to identify mycobacteria after proper staining is common and useful, and 

particularly important in low-resource countries where culture may be difficult to carry out17. 

 

Figure I.4 – Microscopic examination of mycobacteria using Ziehl-Neelsen staining18. Mycobacteria are displayed in red, 
pointed by the arrow. 



6 
 

I.4 Sample collection and handling 

Samples should be collected in clean, sterile containers, kept under conditions that inhibit growth of 

contaminants, and should be refrigerated before and during transit to laboratories. Sputum is the most common 

way to collect a sample in adults and older children. This collection should be performed in isolation rooms with 

infection control conditions, or at least in well-ventilated areas. Beside sputum, a variety of clinical materials that 

may be submitted for microscopy and culture are listed below19:

- Sputum; 
Expectoration (adults, older children); 
Induced sputum (children); 
Tracheal and bronchial aspirates; 
Bronchoalveolar lavage; 
Nasopharyngeal aspirates; 
- Gastric aspirates/washing; 
- Pleural fluid; 
- Cerebrospinal fluid; 

- Peritoneal fluid; 
- Synovial fluid/biopsy; 
- Pericardial fluid; 
- Pus swabs; 
- Biopsies; 
- Blood (mainly immunocompromised patients); 
- Urine; 
- Stool specimens; 
- Endometrial fluid/scrapings.

I.5 Sample preparation 

Clinical samples are usually non-sterile and contain other bacteria that would out‐grow any mycobacteria soon 

upon culture. Sample processing is an essential step to eliminate contaminants and concentrate mycobacteria, 

increasing culture quality, recovery and detection of mycobacteria. These contaminants could exhaust the 

culture media and make it more difficult to recover pure mycobacteria, essential to speciation of the organism 

and to perform susceptibility tests. However, decontamination can also compromise mycobacteria and decrease 

their population17. In sputum samples the mycobacteria are embedded in the mucus, and a digestion step is 

required to liquefy it, making it possible to centrifuge and concentrate the bacteria20. Decontamination and 

digestion are performed in the same process. The NaOH and the NALC-NaOH methods are the most widely used. 

In the NaOH method, NaOH acts both as mucolytic and decontaminant agent. Concentrations of 2-4% can be 

used to achieve both effectively, depending on consistency of the sample and the expected contamination. This 

kills the contaminants, together with mycobacteria, but in a slower pace, meaning that the decontamination 

parameters need to be carefully monitored. In the NALC-NaOH method, N-acetyl-L-cysteine (NALC)20 is used as 

mucolytic agent17. Compared to the NaOH method, the process is better controlled and fewer mycobacteria will 

be killed20. After chemical treatment, the sample is then resuspended in phosphate‐buffered saline for culture 

inoculation17. 

I.6 Culture methods 

Samples are then inoculated into at least one culture media, providing a definitive diagnosis of TB and sufficient 

genomic material for drug susceptibility and genotyping tests20. Mtb has a slow growth in culture, with 

generation times of 18 to 24 hours, associated with limited entry of nutrients3. This causes a considerable delay 
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when performing drug susceptibility tests, as a sufficiently grown culture is obtained within 2 to 4 weeks, and 

drug susceptibility is determined after an additional 2 to 4 weeks21. 

Culture increases the number of TB cases found, often by 30-50%, and detects cases which were smear-

negative22. Culture from sputum on solid or liquid media have an approximate 80% yield in adults, varying from 

20% to 77% in children, however, this is heavily dependent on the quality of the samples20. 

Egg- and agar-based solid media containing malachite green have been used as the golden standard for the 

isolation and definitive diagnosis of Mtb. But recently, the attention has turned to liquid media, that require less 

time to detection22. The development of fast, cheap, and accurate culture media is then a top priority in TB 

research23. 

A variety of culture media have been developed, improving sensitivity and detection speed of Mtb, however, 

only a few are frequently used in the diagnosis of TB, either because of their components higher cost or because 

they require special equipment, limiting reasons especially in developing countries24. 

I.6.1 Solid media  

Egg-based media contain homogenized whole eggs, organic and inorganic salts, asparagine, and glycerol. 

Malachite green is usually added for easier visualization of  Mtb colonies, also inhibiting contaminants25. 

Löwenstein–Jensen (LJ) is the commonly used medium, including in verification and validation of new diagnostic 

tests26. It has a long shelf life, is inexpensive and fairly resistant to contamination, however, quality may vary 

depending on the egg quality (especially contaminated by antibiotics from poultry feed), and it is difficult to 

detect the presence of early colonies20,25. LJ medium has a sensitivity of 70–80%, therefore, to reach a positive 

probability near 99%, three samples obtained on different days are recommended to be cultured17. Ogawa 

medium is also considered one of the reference standards, presenting equivalent or even slightly better results, 

and is cheaper, than LJ23. 

Agar-based media avoid the need for drug-free eggs, the presence of colonies can be detected earlier, their larger 

surface area makes it easier to recover Mtb in the presence of contaminants and standardization from batch to 

batch is more easily achieved. However, the shelf life of some of the agar-based media is shorter compared to 

egg-based, and they are more expensive20,25. 

The most common agar media are Middlebrook 7H10 and 7H11, developed by Middlebrook in the 1940s to 

culture more fastidious mycobacteria. These media are supplemented with oleic acid, albumin, dextrose, and 

catalase (OADC)25, and antibiotics (such as penicillin, nalidixic acid, lincomycin and cycloheximide)20, which do 

not inhibit the growth of Mtb, can be incorporated. 7H11 differs from 7H10 by the addition of casein hydrolysate 

which improves recovery of some fastidious strains of Mtb25.  On Middlebrook 7H11, the detection of isoniazid 

and rifampicin resistance is more reliable than on LJ26. Many manufacturers supply them commercially. These 

culture media are simple, relatively cheap, low technology, and easy to set up17. 
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There is no general agreement on which solid medium is the most reliable for isolation of Mtb, as some strains 

appear to grow on one type of solid medium and not in another, so the choice is purely empirical.  Egg-based 

media has been more popular because CO2 incubation is required in agar media and the OADC supplement adds 

to the cost, and, historically, most clinical trials of anti-TB drugs have been conducted with LJ. However, 

microbiologists with clinical trials experience agree that Middlebrook agar is preferable to LJ, and that 7H11 

medium is preferable to 7H1025. 

I.6.2 Liquid media 

The WHO recommends culture samples in parallel into a liquid medium, for faster diagnosis, and onto a solid 

medium, to increase the sensitivity24. 

The most commonly used liquid media are Middlebrook 7H9 and Dubos Tween albumin broths. Mycobacterial 

growth in liquid media is significantly faster, showing times to positivity that are about half of those for solid 

media, isolation rates are generally higher than with solid media, and can be used in semi-automatic commercial 

systems20,26. However, these commercial liquid-based systems are costly, in terms of both instrumentation and 

reagents, and require specialized personnel, limiting their use in developing countries and laboratories that 

process small numbers of samples20,24. 

I.7 Mycobacterial taxonomy 

It is speculated that mycobacteria may have existed 150 million years ago. The first known representative of this 

group was discovered, under the name of Bacillus leprae, by Hansen in 1875, and the first scientific taxonomy of 

mycobacteria began in 1896, when the genus Mycobacterium was originally erected by Lehmann and Neumann5 

which included Mtb and M. leprae27. 

Mycobacterium is the only genus that is taxonomically located in the Mycobacteriaceae family, belonging to the 

Actinomycetales order and Actinobacteria class. Complete taxonomic lineage for Mycobacterium is shown in 

Table I-1. It now accommodates a total of 197 distinct species, according to the most recent version of the List 

of prokaryotic names with standing in nomenclature database28. All these species fall into three major groups, 

the MTBC, M. leprae and non-tuberculous mycobacteria5. 

Table I-1 – Complete taxonomic lineage of Mycobacterium3. Mycobacterium is the only genus that is taxonomically located 
in the Mycobacteriaceae family, belonging to the Actinomycetales order and Actinobacteria class 

Kingdom Bacteria 
Phylum Actinobacteria 

Class Actinobacteria 
Subclass Actinobacteridae 

Order Actinomycetales 
Suborder Corynebacterianeae 

Family Mycobacteriaceae 
Genus Mycobacterium 
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I.8 Mycobacterium tuberculosis complex 

The members of the MTBC are the causative agents of TB. They are strict, intracellular pathogens, without any 

defined environmental reservoirs. It comprises the human-adapted species Mtb, M. Africanum and M. canettii, 

and animal-adapted species M. bovis, M. caprae, M. microti, M. pinnipedii, M. mungi and M. orygis, with some 

of these animal-adapted species having zoonotic potential for humans5. 

I.8.1 Species of the MTBC 

M. tuberculosis 

The first member of the complex was described by Robert Koch in 1882. It is the species most frequently involved 

in the development of pulmonary TB in humans and is by far the most important pathogen of the complex in 

terms of the number of infected hosts and public health implications3. 

M. africanum 

In 1968 in Dakar, Senegal, Castets and colleagues reported mycobacterial strains that, in biochemical testing, 

were intermediaries between Mtb and M. bovis, and named these mycobacteria M. africanum. Like Mtb, M. 

africanum strains were found to be sensitive to pyrazinamide, however, like M. bovis, tended to be nitrate 

negative, a weak producer of niacin, and to grow microaerophilically in media supplemented with pyruvate29. On 

LJ medium, M. africanum grew more slowly than Mtb, with cultures occasionally yielding growth only after 10 

weeks30. 

M. africanum was sub-divided in M. africanum type I (West African clade), West African 1, prevalent around the 

Gulf of Guinea, and M. africanum type I, West African 2, prevalent in western West Africa, together with M. 

africanum type II (East African clade), that has been reclassified into an Euro-American sublineage31, and is now 

indicated as Uganda genotype30. Currently M. africanum consists of two phylogenetically distinct lineages known 

as M. africanum West African 1 and M. africanum West African 2. These lineages are restricted to West Africa, 

where they cause up to half of human pulmonary TB30. 

M. canetti  

It was firstly isolated in 1993 from a 2-year-old Somali child with lymphadenitis, exhibiting an unusually smooth 

and glossy colony morphology, and it was added to the MTBC in 199732. M. canettii strains appear as clear outliers 

relative to the MTBC strains. All M. canettii isolates identified so far have been obtained from human TB cases, 

with an extreme pattern of geographic restriction to patients living or having lived in or near the Horn of Africa, 

especially in the Djibouti region. Despite this strong geographic confinement, a nonclonal and much more 

diversified population was discovered for the sole M. canettii, with differences found among their genomes, and 

between them and MTBC genomes, exceeding by far the diversity of the entire MTBC strain population found 

worldwide, representing several early branching lineages that predated the common ancestor of the MTBC6,33–

35. 
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M. bovis  

It is the major causative agent of bovine TB. In contrast to other strain types, showing a clearly more restricted 

host range, M. bovis infects a wide range of domestic and wild animals, mainly cattle and other bovids, but can 

also be found in a range of mammalian species (humans, badger, wild boar, deer, lion and others). In humans, it 

causes a disease indistinguishable from that caused by Mtb6,36,37. M. bovis is naturally resistant to pyrazinamide, 

a first-line anti-TB drug. Its epidemiologic importance lies in the zoonotic transmission of M. bovis to humans due 

to contact with infected animals or vice versa, or to consumption of products (especially milk) from these 

animals3. Milk-borne transmission of TB by M. bovis was common in the pre-pasteurization era. Currently, 1 to 

2% of TB cases in the United States and Europe are attributable to M. bovis infection5. Direct human-to human 

transmission seems to be rare and in most circumstances the origin of M. bovis infection for humans remains 

undetermined36. 

In many industrialized countries, M. bovis has been eradicated from cattle or reduced to very low levels and the 

bovine TB has essentially been reduced to a disease of economic importance, but in developing countries M. 

bovis still represents a public health concern affecting livestock, humans and ecosystem36. 

M. bovis BCG 

It is an attenuated variant of M. bovis that has been used in more than 182 countries and territories as a vaccine 

against TB, for almost 100 years. The efficacy of this vaccine varies, showing high efficacy when BCG is used to 

vaccinate newborns, opposed to a consistently low efficacy in many tropical regions of the world. Neonatal 

vaccination imparts protection against the childhood manifestations of TB (in particular, meningitis)3,38. But, the 

true efficacy of BCG has been difficult to understand due to many experimental variables. Its efficacy is reported 

to be more than 80%. By 2015, more than 3 billion doses of BCG vaccine were given since 1948, and by large it is 

considered safe38.  

The original BCG vaccine strain was derived from an isolate of M. bovis. Albert Calmette and the veterinarian 

Jean-Marie Camille Guérin cultivated these bacilli in a medium containing glycerin and potato, but they found 

that there was difficulty in the production of homogenous suspension of the bacilli. To make the bacteria 

homogenous they added ox bile to the medium and they found that the additive lowered the virulence of the 

bacteria38. In 1908, Camille Guérin and Benjamin Weill-Hall, both at the Institute Pasteur in Lille, France, began 

attenuating the M. bovis by passing it through a growth medium they had developed specifically for this purpose. 

After 230 passages in vitro between 1908 and 1921 an actual BCG vaccine was thus developed and was first given 

to humans in 192138,39. Today several sub strains of M. bovis BCG with different degrees of gene deletions exist39.  

M. caprae  

M. caprae was designated as a new species of the MTBC in 200340, and it is capable of causing TB in humans as 

a result of transmission from livestock3. This species has been epidemiologically associated with goats and 

sheep40, but is has also been found in boars and pigs5. M. caprae had taken shape based upon distinct features 

in genotyping, epidemiology and drug susceptibility studies, showing susceptibility to pyrazinamide, 

distinguishing these isolates from naturally pyrazinamide resistant M. bovis40.  
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M. caprae is positioned in earlier branches compared to M. bovis, accounts for a smaller burden of zoonotic TB 

and is not globally distributed, but primarily restricted to European countries. M. caprae occurs only in a very 

low proportion of human TB cases40 (0.3% of human TB cases in Spain and one-third of human TB cases formerly 

attributed to M. bovis in Germany5). 

M. microti 

M. microti, a rare member of the MTBC, was first isolated by Wells in 1937 from a field vole41. Zoonotic 

transmission could be established in only a few of these cases, with raccoon, mice, dogs and cats as the sources 

of infection5.  The rare occurrence of this zoonosis is believed to be due to low human susceptibility, difficulty of 

bacteriological recognition of this extremely slowly growing organism, and the zoonotic source of infection 

itself41. Small mammals such as the vole and shrew are the main reservoirs, to a lesser extent larger animals such 

as camelids (llama, alpaca), cat and pigs3,41. Two genetically distinct strains, the vole and llama subtypes, have 

been identified41. 

M. pinnipedii  

In 1994, it was reported for the first time when isolates from seals captured on the coast of Argentina had a 

characteristic genotyping pattern42. The disease was caused by a unique member of the MTBC formerly named 

Mycobacterium type seal, which exhibited some phenotypic and genotypic characteristics different from other 

members of the MTBC43. In 2003 it was proposed to grant this seal bacillus a species rank, and named it M. 

pinnipedii42,43. In 1993, the transmission of a TB infection from sea lion to human (seal trainer) was described, 

underlining its zoonotic and pathogenic potential. Investigations suggested that close evolutionary ties exist 

between M. microti and M. pinnipedii43. 

M. mungi  

It was identified in 2010 as a TB causative agent in banded mongooses that live close to humans in Botswana. 

This pathogen caused high mortality rates among banded mongooses that were living in human-made structures 

and scavenge human waste, including feces. It has been identified only in humans and mongooses. Strain 

assessment has not been conducted, so the full host spectrum and transmission dynamics of this pathogen is 

currently unknown44. 

M. orygis  

This species was first described in 2012, being a causative agent of TB in animals and humans from Africa and 

South Asia. Oryx bacilli have been isolated from members of the Bovidae family such as oryxes, gazelles, deer, 

antelope, and waterbucks, although their exact host range remains unsettled45. 
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I.9 Mycobacterium tuberculosis complex evolution and phylogeny 

TB is thought to be as old as humanity itself. This disease is thought to have spread around the globe with the 

first human migrations from Africa and expanded during the Neolithic period, where animal domestication and 

the increase in population densities helped in transmission and maintenance of the infectious cycle46. 

Similarities in the evolution of humans and the MTBC suggested, not only that this pathogen paralleled human 

evolution, but also that bacterial diversity directly benefited from human demographic explosions. In parallel, 

the latency and chronicity of this pathogen possibly allowed it to adapt to lower host densities, survive, and strike 

back in favorable conditions46. 

For a long time, the host condition and environmental factors were the main factors on the outcome of a TB 

infection, rather than the strain type47. This idea was supported by the highly clonal identity of the members of 

the MTBC, that show very limited polymorphisms in structural genes among strains48, but improvements in 

molecular investigation revealed that the global population of the MTBC is way more diversified than previously 

thought. Results from genotyping studies, whole-genome sequencing (WGS) and comparative genomics of TB 

strains revealed that the MTBC population is composed of multiple lineages and sublineages, distinguished by a 

variety of specific mutations such as single nucleotide polymorphisms (SNPs), insertions/deletions (indels), 

regions of difference (RDs) and large sequence polymorphisms (LSPs)37,46,49–55. 

For evolutionary studies, two sets of molecular markers can be used. One set, using Spoligotyping and MIRU-

VNTR typing results provides phylogenetic information. However, these methods use relatively rapidly evolving 

markers, and typically show homoplasy56,57, and are not adequate for phylogenetic reconstruction58. A more 

adequate set composed by LSPs/RDs, SNPs and ultimately WGS, is specifically useful for phylogenetic and 

evolutionary studies. Although these markers have different resolutions, the phylogenetic structures obtained 

by these different approaches are largely congruent50,51,53–55,59. 

A structured global phylogeny for Mtb, represented in Figure I.5, was built based on six RD/LSP-defined 

phylogeographic lineages, and other RD/LSP, each associated with specific human populations and/or 

sublineages. It is important to be aware of the marker used when discussing a lineage, particularly for the East 

African-Indian lineage, which is called Central Asian (CAS) lineage in the spoligotyping method53,54. 
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Figure I.5 – LSP/RD defined global phylogeny for Mtb. Lineage name and lineage-defining LSPs or RDs are shown in 
rectangles. Geographic regions associated with specific lineages are also indicated54. 

Studies based on WGS comparison found a maximum difference of 2 188 SNPs separating any human and animal 

strains, and a maximum of 1 856 (average of 1200) SNPs between any two human-associated strains46,60. Even if 

the MTBC is strictly clonal and shows less than 0.05% sequence divergence between lineages, 2000 SNPs, 

knowing that MTBC species code for approximately 4000 genes, mean that half of the genes could be affected 

by polymorphisms. Considering that most of these polymorphisms are nonsynonymous, it is fair to hypothesize 

that some missense or nonsense mutations can determine lineage-specific phenotypes or even alter the host 

range of human and animal adapted species61. 

The number of SNPs found among M. canettii genomes, and between them and MTBC genomes, ranged from 9 

525 to 65 744, exceeding by 25-fold the diversity observed within members of the MTBC lineage. This high 

diversity, together with their larger genomes and nonclonal population, positions M. canettii in evolutionarily 

early branching lineages of the most recent common ancestor of the MTBC. Together with the strong geographic 

confinement to East Africa shown by M. canettii, and other ancestral Mtb and M. africanum strains positioned 

in early branches being linked to Africa, this data points to a common African origin of the MTBC ancestor33–

35,46,50,61–63. 

It is thought that the MTBC then started to differentiate by accompanying human migration out of Africa around 

70 000 years ago. As a result, a global MTBC phylogeny emerged, represented in Figure I.6, which includes the 

lineages of human-associated strains (including Mtb, M. africanum, and M. canettii) with clear geographic 

association, together with the animal-associated lineages. This host-specific and geographical confinement 

suggests a parallel evolution and an adaptation of each strain lineages to their preferential host populations 

(Figure I.7)46,50,51,61.  
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Figure I.6 – Phylogenetic and geographic distribution (based on WGS of 220 strains) of the MTBC species and lineages. 
Lineages 2 to 4, so called “modern” lineages, are underlined in grey, while the remaining strains represent the “ancient” 
lineages46. 

I.10 M. tuberculosis lineages and sublineages 

Based on WGS, it is proposed the existence of eight major lineages which include the human-adapted ecotypes 

Mtb (Lineages 1–4 and 7), M. africanum (Lineage 5 and 6), and M. canettii and the animal-adapted ecotypes46,61. 

These lineages are East African, the Philippines and Indo-Oceanic (Lineage 1), East Asia/Beijing (lineage 2), East-

African-Indian/CAS (lineage 3), Euro-American (lineage 4), West African 1 and 2 (lineage 5 and 6), and Ethiopia 

(lineage 7). Lineage 7 was recently detected in Ethiopia and among Ethiopian immigrants in Djibouti46,64,65. 

The most ancestral lineages (Lineages 1, 5, 6, and 7) are all linked to Africa, either to western (Lineages 5 and 6) 

or eastern Africa (Lineages 1 and 7). In contrast, more recently branched, so called modern lineages, show a 

distribution rather centered on Asia (Lineage 3), or even broader, intercontinental distributions (Lineages 2 and 

4). Ancestral branches of Lineage 2 are mainly associated with patients from East Asia, whereas strains from 

modern branches of the same lineage are most frequently obtained from patients from Eastern Europe or Central 

Asia46. 

 

Figure I.7 – Map summarizing the results of the phylogeographical and dating analyses for MTBC. Major splits are annotated 
with the median value (in thousands of years) of the dating of the relevant node46. 
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Determining Mtb genotype is critical for designing efforts to control TB due to the impact of genotype on disease 

outcome, vaccine efficacy and drug resistance. In fact, sublineages within the main lineages show very distinct 

geographic association and strain-specific genomic diversity, with differences in virulence, transmissibility, strain 

fitness, host response and emergence of drug resistance. For these reasons it is important to identify and catalog 

this lineage/strain specific properties, as well as identify and develop genotyping methods capable of detecting 

mutations associated with these properties52,53,64,66–68.  

Lineage 1 - East African, the Philippines and Indo-Oceanic 

East African-Indian (EAI) 

It is frequent in South East Asia, India, and Western Africa69. Strains have a characteristic RD239 deletion66, and 

spoligotypes are characterized by the absence of spacers 29 to 32 and 34 and presence of at least one spacer 

between 1 and 303. Two natural sublineages designated 1.1 (EAI3 to EAI6) and 1.2 (EAI1 and EAI2) contain 

distinctive spoligotype compositions66. 

Lineage 2 - East Asian 

Beijing 

It likely originated in East Asia and has recently been expanding in some parts of the world70. It is composed of 

three ancestral and five modern branches71. 

Specific pathobiological properties of the Beijing/East Asian lineage are the most intensively studied. Beijing 

strains are associated with high virulence3 and a massive spread of drug resistance in Europe and Asia. This 

phenotype appears to be related with positive selection of SNPs in selected genes. However, these specific 

polymorphisms are poorly understood61. Outside East Asia, the emergence of modern Beijing strains has been 

particularly pronounced in Eastern Europe and Africa. These modern Beijing strains display elevated rates of 

drug-resistance, rapid progression of disease and increased transmission. Positive selection on virulence-

associated genes as well as compensatory mutations negating the fitness-cost of drug-resistance are key factors 

in making Beijing the most successful contemporary lineage72. BCG vaccination appears to be less protective 

against Beijing strains73. The Beijing lineage show a restricted RD105 deletion66 and the spoligotype has absence 

of spacers 1 to 33 and presence of spacers 34 to 433.  

Lineage 3 - East-African-Indian 

Central Asian (CAS) 

Note that East-African Indian lineage is referring to the lineage name determined by LSPs and CAS referring to 

the spoligotype family name74. It is highly prevalent in sub-Saharan countries and Pakistan3. Isolates belonging 

to lineage 3 harbor a CAS-specific RD750 deletion. This spoligotype has numerous variants and subgroups such 

as CAS1-Delhi, CAS1-Kili, CAS and CAS266,69. All non-CAS1-Delhi samples are grouped into the sublineage 3.1, 

which was subdivided into CAS1-Kili and CAS/CAS266. Spoligotype is characterized by the absence of spacers 4 to 

27, and 23 to 343. 
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Lineage 4 – Euro-American 

Contrary to the other main lineages, lineage 4 is present in high frequencies all over the world, being the most 

widespread cause of human TB. Yet, the reasons for this global success are still unknown70 as this lineage has 

been the most poorly characterized historically66. Lineage 4 has been shown to exhibit enhanced virulence, 

together with high genetically and phenotypically variation. This diversity might determine the epidemiology of 

different lineage 4 subtypes in different parts of the world. Lineage 4 comprises ten separate sublineages, 

including the Haarlem, Latin America and Mediterranean (LAM), T and X type sublineages70. 

Haarlem 

It is highly prevalent in Northern Europe, while it is less extended in the Caribbean and Central Africa, where it is 

thought to be introduced by the European colonization. Spoligotype is characterized by a pattern with absence 

of spacer 31 and the presence of at least one spacer between 1 and 303. 

Latin America and Mediterranean 

The LAM sublineage is a major member of lineage 4, particularly frequent in Mediterranean and Latin American 

countries. In the spolDB4 world spoligotype database, the LAM classified spoligotypes even outnumber the 

Beijing spoligotypes, but the genetic consistency and global composition of the LAM spoligotype is much less 

studied than the Beijing family75. Its spoligotype is characterized by the absence of spacers 21 to 24, 33 to 36, 

and the presence of at least one spacer between 1 and 304, 

T type 

Comprised by modern strains, it includes strains which are difficult to classify into other groups, being distributed 

in all lineage 4 sublineages3,70. Spoligotypes show absence of spacers 33 to 36 and presence of the spacers 9 or 

10, and 31, and at least one spacer between 1 to 30 and one spacer between 21 to 2469. 

X type  

Mainly occur in the Americas and in lower proportions in a few countries of southern Africa, Asia and Europe70. 

The X lineage was the first group identified in Guadeloupe and the French Polynesia. Its spoligotype pattern has 

absence of spacers 18 and 33 to 363. 

Lineages 5 and 6 – Africanum 1 and 2 

It is still unknown why M. africanum from lineages 5 and 6 are geographically restricted to West African 

populations, where they cause up to half of human pulmonary TB, even if it has been recently sequenced the 

largest genome repertoire of this lineage30,61,70. 

Lineage 7 – Ethiopia and Djibouti 

It has, so far, been isolated exclusively in individuals with known country of origin in the Horn of Africa46. This 

lineage is of considerable interest regarding evolutionary research as it represents a phylogenetic branch 

intermediate between the ancient and modern lineages of Mtb75. Cells of the Mtb lineage 7 grow slowly in vitro 

and infections are associated with prolonged delay in seeking health care among patients compared to other 

lineages65.  
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I.11 Applications of strain typing of M. tuberculosis 

I.11.1 Monitoring transmission of TB 

Genotyping is useful in monitoring the spread of specific strains on a global or local level, investigating the spread 

between patients and the occurrence of outbreaks. It can also provide valuable clues about risk factors, evaluate 

current control strategies, endemicity, subpopulations with lower immunity to TB, migration patterns, 

geography, demography and transmissibility of specific strains76,77. 

I.11.2 Cross-contamination events 

TB detection using bacterial cultures is susceptible to contamination, leading to false-positive results.  This can 

occur during sample collection or during inoculation78,79. Previous reports showed that the average false-positive 

rate was 3.1%, ranging from 2.2-10.5%80, with higher rates observed in regions where TB is highly endemic. 

Laboratory features suggestive of contamination include acid fast bacteria smear negativity, growth in only one 

medium, if more are used, and very low numbers of colonies78,79. Confirmation using genotyping methods offer 

a more reliable way for detection of cross contamination events, and it should also be noted that its cost is lower 

than false diagnosis79. 

I.11.3 Relapse or reinfection 

For patients infected with drug-susceptible strains who receive adequate treatment, recurrences occur in 2-20% 

of the cases, occurring more frequently in high endemic settings81,82. Of these recurrent cases, using IS6110-

restriction fragment length polymorphism analysis (RFLP) typing, 73-77% and 11-27% were considered relapse 

and reinfection, respectively81–83. 

WGS has also been applied to distinguish relapse from reinfection in cases of recurrent TB patients that had been 

treated before. WGS identified 70-89% cases with little genetic distance (<6 SNPs) between strains, that were 

considered relapses. In 6-8% cases, the distance was at least >750 SNPs, which was considered indicative of 

reinfection84,85.  Interestingly, 18% of the relapses defined using WGS were previously considered reinfections by 

MIRU-VNTR analysis, based on 1-3 locus differences, reflecting the intrapatient hypervariability of these loci84. 

I.11.4 Drug resistance studies 

Typing and drug resistance data can be used to monitor the spread of drug-resistant strains, or can help in 

monitoring the spread of strains that are more prone to acquire resistance or that are better transmissible, even 

if drug resistance in Mtb has been linked to a fitness cost that decreases its virulence and transmissibility86–88. 

However, some compensatory mutations that restore fitness and maintain resistance were identified89, and 

despite this fitness cost, large outbreaks of MDR/XDR-TB have been registered88,90,91 , with evidence on successful 

international spread of MDR Beijing strains71,72,92,93.  

MDR strains frequently belong to lineage 1, 2, 3 and 4 (usually T, Haarlem, LAM, S, and X sublineages)94,95, and in 

East Asian countries, Beijing strains account for 62 to 75% of the MDR isolates96–98. 
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In Portugal, there is a successful spread of Mtb strains of the Lisboa family, belonging to the LAM sublineage in 

lineage 4. Approximately 55% of MDR Mtb isolates in the Lisbon area belonged to this family99,100. Also, Lisbon 

has a high XDR-TB rate (50% of the MDR-TB are XDR-TB strains), which is mainly associated with these strains101. 

In Poland MDR strains belong mostly to lineage 4102. 

Also, genomic mutations associated with drug resistance have been identified and can be used in strain typing 

to predict strain susceptibility without the need of culture103–109. 

I.12 Genome of M. tuberculosis  

Mtb H37Rv was the first strain to be sequenced, in 1998. The genome is a sequence of 4 411 532 base pairs (bp), 

which encodes 4090 genes (3974 genes were identified when it was first sequenced) and shows a high 

guanine+cytosine (GC) content (65.6%)110–112. 

Mtb genome is rich in repetitive DNA. Several regions named polymorphic GC-rich repetitive sequences (PGRS), 

show an even higher GC content (approximately 80%). These elements are present in 26 sites and contain many 

tandem repeats of the consensus sequence CGGCGGCAA113. 

They are also rich in insertion sequences (IS), that due to their transposition mobility can lead to differences in 

gene expression114. In the MTBC, a total of 29 different IS elements have been identified112. Eight of these IS 

elements are present in Mtb H37Rv in more than a single copy, with 3 occurring in 3 copies (IS1557) or more 

(IS1081 and IS6110)5. 

Another repetitive region highly preserved within the chromosome of Mtb is the direct repeat (DR) locus, a 

member of the clustered regularly interspaced short palindromic repeats (CRISPR) sequences family69. This 

region consists of a noncoding, A/T-rich leader sequence and variable numbers of identical 36 bp repetitive 

sequences, separated by multiple unique spacer sequences of 35-43 bp115. 

Several loci containing different tandem repeated sequences are also present in the genome. The number of 

repeats is highly variable in many loci and therefore these are called variable number of tandem repeats (VNTR) 

loci. These small repetitive, minisatellite-like sequences, were named Mycobacterial Interspersed Repetitive 

Units (MIRU). They are composed of 40-100 bp repetitive sequences and are dispersed through the genome of 

Mtb H37Rv in 41 locations116.  

These small differences in the genomic DNA have been intensively explored over the last years and served as 

base for many typing methods of MTBC species and strains. 
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I.13 Methods for molecular typing of M. tuberculosis 

Among all methods used in molecular epidemiology, four are of particular importance for Mtb typing: the IS6110-

RFLP, spoligotyping, and MIRU-VNTR analyses, and, ultimately, WGS. The first reliable method was IS6110-RFLP 

analysis, long viewed as the golden standard, and pioneer in molecular typing of Mtb.  

I.13.1 IS6110-RFLP 

IS6110 is a member of the IS3 family of transposable elements, unique to the MTBC, and it is the most extensively 

studied insertion element. It can make copies of itself and then inserting the copies anywhere in the genome in 

a process known as transposition. It is 1355 bp long, containing imperfect 28 bp terminal inverted repeats18,117,118. 

The copy number of IS6110 varies from 0 to 26, with most strains having 8 to 15 copies (16 copies in H37Rv 

strain112), and these elements are scattered throughout the genome, although there are certain hot spots for 

their integration18,119. 

Due to its high degree of polymorphism with respect to copy number and insertion sites, IS6110 is an useful 

molecular marker for strain typing of Mtb120. IS1081 and IS1547 are present in lower number of copies and are 

rather homogeneously distributed among Mtb strains, excluding their use as a typing marker112. 

IS6110-RFLP analysis makes use of restriction enzyme analysis (REA) and DNA hybridization. The first step is 

purification of DNA from culture. According to a standardized protocol, the genomic DNA is digested with the 

PvuII restriction enzyme, which cuts the genome in several fragments, but cleaves IS6110 only once. The resulting 

DNA fragments are separated by gel electrophoresis, and then transferred to a membrane, where southern blot 

hybridization is performed using a labeled probe complementary to the 3’ end of the IS6110 sequence. Each 

band in the hybridization pattern, denotes a single copy of IS6110 surrounded by different lengths of flanking 

DNA, depending on the distance between the PvuII cleavage sites116. Figure I.8 shows the principle of IS6110-

RFLP. 

 

Figure I.8 – Principle of IS6110-RFLP. (A) Mtb genome with insertion segment IS6110 showing the PvuII cleavage sites. (B) 
Digestion of the whole genome with PvuII. (C) DNA segments of different sizes after running in the gel are transferred onto a 
membrane followed by hybridization. (D) Visualized fragments, which represent a single copy of IS6110 surrounded by 
flanking DNA of different lengths116. 
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The IS6110-RFLP method is highly discriminatory, stable, easily reproducible in laboratory, and since the IS6110-

RFLP has been standardized, the patterns generated in different laboratories across the world can be compared 

and catalogued116. Figure I.9 shows the result of IS6110-RFLP analysis, after hybridization. 

 

Figure I.9 – Representative IS6110-RFLP image. Isolates represented by lanes 3, 5, 6, 9, and 10 have the same pattern and 
were epidemiologically linked. Lane S shows the molecular weight standard117. 

However, a difference of one band in the IS6110-RFLP does not necessarily mean that the individuals represent 

different strains. So, differentiation should be supported by providing cluster information obtained by 

spoligotyping and MIRU-VNTR typing116. 

Also, it is a technically demanding and labor-intensive process, where large quantities (2-10 µg) of high-quality, 

intact DNA are required for the restriction enzyme digestion, which adds the necessity of obtaining cultures with 

sufficient growth, unlike polymerase chain reaction (PCR) based methods. Also, it requires expensive computer 

software and qualified personnel116,121. 

Another disadvantage is the lack of discrimination for strains containing 5 or fewer copies of IS6110. There is 

even a small number of Mtb strains that do not contain the IS6110 sequence, so a print without bands will be 

obtained116,121. IS6110-RFLP cannot be performed in nonviable cultures117, and some NTM species have multiple 

copies of sequences that are homologous to IS6110 and can hybridize with the IS6110 probe122. 

For all of these reasons, IS6110-RFLP has been progressively replaced by PCR-based spoligotyping and by MIRU-

VNTR typing methods. 
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I.13.2 Spoligotyping 

Spacer Oligonucleotide Typing (Spoligotyping) is a hybridization assay that takes advantage of the high variability 

in the DR locus of Mtb and is one of the most frequently used molecular typing methods115. 

The amplification of the entire DR locus is carried out by PCR, using two inversely oriented primers 

complementary to the DR sequences, of which a biotinylated reverse primer is used so that all the reverse strands 

are labeled115,116. 

Next, the PCR products are hybridized to a nylon membrane with a set of 43 covalently bound synthetic 

oligonucleotides, each representing a unique spacer that were previously identified by sequencing of the DR 

locus in Mtb H37Rv (spacers 1-19, 22-32, and 37-43) and M. bovis BCG vaccine strain P3 (spacers 20, 21, and 33-

36). The presence of at least one spacer fragment is indicative of a PCR positive reaction115,116,123. 

After hybridization, the membrane is incubated with a streptavidin-peroxidase or streptavidin-alkaline 

phosphatase conjugate, which links to biotin of the reverse labeled strands, and the hybridization signals are 

detected by a chemiluminescence system. Strain-specific patterns (spoligotypes) are then visualized on X-ray 

film123. An example of a hybridization pattern is shown in Figure I.10. 

 

Figure I.10 – Hybridization patterns (spoligotypes) of amplified DNA of Mtb strains. The order of the spacers on the filter 
corresponds to their order in the genome. Row 1 and 3 corresponds to the spoligotypes of the reference strain H37Rv and 
M. Bovis BCG, respectively123. 

Each one of the 43 spacers produces either a dark box (indicating the presence of the spacer) or a clear box 

(indicating the absence of the spacer). For each Mtb isolate, the spoligotyping assay produces a pattern, and 

strains are differentiated by the presence or absence of these individual spacers116.  

Most Mtb strains lack spacers 33 to 36, and, generally, M. bovis strains have all four spacers 33 to 36 and lack 

spacers 39 to 43. All Beijing family isolates lack spacers 1 to 34, being a key indicator of the family117.  

The pattern is then converted to a 43-digit binary code system (1 represents a present spacer and 0 an absent 

spacer), but to simplify this numbering, the binary code is further converted to a 15-digit octal code. Each 3-digit 

binary set is converted to its octal equivalent, and the remaining last digit shall be either 1 or 0 (translation of 

the binary numbers to octal numbers is as follows: 000=0; 001=1; 010=2; 011=3; 100=4; 101=5; 110=6; 111=7). 

Each octal designation is unique and represents one specific pattern. These codes can be easily interpreted, 

incorporated in databases, and compared among different laboratories115,116. Figure I.11 shows a representation 

of the principle of the spoligotyping method.  
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Figure I.11 – Principle of spoligotyping. (A) Representation of well-conserved 36 bp DRs, interspersed by 35-43 bp of unique 
spacer sequences. On the membrane, 43 probes targeting each spacer are spotted, and a unique pattern is visualized after 
hybridization with PCR product. (B) Signals of reference strain H37Rv. (C) Typical signal pattern of Beijing family Mtb strain. 
(D) Signal conversion to binary code of present (1) and absent (0). (E and F) The 43 digit binary code is converted to a 15 digit 
octal designation116. 

Spoligotyping allows simultaneously detection and typing, and only requires approximately 10 fg of chromosomal 

DNA to be performed, excluding the need for culturing. It is a simple, cost-effective, high-throughput method, 

with less than 48 hours of laboratory turnaround time, and can differentiate Mtb strains with low IS6110 copy 

numbers (but shows less discriminatory power than IS6110-RFLP for strains with more than 5 copies). 

Spoligotyping should be performed as a first-line screening test, especially when testing large collections of 

isolates, to be followed by another typing methods of greater discriminatory power if necessary116. 

The low resolution power of spoligotyping excludes its use for identification at strain level, but can indicate, to a 

certain level, the main lineages and sublineages of the MTBC58. Even using 51 extra spacers, mostly originating 

from the DR region of the M. canettii genome, led only to a slight improvement in strain differentiation124. 

An improved, microbead-based spoligotyping method technique was evaluated to test the addition of a panel of 

25 extra spacers. The application of a 68-spacer format increased the discrimination for M. africanum and for 

lineage 1 strains. This technique uses synthetic spacer oligonucleotide probes immobilized on microspheres, that 

are detected via fluorochromes attached to the beads and hybridized PCR products. This method offers higher 

reproducibility due to the elimination of membrane hybridization and allows analysis of 96 isolates in a single 

run125. 

The result of a PubMed search for “spoligotyping” retrieves 1136 articles (interrogated on 4  October 2017), 

reflecting the fact that spoligotyping is one of the most used methods globally, and huge amounts of data is 

publicly available in databases. 
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I.13.3 MIRU-VNTR analysis 

The first 11 tandem repeat loci in MTBC strains were detected in 1998, and comprised five major polymorphic 

tandem repeats (MPTR) (MPTR-A to E) and six exact tandem repeats with 53-79 bp (ETR) (ETR-A to F) loci, but 

only ETR-A to E loci are used for genotyping of Mtb strains126. MIRUs were first described as tandem repeats of 

46-101 bp dispersed in 41 loci in the Mtb H37Rv genome. Some VNTR loci were described under different names, 

and of the 41 loci found, only locus 4 and locus 31 were previously described as ETR-D and ETR-E. Twelve of these 

loci (MIRU 2, 4, 10, 16, 20, 23, 24, 26, 27, 31, 39 and 40), were found to be highly variable in copy numbers, and 

were used to develop the first set for MIRU-VNTR typing56,127. In some loci, recurrent PCR failure occurred, even 

under different conditions, probably due to the presence of large numbers of tandem repeats or complete 

deletion of these regions116. 

The standard protocol for MIRU-VNTR typing includes PCR amplification of each locus, using specific primers 

complementary to the flanking regions, and analysis of the size of the amplicons, detected by gel electrophoresis. 

The size of the amplicons is directly related to the number of tandem repeats, which can be determined 

comparing to the known size of the repeat unit. The number of tandem repeats is then converted into a code, in 

which each digit represents the number of copies in each locus56,127. In well-equipped laboratories MIRU-VNTR 

analysis can be performed using capillary electrophoresis and multiplex PCR using fluorescently labeled 

primers128. A schematic diagram of the principle of MIRU-VNTR genotyping method is shown in Figure I.12. 

The discriminatory power of the 12 MIRU-VNTR typing is similar to IS6110-RFLP, and it is higher in strains with 

low copies of IS6110121,129,130, however it also has limited discriminating power for Mtb Beijing strains116.  

 

Figure I.12 – Principle of MIRU-VNTR genotyping. (A) MIRU-VNTR loci of different repetitive numbers scattered in Mtb 
genome are amplified by specific primers for each locus. (B) Different sizes of amplicons after PCR. (C) Amplicons can be seen 
after gel electrophoresis with different sizes that reflect the repetitive number of each VNTR locus116. 

In 2006, Supply et al. defined two new optimized sets of MIRU-VNTR loci for analysis. A set of 15 loci, with the 

highest evolutionary rates (including 6 of the 12 previously used) were selected as the new standard for strain 

typing, as well as a high-resolution 24 loci set (including the 12 previously investigated), useful in phylogenetic 

studies128.  
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24 MIRU-VNTR typing has significantly higher discrimination power compared to spoligotyping and close to, or 

even better, than that obtained with IS6110-RFLP, and combined analysis with other methods can differentiate 

previously clustered strains. The set of 15 loci has a calculated 96% of the discriminative power of the 24 loci 

set128. Even if the use of these new sets improved the discriminatory power for Beijing strains131, the addition of 

the hypervariable VNTRs 1982, 3232, 3820, and 4120 has been used for differentiation of Beijing strain 

clusters131,132. 

MIRU-VNTR typing is fast, easy to perform, sensitive, highly reproducible and discriminative, and the use of a 

code format makes the method easier to handle large amounts of data, enabling comparison between 

laboratories and incorporation in global databases116. The number of analyzed loci can be increased, but it has 

to be taken in consideration that it raises the cost and complicates the comparison with available standardized 

data128. 

The MIRU-VNTR loci appear to be stable, displaying a low evolution rate127, however, due to homoplasy between 

some strains and to specialized differentiation strengths of some locus, MIRU-VNTR analysis could be performed 

in a lineage-dependent manner analyzing customized sets of MIRU-VNTR loci58,131–134. Also, differences in one 

copy number and double alleles in single locus are occasionally observed, and could still considered a clonal 

variant of the same strain116,128. 

I.13.4 Whole-genome sequencing 

The completion of the genomic sequence of Mtb H37Rv revolutionized the epidemiological studies of TB. Sanger 

sequencing method was used in the first WGS studies; however, the introduction of second-generation 

sequencing technologies massively increased the throughput scale. In TB research the most used second-

generation sequencing technologies were, and some still are, 454 pyrosequencing (Roche), Illumina (Illumina), 

SOLiD (Thermo Fisher), and Ion Torrent (Thermo Fisher), followed by a third-generation, single molecule real-

time sequencing technology (Pacific Biosystems). Unfortunately, data obtained by current high throughput 

sequencing technologies, like Ion Torrent and 454 pyrosequencing, is prone to sequencing errors, especially in 

repetitive regions, frequent in the Mtb genome135,136. These technologies are shortly described in Figure I.13.  

WGS offers ultimate genomic knowledge about each strain. It can be used in all kind of molecular epidemiologic 

and evolutionary studies137–139, and is an extremely useful tool for detection of mutations linked to drug 

resistance, strain fitness and virulence106,140–142. 

For now, the high associated costs block WGS to be performed as a standard routine method for Mtb typing, but 

this scenario is expected to change in the next years116. Another obstacle is the huge amount of data produced 

in WGS, and the difficulty of standardization and integration into databases. To solve this problem, the genome-

wide SNP diversity can be transferred into an allele numbering system that is standardized, portable, and not 

computationally intensive143. Nevertheless, even after these problems are solved, other genotyping methods 

might still be useful in preliminary studies and in low-resource scenarios. 
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Figure I.13 – High-throughput sequencing platforms and the associated sample preparations and template amplification 
procedures135. The schematic shows the main high-throughput sequencing platforms available, and the associated sample 
preparation and template amplification procedures. 

I.14 Other genotyping methods for M. tuberculosis 

I.14.1 Methods based on nonrepetitive sequences 

I.14.1.1 Gene sequence analysis 

SNP typing 

The analysis of multiple target gene sequences can be useful for Mtb typing. SNP analysis is commonly used in 

lineage-specific typing and in the determination of mutations linked to drug resistance116. 

SNPs in specific sequences can be detected using different methods. PCR-RFLP uses different restriction enzymes 

targeting previously known specific gene mutations. The resulting DNA fragments, differing in number and size, 

reflect specific mutations144. Other methods include temperature-switch PCR145, multiplex PCR methods146,147, or 

using real-time PCR curve analysis148.  

Multiplex ligation-dependent probe amplification (MLPA) is a powerful tool that can detect up to 50 multiple 

drug resistance and genotype-specific mutations, at any location in the Mtb genome. This bead-based method 
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uses amplification of sequence-specific MLPA probes rather than target DNA. The specificity of the assay is 

ensured by an initial ligation step, and its sensitivity is ensured by PCR amplification. The sizes of the resulting 

MLPA products correspond to the targeted SNPs. The MLPA products can subsequently be identified by capillary 

electrophoresis149–151. 

Some commercially available tests for detecting drug resistance target specific SNPs in genes associated with 

drug resistance, of which GenoType MTBDRplus (Hain Lifescience GmbH) and Xpert MTB/RIF (Cepheid) have 

been approved by the WHO for drug susceptibility testing. Hain Lifescience also released the GenoType MTBDRsl 

test in 2009, designed to test for resistance to second-line anti TB drugs (fluoroquinolones, ethambutol, 

aminoglycosides, and cyclic peptides). It can be used in combination with the previous model test to identify 

extensively drug-resistant TB. Another new portable diagnostic platform called GeneXpert Omni is in 

development and assessment by WHO is expected soon1,152. 

In March 2017 the WHO recommended the use in all settings of the Xpert MTB/RIF Ultra as a replacement for 

the Xpert MTB/RIF cartridge. The Ultra cartridge showed significantly better performance (increased sensitivity) 

compared to the Xpert MTB/RIF cartridge for the detection of Mtb in samples with low numbers of bacilli, 

especially in smear-negative, culture-positive specimens, in pediatric specimens and in extra-pulmonary 

specimens (notably cerebrospinal fluid). The accuracy in detection of rifampicin resistance was also better152,153.  

Gene sequencing 

Multilocus sequence analysis (MLSA) is a typing scheme, where multiple loci are analyzed, that enables electronic 

portability of nucleotide sequence data for the characterization of Mtb strains49,154–157. MLSA method has proved 

to be discriminative when seven high discrimination gene loci (rec X, rps L, rmlC, rpmG1, mprA, gcvH, ideR) were 

chosen. MLSA not only can be used for molecular typing, but also is an ideal method for the phylogenetic analysis 

for Mtb157. 

I.14.1.2 Genome analysis 

Pulsed-field gel electrophoresis (PFGE) 

The first molecular typing methods for the Mtb genome were based on RFLP analysis. However, these methods 

produced fragments with a wide range of sizes, that had to be separated using PFGE. PFGE typing was successfully 

used to differentiate between Mtb strains, and different restriction enzymes can be used. These methods are 

reproducible and have a high discriminatory power. However, it is expensive and technically demanding method, 

with a long turnover time and requires large amounts of high-quality DNA5,158. Figure I.14 shows a typical pattern 

produced in PFGE. 
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Figure I.14 – DNA polymorphism amongst Mtb isolates, using DraI restriction enzyme in PFGE. Numbers on the right indicate 
the size in kbp158 

Randomly amplified polymorphic DNA (RAPD) analysis 

RAPD is a PCR method that does not require previous knowledge of the template DNA sequence. By using short, 

unspecific, arbitrarily designed primers and low-stringency conditions, the primers anneal at both perfectly and 

partially matched sites, resulting in strain-specific DNA profiles159. A typical RAPD pattern is shown in Figure I.15. 

Although this method has high discriminatory power, it suffers from poor reproducibility, as differences among 

RAPD strain profiles between laboratories are more likely due to technical and operating parameters. 

  

Figure I.15 – RAPD PCR products of Mtb isolates. Lanes 2 and 3 are products of H37Ra and H37Rv, respectively. Marker in 
lane 1 and numbers of the left indicate size in bp159. 

Amplified-Fragment Length Polymorphism (AFLP) analysis 

AFLP analysis is a PCR-based method in which DNA is digested with two restriction enzymes, EcoRI and MseI, a 

rare cutter and a frequent cutter respectively. The resulting restriction fragments are ligated to EcoRI and MseI 

adapters, recognized by PCR primers that are complementary to the adaptor sequence. The PCR products are 

then analyzed by urea-PAGE (Figure I.16). However, this method alone appeared not to be an efficient typing 

method for Mtb. The combined use of IS6110-RFLP and AFLP could differentiate high IS6110 copy isolates to 

some extent, but does not differentiate the low copy isolates efficiently160. 

 

Figure I.16 – AFLP profile of Mtb strains160. 
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In the fluorescent AFLP (FAFLP) method, the genomic DNA is digested using the same restriction enzymes. A 

multiplex PCR is then performed using five primers, including one nonselective. The nonselective forward primer 

for the MseI adapter site was unlabeled, and four reverse primers for the EcoRI adapter site, which contained 

the selective bases A, G, C or T and were labeled with different fluorescent dyes. An automated DNA sequencer 

allows the precise estimation of the molecular weight of the PCR products. The AFLP method has a lower discrim-

inatory potential than IS6110-RFLP typing, but the improved FAFLP provides greater discriminatory power161. 

Deligotyping 

Deligotyping uses a DNA microarray that allows the detection of LSPs or indels within a few chosen loci. Here 43 

multiplex-PCR products, representing 43 genomic regions prone to LSPs among Mtb strains, are hybridized to 

membrane-bound, highly specific oligonucleotide probes to these deletions. The deletions represented on the 

membrane were selected from previous comparative genomic studies and microarray experiments162. Figure I.17 

shows a deligotyping hybridization pattern. 

This method has the benefits of being low cost and capable of simultaneously interrogating more than 40 strains 

for the presence of 43 different genomic regions, and it can be used to provide insights into the epidemiology, 

genomic evolution, and population structure of Mtb67,162.  

 

Figure I.17 – Deligotyping hybridization patterns. Lanes 1 to 6 represent, H37Rv, H37Ra, CDC1551, a BCG strain, a M. Bovis 
strain and a M. microti strain, respectively162. 

I.14.2 Methods based on repetitive sequences 

I.14.2.1 Insertion sequences 

Ligation-mediated (LM)-PCR  

LM-PCR based methods also explore the variability of IS6110. In LM-PCR, the genomic DNA is digested with a 

restriction enzyme. A linker is then ligated to each restriction fragment and amplification is done with primers 

heading outwards the IS6110, and one primer specific for the linker. Different enzymes can be used for this 

method163,164. Figure I.18 shows a LM-PCR generated fingerprint.  
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Figure I.18 – Fingerprints generated by LM-PCR, using SalI restriction enzyme, on 12 Mtb isolates. First and last bands 
contain 1 kbp DNA ladders163. 

Mixed-Linker (ML) PCR uses one primer specific for IS6110 and a second primer complementary to a linker ligated 

to the restricted genomic DNA. In one strand the linker contains uracil in place of thymidine, and specific 

amplification is obtained by elimination of this strand with uracil N-glycosylase. To improve specificity, a semi-

nested PCR is performed using PCR products from the first amplification round as the templates. For this nested 

PCR, a primer complementary to the linker and a novel primer complementary to the internal sequence of the 

IS6110 fragment are required165. 

In the Fast Ligation-mediated PCR (FLiP) method, following digestion with restriction enzyme HhaI, genomic DNA 

is ligated with an adapter composed of two oligonucleotides, one complementary to the end created by the 

restriction enzyme, while the other contains uracil instead of thymine. A pair of starters is used for amplification, 

one specific to the IS6110 sequence and the other is complementary to the oligonucleotide ligated with restricted 

genomic DNA fragments. Amplification products are then analyzed using electrophoresis and the obtained band 

patterns are strain specific. The discriminatory power of FLiP was close to that of the IS6110-RFLP and higher 

than 15 MIRU-VNTR typing. Also, it is much easier and allows typing in less than one working day and starting 

from less than 1 ng of DNA166–168. 

In fast-ligation amplification polymorphism (FLAP), the genomic DNA is digested with SalI, and PvuII, that 

recognizes a single nucleotide sequence within IS6110 and generates blunt ends. After the digestion step, 

adaptors are ligated to SalI cohesive ends. All restriction fragments are used as the templates for PCR 

amplification, with one primer being complementary to the SalI adaptor sequence and the second primer 

complementary to the inner fragment of IS6110. The discriminatory power of the FLAP method was similar to 

that of IS6110-RFLP typing and greater than that of 15 MIRU-VNTR typing166. 

I.14.2.2 Minisatellite sequences 

Enterobacterial repetitive intergenic consensus (ERIC) PCR 

ERIC sequences are repetitive elements of 126 bp and appear to be restricted to transcribed regions of the 

chromosome. Their position in the genome is different in various strains, and this variability is explored by the 

ERIC-PCR method. ERIC-PCR is rapid, sensitive and the level of differentiation obtained was shown to be greater 

than that obtained by IS6110-RFLP169. Figure I.19 shows a pattern produced by the ERIC-PCR method. 
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Figure I.19 – Agarose gel electrophoresis of amplified DNA from clinical isolates obtained by the ERIC-PCR method. Last 
lane contains DNA marker169. 

PGRS-RFLP 

The PGRS-RFLP method uses the same principle as IS6110-RFLP, except for the use of a different restriction 

enzyme and the PGRSs cloned into a recombinant plasmid, pTBN12, as a probe. PGRS-RFLP has been used to 

differentiate strains with low number of IS6110 copies and has high discriminatory power. However, the 

hybridization patterns produced are complex and frequently difficult to interpret170–173. A pattern obtained using 

PGRS-RFLP is shown is Figure I.20. 

 

Figure I.20 – PGRS-RFLP pattern. AluI restricted DNA from Mtb isolates probed with pTBN12 recombinant plasmid172. 

(CGG)5-based DNA fingerprinting 

A (CGG)5 probe was also used as a hybridization probe, however, the digestion with various enzymes failed to 

differentiate the H37Rv and H37Ra strains, shown in Figure I.21, which are differentiated by IS6110-RFLP typing. 

Therefore, (CGG)5 fingerprinting was suggested to be useful for typing of Mtb strains with none or only a few 

IS6110 copies or as a method complementing IS6110-RFLP174.  

 

Figure I.21 –(CGG)5 fingerprinting of Mtb strains H37Rv (1) and H37Ra (2). Genomic DNA was digested with 16 restriction 
enzymes and separated by electrophoresis174. 
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Double-repetitive-element (DRE) PCR 

DRE-PCR is a rapid subtyping method based on PCR amplification of Mtb DNA segments located between the 

two repetitive elements, IS6110 and the PGRS. Using primers directed outwards from the ends of both elements 

produces strain specific DNA fragments, in size and number. Although the discriminatory power of DRE-PCR is 

even higher than that of IS6110-RFLP, this method has poor reproducibility, and interpretation of the data is 

difficult, so it is recommended as a second-line test for analysis of Mtb isolates10,175. 

IS6110-Ampliprinting 

IS6110-ampliprinting is a PCR and hybridization method that measures the variability in the distances between 

IS6110 and a MPTR sequence (5’ GCC-GGT-GTT-G ’3). The distribution of this MPTR is stable, in contrast to the 

variability in IS6110 location. Using IS6110 and MPTR primers in a unilateral-nested amplification procedure 

followed by hybridization with an IS6110 probe, it is possible to generate a pattern of amplification products that 

clustered strains of Mtb. However, this method produces very limited amplicons in number and size176. 

IS6110-Mtb1-Mbt2 PCR 

A PCR-based method developed by Kotlowski et al. used chromosomal DNA digested with PvuII restriction 

enzyme to amplify fragments between one of two frequently repeated 16 bp sequences, designated Mtb1 (5’ 

CCG-GCG-GGG-CCG-GCG-G ‘3) and Mtb2 (5’ CGG-CGG-CAA-CGG-CGG-C ‘3), in combination with primers sited at 

the inverted repeats flanking IS6110. This method allowed differentiation of Mtb isolates and presented a 

discriminatory power equivalent to that of IS6110-RFLP typing177. Figure I.22 shows a pattern obtained using the 

Mtb2 and flanking IS6110 primers. 

 

Figure I.22 – Differentiation of Mtb strains by PCR using primer Mtb2, and flanking IS6110 primers177. Lanes 1 to 20 contain 
Mtb isolates. Lanes 1 and 2, 3 and 4, 5 and 6, contain the same isolate. M, DNA ladder; N, negative control. 

Repetitive-sequence-based PCR (Rep-PCR) 

rep-PCR takes advantage of repetitive elements interspersed throughout bacterial genomes. When amplified by 

PCR, these elements generate highly discriminative genomic fingerprints116,178,179. For convenience, a semi-

automated rep-PCR commercial system (DiversiLab microbial Genotyping System) has been developed. The 

procedure involves the amplification of the repetitive sequences and their separation using microfluidic 

electrophoresis over a chip. As the fragments migrate over the chip, their size and fluorescence intensity are 

measured by a laser, thereby generating a graph. Computer analysis can be performed with the web-based 

DiversiLab software, that performs automatic comparison of the rep-PCR-based DNA fingerprints of unknown 

isolates116,178,179. Figure I.23 shows a rep-PCR fingerprint generated by rep-PCR. 
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Figure I.23 –rep-PCR DNA fingerprint of different Mtb isolates generated by rep-PCR178. 

The DiversiLab System is claimed to require only 5 hours for the entire process. For Mtb the discriminative power 

of Rep-PCR equaled or exceeded that of IS6110-RFLP, also it can discriminate between Mtb Beijing strains whose 

IS6110-RFLP patterns were nearly identical. Therefore, by combination with another methods, the rep-PCR 

method can be considered to replace the currently accepted gold standard method, especially in countries where 

Beijing family strains are prevalent116,178,179. 

I.15 Evaluation of the methods 

An ideal typing method should be highly discriminatory, easy to perform, fast, inexpensive, 100% reproducible 

and highly sensitive. However, all methods currently available have their benefits and drawbacks, so, the choice 

is made accordingly to the study settings5. 

To evaluate the ability of a method to distinguish different types or unrelated strains, the Hunter-Gaston 

Discriminatory Index (HGDI) is used to measure its discriminatory power. It reflects the average probability of 

the typing method in distinguishing between random unrelated strains. This index can be used to measure the 

discriminatory power of one or more typing schemes, used simultaneously180,181. The HGDI formula is shown 

below, in equation 1, where 𝑁 is the total number of strains in the typing scheme, 𝑠 is the total number of 

different patterns, and 𝑛𝑗  is the number of strains belonging to the 𝑗th pattern.  

 𝐻𝐺𝐷𝐼 = 1 −
1

𝑁(𝑁− 1)
∑𝑛𝑗(𝑛𝑗 − 1)

𝑠

𝑗−1

 (1) 

The discriminatory power is strictly related to the genetic stability of the typing marker. Ideally, the molecular 

clock of a typing method should be fast enough to distinguish unrelated cases and sufficiently slow to capture 

epidemiologically linked cases. Rapidly changing molecular markers can induce an underestimation, while slow 

markers can lead to an overestimation, of the amount of recent transmission of the disease, respectively182. 
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I.16 Main TB genotyping databases and tools 

Databases allow for the storage of large amounts of data, comparing information on the circulating MTBC strains, 

together with demographical, clinical, bacteriological and epidemiological data.  

In the last couple of years, various databases and Web tools have been developed to aid in TB research, helping 

in the control and surveillance of TB. Some of the more relevant databases and tools are described below. 

• SpolDB4 and SITVITWEB183 are genotyping databases developed at the Pasteur Institute of Guadeloupe. The first 

public database, SpolDB1, was created 18 years ago, and it was an excel sheet version with 610 available 

spoligotype patterns. This database led to the first description of 69 major spoligotype patterns, allowing 

distinction of predominant patterns, to trace the origin and transmission of the strains184. 

The second and third version then came out, SpolDB2, contained data on 3319 isolates, and SpolDB3, with 13 

008 isolates grouped into 813 shared types (containing 11 708 isolates) and 1300 orphan patterns. In 2006, came 

the fourth MySQL-based (an open-source relational database management system) version, SpolDB4, now 

containing 39 295 clinical isolates184. 

An improved database, SITVITWEB, created in 2012, is a multimarker database with both spoligotyping and 

MIRU-VNTR (limited to 12-loci MIRUs) data on 62 582 clinical isolates, corresponding to 105 countries of 

isolation. This database permitted a finer phylogeographical snapshot of circulating MTBC genotypic lineages 

worldwide184. 

The most recent version, designated SITVIT2 (to be publicly released soon), contains spoligotyping information 

on 111 635 isolates, approximately twice the number of strains, and provides data on 12-, 15- or 24-loci MIRU-

VNTR. A web-based interface in SITVIT2 allows users to search for strains in the database by individual criteria or 

combined searches (year, country of isolation, country of origin, investigator’s name, genotype, genotypic 

lineage, or drug resistance, etc.), making it possible to retrieve genotyping data in conjunction with data on 

geographical distribution, drug resistance, and demographic and epidemiological characteristics184. 

The SITVIT2 database constitutes a useful tool for analyzing TB genotyping data within the global context of TB 

molecular population genetics, historical demography, and epidemiological monitoring and modeling184. Figure 

I.24 shows a map of the worldwide distribution of the major lineages in the SITVIT2 database.  
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Figure I.24 – Worldwide distribution of lineages contained in the SITVIT2 database5. 

• MIRU-VNTRplus185 is a tool for analysis of a variety of molecular typing data on TB, particularly 24 MIRU-VNTR 

analyses. This database also provides detailed results on geographical origin, drug susceptibility profiles, genetic 

lineages, spoligotyping patterns, SNPs and LSP profiles, and IS6110-RFLP fingerprints, for a collection of 186 

strains184. 

 

Figure I.25 -Overview of the web-interface MIRU-VNTRplus database. On 13-10-2017, the database contained data for a 
collection of 186 strains. 

• TB-Lineage186 allows the analysis of MTBC genotypes and classification of MTBC genotypes into major lineages 

using spoligotyping and MIRU-VNTR analysis. It contains genotyping on 37 066 clinical isolates corresponding to 

3198 spoligotype patterns and 5430 MIRU-VNTR patterns184. 

• InTB187, developed at the Instituto Gulbenkian de Ciência (IGC), allows the simultaneous analysis of clinical, 

sociodemographic, and molecular typing data on TB. Users can insert or download genotyping data together with 

clinical and sociodemographic variables184. 

• TB Drug Resistance Mutation Database (TBDReam DB)188 was one of the first comprehensive online databases 

on TB drug resistance mutations and includes common mutations associated with aminoglycosides, ethambutol, 

ethionamide, fluoroquinolones, isoniazid, para-aminosalisylic acid, pyrazinamide, rifampicin and streptomycin 

resistance189. 

http://www.igc.gulbenkian.pt/
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• TubercuList190 is a database that integrates H37Rv strain genome details, protein information, drug and 

transcriptome data, mutant and operon annotation, structural views and comparative genomics, in a structured 

manner to help developing new diagnostic, therapeutic and prophylactic measures against TB111. 

• ReSeqTB (Relational Sequencing TB Data Platform)191, catalogs a vast amount of genotypic, phenotypic and 

related metadata from Mtb strains to enable the development of clinically useful, WHO-endorsed in vitro 

diagnostic assays for rapid drug susceptibility testing of Mtb. It provides a standardized and validated WGS 

analysis pipeline and curated, aggregated, clinically relevant genetic and associated metadata for global Mtb 

strains. Having these standardized and validated data easily accessible under one platform will accelerate the 

development of rapid drug susceptibility testes for TB and will significantly improve diagnosis of drug resistant 

disease in TB patients. On 13-10-2017, the database contained information on 6124 Mtb isolates, of which, 2462 

were at least MDR and 3660 were drug susceptible. 

 

Publicly available global TB genotyping databases present a major contribution by assisting in the analysis and 

interpretation of Mtb genotyping data complemented with information on demography, socioeconomic 

conditions, and environmental factors, and this way, they help achieving a global overview of the TB situation, 

improving epidemiological surveillance and control of TB. 
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II. AIM OF STUDIES 

TB remains one of the most serious global health problems, infecting more than 10 million, and killing almost 2 

million people each year, being positioned as the biggest cause of death in the world for an infectious disease1. 

Mtb is the most recognized member of the MTBC, and the most prevailing causative agent of TB5, being 

estimated that one-third of the world’s population are infected with this bacilli. This burden is more prevailing 

in developing countries, especially in Africa and South Asia177, but also represents a treat in high-income 

countries, mainly due to TB/HIV coinfection and the increasing emergence of MDR and XDR strains. 

Molecular epidemiology has been serving as a resource for understanding the key issues in the epidemiology of 

TB, disclosing sources of infection, quantifying recent transmission, identifying transmission links and risk factors 

for transmission, discerning reinfection from relapse, tracking the geographic distribution and clonal expansion 

of specific strains, and determining the genetic basis behind specific phenotypic characteristics, including 

virulence, organ tropism, transmissibility, or resistance to antimicrobial drugs, and this way contributing to the 

development of control policies of the disease in different parts of the world, helping in the fight against and 

prevention of TB5. 

An ideal typing method should be highly discriminatory, easy to perform, fast, inexpensive, 100% reproducible 

and highly sensitive. IS6110-RFLP was used for many years as a golden standard due to its high discriminatory 

power, and now the most used genotyping methods, spoligotyping and MIRU-VNTR, have the advantages of 

being fast, simple and reproducible, as well as offering the possibility of incorporation in international databases 

that contain genotyping results from different countries. However, spoligotyping has many limitations in the 

differentiation of Beijing type strains, and even if MIRU-VNTR has a higher discriminatory power, there is still a 

need for new genotyping methods that are better in reflecting the variation in the genes encoding virulence 

features and antigenic properties of the Mtb strains. WGS offers an ultimate approach in typing of Mtb, however, 

it requires specialized equipment, it is cost prohibitive, especially in developing countries, and produces massive 

amounts of data, that is not only hard to analyze, but also time-consuming to process. 

Following the guidelines proposed by Kotlowski in 2015192, in this work we present a new, simple PCR genotyping 

method, targeting mainly the PGRS genes, that are have been linked to virulent and antigenic features of Mtb. 

We hypothesized that identification of specific genotypes will be possible based on the DNA sequence variation 

within the genes that are targeted in our new genotyping method, and the analysis of defined lengths of 

amplicons will allow differentiation of strains using combination of agarose gel electrophoresis. 

As a secondary objective, and simultaneously validating the proposed new method, it was tested in samples 

provided by the Pomeranian Center of Infectious Diseases and Tuberculosis, who addressed the mission of 

verifying the possibility of a strain outbreak within the patients.  
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III. MATERIALS AND METHODS 

III.1 M. tuberculosis whole-genomes alignment 

In this study, thirty-two Mtb whole genomes were analyzed. For collection of genome sequences, GenBank 

database of the National center for Biotechnology Information193,194 was used. GenBank participates with the 

European Molecular Biology Laboratory Nucleotide Sequence Database, part of the European Nucleotide 

Archive, and the DNA Data Bank of Japan as a partner in the International Nucleotide Sequence Database 

Collaboration. 

From the 32 whole genomes collected, 5 belonged to strains from lineage 1: EAI5195 (CP006578.1), 

EAI5_NITR206196 (CP005387.1), RGTB423197 (CP003234.1), RGTB327197 (CP003233.1), 96121198 (CP009427.1); 12 

strains from lineage 2: BT1199 (CP002883.1), BT2199 (CP002882.1), CCDC5079200 (CP001641.1), CCDC5180200 

(CP001642.1), BS1199 (CP002871.1), K201 (CP007803.1), Beijing NITR203196 (CP005082.1), 96075198 (CP009426.1), 

Beijing-like202 (CP010873.1), KIT87190203 (CP007809.1), SCAID 187.0204 (CP012506.2), 49-02 (HG813240.1); 1 

strain from lineage 3: CAS NITR204196 (CP005386.1); 13 strains from lineage 4: CDC1551205 (AE000516.2), 

CTRI_2206 (CP002992.1), H37Ra207 (CP000611.1), H37Rv112 (AL123456.3), Haarlem (CP001664.1), 

Haarlem3_NITR202196 (CP004886.1), F11 (CP000717.1), H37RvSiena208 (CP007027.1), Erdman209 (AP012340.1), 

Lehmann and Neumann (Kurono)210 (AP014573.1), 7199_99137 (HE663067.1), ZMC13_88211 (CP009101.1), 

ZMC13_264211 (CP009100.1); and 1 strain from lineage 6: Africanum212 (FR878060.1). 

More detailed information about these genomes was gathered and is presented in Table SVIII-16 (Page 104). 

ClustalW2 computer program213,214 was used for genome-wide multiple sequence alignment, using the multiple 

alignment default settings. 

III.2 Genome alignment analysis 

AliView computer program215,216 was used for whole genome alignment comparison. Regions of difference were 

selected by visually analyzing the genome alignment. Potential regions of interest were analyzed in detail by 

exporting FASTA sequences comprising these regions in order to obtain size differences between strains, using 

GeneDoc computer program217,218. 

Regions fitting the criteria defined in the beginning of the research were gathered, and regions that, or had low 

discriminatory power, or size differences were too small, and could not be easily differentiated by agarose gel 

electrophoresis, or too big differences prohibitive for PCR success, were discarded. Methodology presented in 

this work led to the application of fifteen novel pairs of primers designed for the PCR method. 

https://www.ncbi.nlm.nih.gov/nuccore/CP006578.1
https://www.ncbi.nlm.nih.gov/nuccore/CP005387.1
https://www.ncbi.nlm.nih.gov/nuccore/CP003234.1
https://www.ncbi.nlm.nih.gov/nuccore/CP003233.1
https://www.ncbi.nlm.nih.gov/nuccore/CP009427.1
https://www.ncbi.nlm.nih.gov/nuccore/CP002883.1
https://www.ncbi.nlm.nih.gov/nuccore/CP002882.1
https://www.ncbi.nlm.nih.gov/nuccore/CP001641.1
https://www.ncbi.nlm.nih.gov/nuccore/CP001642.1
https://www.ncbi.nlm.nih.gov/nuccore/CP002871.1
https://www.ncbi.nlm.nih.gov/nuccore/CP007803.1
https://www.ncbi.nlm.nih.gov/nuccore/CP005082.1
https://www.ncbi.nlm.nih.gov/nuccore/CP009426.1
https://www.ncbi.nlm.nih.gov/nuccore/CP010873.1
https://www.ncbi.nlm.nih.gov/nuccore/CP007809.1
https://www.ncbi.nlm.nih.gov/nuccore/CP012506.2
https://www.ncbi.nlm.nih.gov/nuccore/HG813240.1
https://www.ncbi.nlm.nih.gov/nuccore/CP005386.1
https://www.ncbi.nlm.nih.gov/nuccore/AE000516.2
https://www.ncbi.nlm.nih.gov/nuccore/CP002992.1
https://www.ncbi.nlm.nih.gov/nuccore/CP000611.1
https://www.ncbi.nlm.nih.gov/nuccore/AL123456.3
https://www.ncbi.nlm.nih.gov/nuccore/CP001664.1
https://www.ncbi.nlm.nih.gov/nuccore/CP004886.1
https://www.ncbi.nlm.nih.gov/nuccore/CP000717.1
https://www.ncbi.nlm.nih.gov/nuccore/CP007027.1
https://www.ncbi.nlm.nih.gov/nuccore/AP012340.1
https://www.ncbi.nlm.nih.gov/nuccore/AP014573.1
https://www.ncbi.nlm.nih.gov/nuccore/HE663067
https://www.ncbi.nlm.nih.gov/nuccore/CP009101.1
https://www.ncbi.nlm.nih.gov/nuccore/CP009100.1
https://www.ncbi.nlm.nih.gov/nuccore/FR878060.1
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III.3 Primer design 

Primer3Plus web interface219,220 was used for primer design, using default settings. In cases where primer3Plus 

could not retrieve any pair of primers, they were manually designed with the following criteria: primer size 

between 18 to 22 nucleotides, similar melting temperatures (maximum of 68°C) and possibility of repeated 

occurrence in the Mtb H37Rv genome. pDraw32 computer program221,222 was used for studying primer homology 

analysis and primer location in H37Rv reference strain. Sets of primers used for the new method are presented 

in Table SVIII-1 (page 89), together with information about melting temperature and number of occurrence in 

the Mtb H37Rv genome per number of mismatches allowed. 

III.4 In silico analysis 

In silico analysis of the 32 whole genomes for the new method is presented in Table SVIII-2 (page 90), and was 

compared with standard 24/15/12 MIRU-VNTR and spoligotyping methods. 

In silico MIRU-VNTR analysis was performed using primers for each VNTR locus, and the number of tandem 

repeats was calculated by comparison with previously known fragment sizes for a determined number of tandem 

repeats and the size of the tandem repeat. In silico 24/15/12 MIRU-VNTR analysis are presented in Table SVIII-4, 

Table SVIII-5 and Table SVIII-6, respectively (pages 92 to 94). This primer sequences for amplification of the 

standard MIRU-VNTR locus are publicly available223 and are presented in presented in Table SVIII-3, (page 91) 

For in silico spoligotyping analysis, SpoTyping software224,225 was used. By inserting the whole genome FASTA file, 

the software retrieves the spoligotype in binary and octal codes. Some strains retrieved a code only with zeros, 

and were manually analyzed for the presence of the 43 spacer sequences in the DR locus. In silico spoligotyping 

analysis is presented in Table SVIII-8 (page 96), and sequences for these spacers are publicly available226 and 

presented in Table SVIII-7 (page 95). 

In silico analysis of a custom set of 5 VNTR loci (VNTR0960, VNTR1982, VNTR2372, VNTR3663, VNTR4120) was 

also performed. These VNTRs locus were experimentally tested in this study, in the 20 samples, to compare and 

evaluate the discriminatory power of the new method. Primers used and in silico analysis are presented in Table 

SVIII-9 and Table SVIII-12, respectively (pages 97 and 98). 

In silico results for each method were compared, using all strains, or only Beijing strains, and HGDI values were 

calculated for each method as an indicator of the discriminatory power of each method. 

III.5 Phylogenetic tree construction 

For this purpose, MVSP software227 was used. For all analysis, the UPGMA (Unweighted pair group method using 

arithmetic averages) clustering method and percent similarity was used. 
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III.6 M. tuberculosis DNA samples preparation 

Samples were provided by the Pomeranian Center of Infectious Diseases and Tuberculosis, in Poland. DNA 

samples were collected, confirmed, cultured and prepared locally, and previously to this study. A total of 20 

sputum samples from positive TB patients (Table III-1), were submitted to Ziehl-Neelsen staining for 

mycobacterial presence confirmation. The samples were then cultured in LJ medium, in angled tubes, for 3 to 4 

weeks, growing under 37°C and aerobic conditions. 

Table III-1 – Numeration of samples, patient sex and year of collection, for the 20 samples used in this work. 

Patient Sex Year of collection Patient Sex Year of collection 

1 M 2016 11 M 2016 

2 M 2016 12 M 2016 

3 M 2016 13 M 2016 

4 M 2016 14 F 2016 

5 M 2016 15 M 2016 

6 M 2016 16 F 2016 

7 F 2016 17 F 2016 

8 F 2016 18 M 2016 

9 F 2016 19 M 2016 

10 F 2016 20 M 2016 

 

In the laboratory, the protocol described by Kotlowski et al. was followed228. DNA extraction from mycobacterial 

cultures was prepared by scraping two or three loops of cells from LJ slants and suspended into Eppendorf tubes 

with 150 µl of lysis buffer (10 mM Tris/HCl, pH 8.0; 5 mM ethylenediamine tetraacetic acid (EDTA), pH 8.0; 4 M 

guanidinium isothiocyanate (GITC), pH 7.5; 50 g/l Sarcosyl, 2.5 g SDS, 5 g/l sodium citrate and 5 g/l Triton X-100), 

without homogenization. Then, samples were mixed with 300 µl chloroform and 300 µl Tris-saturated phenol 

(pH 6.9), and placed at -20°C for 1h. Subsequently, samples were centrifuged in tubes at 4°C for 20 min at 10 

000x g. Water phase (upper) was transferred to fresh tubes. 2-Propanol to ¼ volume of the supernatants was 

added and the mixtures loaded onto silica-cellulose membranes in columns (A&A Biotechnology, Gdynia, 

Poland). Samples were allowed to filter through the membrane by gravity. The membranes were washed twice 

with 300 µl absolute ethanol (by gravity). DNA was eluted with 400 µl of hot (about 75°C) 1x TE buffer (Tris 10 

mM (Molekula); EDTA 1 mM (Sigma Aldrich); pH 8.0) (by gravity) and precipitated with two portions of absolute 

ethanol. The resulting pellets were suspended in 25 µl 0.5x TE buffer and stored at -20°C until further analysis. 

Chromosomal DNA presence was verified by running agarose gel electrophoresis and ethidium bromide DNA 

staining, shown in Figure III.1, and later by positive PCR reactions. 
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Figure III.1 – Chromosomal DNA presence confirmation. All the 20 samples had enough DNA concentration to perform the 
PCR procedure.  

III.7 Primer preparation 

Oligonucleotides (Oligo, Poland) (primers) were received lyophilized (approximately 40 000 pmol), and were 

prepared by diluting with purified water (aqua pro inj., Polpharma, Poland), to a concentration of 250 pmol/µl, 

and stored in -20°C. For PCR use, primers were diluted 1:10 with purified water, to a final concentration of 25  

pmol/µl. 

III.8 New method PCR protocol 

For the PCR, 2 µl of genomic DNA was added to a 23 µl PCR mixture containing 12.5 µl 2x Reaction Buffer (5 mM 

MgCl2; 100 mM Tris pH 9.0; 40 mM (NH4)2SO4 (Blirt, Gdansk, Poland); 10% Dimethyl sulfoxide (DMSO) (99%, 

Sigma Aldrich)), 4.5 µl purified water, 2 µl dNTP solution (solution with 2.5mM of each deoxyribonucleotide 

triphosphate in purified water, Sigma Aldrich), 1.5 µl DMSO, 1 µl MgCl2 solution (25mM, DNA Gdansk), 0.5 µl of 

each primer in solution (25 pmol/µl) and 0.5 µl TaqNova DNA polymerase (1U/0.5 µl, Cat. No. RP710, Blirt, 

Gdansk, Poland). The primers used were the same described in the in silico evaluation for the new method. 

DMSO improves PCR efficiency in GC-rich regions, by preventing hairpin loop formations in the template DNA 

and nonspecific hybridization229. 

For each 20 samples preparation, the doses of each component were prepared for 20 samples, plus negative 

control (without DNA), plus one dose as error margin, and are listed in Table III-2. 

Table III-2 – Quantities of each component in PCR mixture preparation. Quantities are listed per sample, and per 20 sample 
preparations (that includes one for negative control and one for error margin). 

Component Per sample (µl) 
Per 20 samples + negative control 

+ error margin (µl) 
2x Reaction Buffer 12.5 275 

Purified water 4.5 99 
dNTP’s (10mM) 2 44 

DMSO 1.5 33 
Mg2+ solution (25mM) 1 22 

Forward Primer 0.5 11 
Reverse Primer 0.5 11 

TaqNova DNA Polymerase 0.5 11 

Total 23 506 
Chromosomal DNA 2  

 

1 2 3 4 8 6 7 9 10 5 11 12 13 14 18 16 17 19 20 15 
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PCR was performed in a Mastercycler ep Gradient S (Eppendorf). Cycling conditions were as follows: denaturation 

at 94°C for 1min, followed by amplification for 35 cycles of 94°C for 30 seconds, 60°C (65°C for V and IX primers, 

and 68°C for II primers) for 1 minute, and 72°C for 1 minute, followed by a final extension at 72°C for 5 minutes. 

The annealing temperatures at 60°C, 65°C or 68°C used in the PCR were dependent on the optimal hybridization 

temperatures of the pair of primers used. 

III.9 Gel electrophoresis 

Agarose gels were prepared by dilution of 2 g of agarose (basica le cqt, Abo, Poland) in 100 ml 1x TBE Buffer (Tris 

0.089M; EDTA 0.002M; boric acid (Poch, Poland) 0.089M), and adding 1 µl ethidium bromide (Sigma E-7637, 

Sigma Aldrich). Gel was then cooled down to room temperature in adequate support, and 2 rows of 20 wells 

were printed in the gel. 

A mixture of 10 µl DNA ladder, depending on the range of standard bands, was used (DNA Gdansk) together with 

5 µl loading buffer, and was added to the first well in each row. Information regarding the DNA ladders used in 

this study is shown in Figure SVIII.1 (page 97). 

10 µl of amplified DNA from each sample were mixed with 5µl loading buffer (25 ml glycerol (Cat. no. G5516-

100ML, Sigma Aldrich); 25 ml TE buffer; 10 g xylene cyanol ff (Sigma x4126, Sigma Aldrich), and deposited in 10 

consecutive wells per row, with negative control in last well after samples. Then, were subjected to gel 

electrophoresis using an Electrophoresis Power Supply (EPS-601/EPS-301, GE), performed under 120V, 200mA, 

10W, for 30 min to 2 hours (depending on expecting PCR products size), detected by ethidium bromide staining, 

and visualized under UV light. 

During electrophoresis, gel running was checked in a UV Transilluminator (Spectroline), if differentiation is easily 

visible, final visualization was performed in VersaDoc Image system model 1000 (BioRad). 

Image optimization was performed using IrfanView64 software230, and band sizes were measured using 

GelAnalyzer2010a231,232 computer program, using the DNA ladder as reference. The results were organized in an 

Excel spread sheet and the measured band sizes for each region were normalized against the in silico expected 

band sizes. 

III.10 Custom 5 VNTR loci PCR protocol 

The protocol followed was the same as the new method PCR protocol, using the primers described in the in silico 

evaluation for these 5 VNTR loci, followed by agarose gel electrophoresis and visualization under UV light. During 

PCR, the annealing step temperature was chosen according to optimal hybridization temperature of the pair of 

primers used. 
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III.11 IS6110-Mtb2 PCR protocol 

Protocol was followed mostly as described by Kotlowski et al.177. For PCR, 3 µl aliquots of PvuII (Cat. No R0151S, 

NEB)-digested genomic DNA were added to a 22 µl PCR mixture containing 2x Reaction Buffer, 25 pmol of each 

primer, 1U of TaqNova DNA polymerase, and 0.25 mM concentrations of each deoxyribonucleotide 

triphosphate. Primers used are presented in Table SVIII-10, together with melting temperature (page 97). 

Cycling conditions were as follows: denaturation at 94°C for 5 min, followed by amplification for 35 cycles of 94°C 

for 1 min, 66°C for 1 min, and 72°C for 1 min, followed by a final extension at 72°C for 10 min. For Mtb2 primer, 

with 14 GC nucleotides, a temperature of 66°C is required for efficient DNA stringency. 5 µl of loading buffer was 

mixed with 20 µl of amplified DNA for each sample, was subjected to electrophoresis through a 2% agarose gel, 

detected by ethidium bromide staining, and visualized under UV light. 

III.12 Single-strand conformation polymorphism (SSCP)-PCR protocol 

This protocol was used in a secondary study in this research, to detect the possibility of SNPs in a specific region. 

The SSCP process involves PCR amplification of the target fragment, denaturation of the double-stranded PCR 

product with heat and formamide and electrophoresis on a non-denaturing polyacrylamide gel. During 

electrophoresis single-stranded DNA fragments fold into a three-dimensional shape depending on their primary 

sequence. The electrophoretic mobility of separation affects the shape of the folded, single stranded molecules. 

Even if the difference in the sequence is just a single nucleotide, a unique electrophoretic mobility will be 

adopted233,234. 

PCR mixture was prepared the same way it was prepared for the new method PCR protocol described before, 

prepared for 10 DNA samples, plus an error margin. Primers used are presented in Table SVIII-11 (page 97), 

together with melting temperature. 

For denaturation, 6 µl of each PCR product was mixed with 18 µl formamide (Sigma Aldrich) and 6 µl of loading 

buffer, in an Eppendorf. Denaturation step was performed at 95°C for 10 min, followed by cooling down on ice 

for 5 min. 

For electrophoresis, a polyacrylamide gel was prepared. For 25ml mixture: 12.33 ml purified water; 10 ml 

acrylamide/bis-acrylamide (30%, 49:1, Sigma Aldrich); 2.5 ml 10x TBE buffer (Tris 0.89M; EDTA 0.02M; boric acid 

0.89M); 250 µl 10% (w/v) NaCl solution (Sigma Aldrich); 25 µl tetramethylethylenediamine (TEMED) (Sigma 

Aldrich)). After addition of TEMED, mixture was quickly deposited in a gel caster, to avoid premature 

polymerization. 

A total of 20 µl of denaturized DNA mixture was subjected to electrophoresis, conducted in the same conditions 

as the PCR base method, for 1 hour, through the polyacrylamide gel. Gel was then rescued in ethidium bromide 

and visualized under UV light.  
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IV. RESULTS AND DISCUSSION 

The main goals of this work were to develop and test a novel genotyping method for Mtb, targeting the PGRS 

genes, and detect the possibility of an outbreak event within the samples provided by the Pomeranian Center of 

Infectious Diseases and Tuberculosis, in Poland. It is important to take into consideration that all these samples 

were collected from patients living in the Pomerania region of Poland, and genotypic diversity can be limited. To 

fulfil these objectives, thirty-two recently available whole-genomes of Mtb strains were aligned using dedicated 

software, and screened for possible regions susceptible to indel events within the PGRS genes, dispersed through 

the genome, that could be detected using the proposed method. For evaluation and validation of the proposed 

method, it was tested in 20 samples from different patients. For comparison, the analysis of a custom set of 5 

VNTR loci and IS6110-Mtb2 method were performed in the same samples. For the occurrence of a possible 

outbreak event, a global analysis of the obtained results was performed. A secondary investigation tested the 

possibility and detection of SNPs in a specific region, using the SSCP-PCR method. 

IV.1 Whole genome alignment analysis 

Resulting from the analysis of the thirty-two whole genome alignments, 15 regions were found to fit to the 

previously defined research specifications. Regions within the genes Rv0746, Rv0747, Rv0833, Rv1068, Rv1087, 

Rv1091, Rv1441c, Rv1450c, Rv1452c, Rv2353-Rv2354-Rv2355, Rv3060c-Rv3061c, Rv3135, Rv3345c and Rv3388, 

were then selected for designing primer sequences flanking variable regions for the new proposed PCR method. 

Of the selected regions, 12 corresponded to part of PE_PGRS genes, 2 for PPE genes and 1 for an intergenic region 

between the Rv3060c and fadE22 genes. Table IV-1 shows information available in the Tuberculist database111 

about the selected genes, including gene name, predicted protein function, position of the gene in the H37Rv 

reference strain and gene orientation. This data can be easily accessed by using the Rv code of the correspondent 

gene. The position of the designed primers is also presented. 

The PE/PPE families were first highlighted with the genome sequencing of the laboratory H37Rv strain, in 1998, 

the presence of these genes comprise approximately 7% of the genome size and are characterized by an 80% GC 

content. This observations led to the speculation that these genes, prominent in slow-growing pathogenic 

mycobacteria, are important for survival and pathogenesis of Mtb235–238. 

Each PE or PPE protein contains a highly conserved N-terminal domain with a Proline-Glutamic acid or Proline-

Proline-Glutamic acid motif, respectively. The H37Rv strain contains 99 PE genes, of which 61 belong to the 

PE_PGRS subfamily, and 69 PPE genes. Most PE/PPE proteins also possess a variable C-terminal domain that 

contributes to structural and functional diversification156,235–237,239. 
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Table IV-1 – Available information in the Tuberculist database111 for genes analyzed in this study. Primer positions in H37Rv 
strain were obtained using pDraw software. 

Region Rv code Gene name Predicted protein function 
Primer positions 

(in H37Rv) 
Gene position 

(in H37Rv) 
Gene 

orientation 

I Rv0746 PE_PGRS9 Unknown 836292 - 836536 835690 - 838052 + 

II Rv0747 PE_PGRS10 Lipid metabolism 839866 - 840303 838440 - 840856 + 

III Rv0833 PE_PGRS13 Unknown 926773 - 927280 925361 - 927610 + 

IV Rv1068c PE_PGRS20 Unknown 1191241 - 1191924 1190757 - 1192161 - 

V Rv1087 PE_PGRS21 Unknown 1212053 - 1212315 1211549 - 1213863 + 

VI Rv1087 PE_PGRS21 Unknown 1213357 - 1213960 1211549 - 1213863 + 

VII Rv1091 PE_PGRS22 Unknown 1217476 - 1218229 1216458 - 1219030 + 

VIII Rv1441c PE_PGRS26 Unknown 1618208 - 1618892 1618209 - 1619684 - 

IX Rv1450c PE_PGRS27 Unknown 1633279 - 1633729 1630638 - 1634638 - 

X Rv1452c PE_PGRS28 Unknown 1636109 - 1636210 1636004 - 1638237 - 

XI 
Rv2353 / 
(Rv2354-
Rv2355) 

PPE39 / 
(Rv2354-
Rv2355) 

Unknown / (Required for the 
transposition of the insertion 

sequence IS6110) 
2635396 - 2636954 2634528 - 2636963 - / (+ / +) 

XII 
Rv3060c / 
Rv3061c 

Rv3060c / 
fadE22 

Probable transcriptional 
regulatory protein / Probable 

acyl-CoA dehydrogenase 
(involved in lipid 

degradation) 

3423201 - 3423327 
3421741 - 3423213 / 
3423262 - 3425438 

- / - 

XIII Rv3135 PPE50 Unknown 3501278 - 3501754 3501328 - 3501732 + 

XIV Rv3345c PE_PGRS50 Unknown 3740620 - 3741443 3738158 - 3742780 - 

XV Rv3388 PE_PGRS52 Unknown 3802837 - 3803937 3801653 - 3803848 + 

 

The PE family is further divided into the PE (with no distinctive features) and PE_PGRS subfamilies. The PE_PGRS 

proteins are characterized by the presence of a polymorphic domain, with multiple Glycine-Glycine-

Alanine/Asparagine tandem repeats, that can vary in sequence and size. The PE_PGRS genes appear to exhibit 

significant genetic variation in comparison to the rest of the genome. This diversity, both in SNPs and indels 

indicate that individual genes are under distinct selection pressures156,235–237,239. 

Of the PPE subfamilies, PPE-SVP is the largest subfamily, that includes PPE50, and is characterized by a Gly-X-X-

Ser-Val-Pro-X-X-Trp motif. The MPTR-PPE subfamily, in which PPE39 is inserted, contains a region with multiple 

C-terminal repeats of Asn-X-Gly-X-Gly-Asn-X-Gly. The PPE-PPW is characterized by a conserved 44 amino acid 

residue region in the C-terminus comprising of highly conserved Gly- Phe-X-Gly-Thr and Pro-X-X-Pro-X-X-Trp 

sequence motifs156,235–237,239.  

This subclass diversity provides the first indication that family members could play functionally distinct 

roles156,235–237,239. Figure IV.1 shows the structure of the PE/PPE genes.  
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Figure IV.1 – Representation of the gene structure of the members of the PE and PPE gene family, showing conserved N-
terminal domains, motif positions and differences between different subfamilies240. 

Over the past decade, evidence has accumulated on the function, location, immunogenicity, and evolution of 

PE/PPE genes, however, despite being discovered over almost 20 years ago, the function of most of these genes 

remains unclear237. The role of the PE/PPE family in antigenic variation of Mtb has been postulated since their 

discovery, but this hypothesis is still controversial. Early studies indicated that certain PE/PPE genes were found 

at the cell surface and able to interact with other bacteria and host immune system, and could play a role in the 

pathology and immunology of the organism in many ways. Assessment of the current knowledge of PE/PPE 

diversity now suggests that these proteins are not variable antigens, but they have important roles in virulence. 

The most recent sublineage genes, PE_PGRS and PPE-MPTR, appear to be frequently under control of virulence 

associated regulators235–237. 

Also, it is still unknown whether these genes are intrinsically unstable and susceptible to mutations at high rates. 

The high GC content of the PGRS repeats may stabilize duplex structures and therefore disfavor slippage, but 

contrary, it may permit slippage between relatively short homologous sequences. This could restrain the 

mutability of PGRS genes in a manner that balances the needs of allowing allelic diversification to occur, which 

may be associated with a selective advantage, while maintaining genome stability. The same conclusion may also 

apply to PPE-MPTR238. 

 

The selected regions were submitted to individual analysis, identifying the indel events within the region, 

addressing the possible amplified PCR product sizes according to the expected in silico results, and indicating 

possible lineage defining events. Figure IV.2 shows a graphic representation of the H37Rv strain genome, with 

the selected primer locations. Reverse primer IX and XI appear to have duplicated hybridization sites, however, 

these are not expected to interfere in the PCR reaction, as the PCR product size is beyond the maximum size 

limit. 
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Figure IV.2 - Graphic representation of the H37Rv strain genome, using pDraw32 software, with the designed primer 
locations. Reverse primer IX and XI appear to have duplicated hybridization sites, however, they are not expected to interfere 
in the PCR reaction, as the product size would be beyond the maximum size limit. 

IV.2 In silico evaluation of the new method 

The new method was compared in silico with 24, 15 and 12 MIRU-VNTR analysis and spoligotyping methods. As 

a custom set of 5 VNTR loci was experimentally analyzed, it was also compared in silico. The calculated 

discriminatory power of these methods is presented in Table IV-2. 

Also, using the obtained in silico results, phylogenetic trees were created, and are available in Figure SVIII.2, 

Figure SVIII.3, Figure SVIII.4, Figure SVIII.5 (pages 99 to 100), for the 24 MIRU-VNTR, spoligotyping, custom 5 

VNTR loci and new method, respectively. 

Table IV-2 – Calculated HGDI values for in silico spoligotyping, 24/15/12 MIRU-VNTR, custom 5 VNTR and new PCR 
methods. 

Method 
HGDI Index 

All strains Mtb Beijing-type 

24 MIRU-VNTR 0.889 1.000 

15 MIRU-VNTR 0.889 1.000 

12 MIRU-VNTR 0.867 1.000 

spoligotyping 0.881 0.167 

Custom 5 VNTR loci 0.841 0.985 

New method 0.946 1.000 

 

Compared with the other methods, the new proposed method is expected to show higher discriminatory power, 

with a calculated HGDI value of 0.946 for all strains, against 0.881 for spoligotyping and 0.889 for 24 MIRU-VNTR 

typing. 

In silico results also show that spoligotyping has a low discriminatory power for differentiating Beijing strains as 

expected, clustering 11 out of 12 strains of that lineage, while both, 24 MIRU-VNTR and the new method are 
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expected to be capable to differentiate all the 12 Beijing strains.  Added to the 11 clustered Beijing strains, 

spoligotyping also had two more clusters, one with 2 strains from lineage 4, and the other 3 strains from lineage 

1 and 4. The 24 MIRU-VNTR analyses only had one cluster with 11 strains, including strains from lineages 1 to 4. 

The new method clustered the same strains as the 24 MIRU-VNTR analyses, however, these were subdivided in 

two smaller clusters, of 7 and 4 strains, with these clusters being separated only by a difference in region XI. 

Comparing to the new method, the 5 custom VNTR loci analyses clustered 13 strains, that included the strains 

clustered in the new method. Taking this observation, it is expected that, experimentally, the new proposed 

method will perform better than the 5 custom VNTR loci analyses in differentiating the 20 samples used in this 

work. 

Strains EAI5, H37Rv and H37RvSiena, and strains ZMC13_264 and ZMC13_88 were clustered in all methods. 

However, strains H37Rv and H37RvSiena correspond to the same clone that was cultured in the same laboratory, 

and sequenced 15 years after. In other hand, ZMC13_264 and ZMC13_88 strains were collected from patients 

living in the same province, in China, and are probably very closely related. 

IV.3 New method – Region I to XV analysis and experimental results 

Here, the chosen regions, I to XV, for the new proposed PCR method are described in detail, analyzing the indel  

events occurring in each region, specific characteristics of the region, the possibility for lineage specific events 

and expected amplicon sizes. Experimental results for each described region are also presented, together with 

the conditions used, and observations on the obtained results. It should be taken into consideration, that the 32 

genomes used in the in silico analysis, as well as the 20 samples used experimentally, represent a very small 

portion of the global diversity of Mtb strains, and that the results obtained are limited to the data collected in 

this work. 

Region I 

The amplified region is inserted within the PE_PGRS9 gene. This gene contains a total of 31 identical 8 bp 

GGGGCCGG repeats in its PGRS region, of which, at least 4 are inserted in the amplified region. This repetitions 

create multiple possibilities for insertion/deletion events238. 

Figure IV.3 shows a representation of the amplified region I, using AliView software, with the indels highlighted 

within red lines. In the figure, strains are ordered in the same order they were presented in the Materials and 

methods section, with strains from lineage 1 on top, going up to lineage 6 on the bottom. In this region we target 

two possible indels. 
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Figure IV.3 –Representation of the selected region I. This region comprises 2 different indels, one with 90 bp (right) and the 
other with 135 bp (left). The 135 bp indel was lacking only in Beijing strains, meaning that it could be lineage defining, specific 
of Beijing strains. 

One indel, with 90 bp, was present in only two Beijing strains (K and 96075) and the Africanum strain. The other, 

with a length of 135 bp, was lacking in 7 of the 12, here represented Beijing strains, suggesting that this indel is 

lineage defining, absent only in Beijing strains. 

Amplicons with 110 bp are expected to be lacking both these indels. Amplicons with 245 bp are expected not to 

carry the 90 bp indel, and amplicons with both are expected to have 335 bp. The KIT87190 strain had no 

hybridization site for the reverse primer, with a deletion that prolonged for more than 4000 bp, and thus absence 

of a PCR product is a possibility. 

Using the designed primers IF and IR, the 20 samples were subjected to PCR, under the conditions previously 

described, and using 60°C during the annealing step. Figure IV.4 shows the results after electrophoresis. Samples 

1 to 20 are displayed from left to right side, respectively. 

 

Figure IV.4 – PCR results after electrophoresis, using primer pair IF and IR. The annealing step was performed at 60°C. 
Samples 8, 9, 14, 19 and 20 had no PCR product. DNA ladder: 100-1000 bp. N – negative control. 

The obtained results were not clear, displaying weak bands, and samples 8, 9, 14, 19 and 20 had no PCR product. 

In order to obtain better results, samples 7 to 9 and 13 to 19, were submitted to a new PCR, now using 62°C 

during the annealing step. The results, presented in Figure IV.5, now present clear bands. However, not all 

samples were subjected to a new PCR, including the sample 20 that produced no band in the first PCR, due to 

limited available genomic material.  

 

Figure IV.5 – Second PCR run results after electrophoresis, using primer pair IF and IR, and samples 7 to 9 and 13 to 19. The 
annealing step was now performed at 62°C. DNA ladder: 100-1000 bp. N – negative control 

Sample 15 showed no PCR product on the second run, however, a band was visible in the first run, suggesting 

the occurrence of laboratory errors, probably during PCR mixture preparation. Mistakes were always taken as a 
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possibility, so whenever the absence of any PCR product occurred, if possible, samples were subjected to a 

second PCR run. 

The 19 samples (sample 20 was excluded from analysis), appeared not to show differentiation, with equal PCR 

products matching the expected in silico 245 bp DNA fragment. However, in Poland, only 6.5% patients were 

reported to be infected with Beijing strains241, and as these indels appear to occur exclusively in Beijing strains, 

the presence of PCR products only with 245 bp was expected. 

Region II 

The amplified region is inserted within the PE_PGRS10 gene, it corresponds to the region previously described 

by Kotlowski, named “Variable region V”192, and is represented in Figure IV.6. The amplified fragment includes 

indel events; that are expected to be separately identified based on the obtained amplicon size. KIT87190 and 

Erdman strains had complete deletion of the whole amplified region, and for that reason, are not represented in 

the figure. 

 

Figure IV.6 - Representation of the selected region II. This region comprises 2 different indels, one with 84 bp (left) and other 
with 48 bp (right). 

The indel represented on the left of the figure contains a 42 bp repeated sequence interspersed with other 42 

bp sequence, with the whole indel event having 84 bp. The indel on the right had a 26 bp repetition interspersed 

with a 58 bp sequence, with the indel event having 48 bp. Both indels were absent mostly in Beijing strains, only 

the CDC1551 strain, from lineage 4, had the absence of the 48 bp indel, and Africanum strain showing absence 

of both. 

Amplicons with 306 bp are expected to be lacking both indels. Amplicons with 354 bp only lack the 84 bp indel, 

and 390 bp products only the 48 bp indel. Products with 438 bp contain no deletions. 

Using the designed primers IIF and IIR, the 20 samples were subjected to PCR, using 62°C during the annealing 

step. Figure IV.7 shows the results after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively. 

 

Figure IV.7 - PCR results after electrophoresis, using primer pair IIF and IIR. The annealing step was performed at 62°C. DNA 
ladder: 50-1000 bp. N – negative control. 



52 
 

Unspecific bands were produced probably because the annealing step was mistakenly performed at 62°C instead 

of 68°C, which is the optimal hybridization temperature for the set of primers used. However, the expected bands 

are present, showing more intensity compared to the other bands. 

Two different sizes were obtained, with most samples producing the expected 438 bp band, while sample 2 and 

11 produced a band with what was assumed to be the expected 354bp product. This 354 bp product appeared 

to be specific of Beijing strains, according to the in silico analysis. 

Region III 

The amplified region is inserted within the PE_PGRS13 gene. Figure IV.8 shows a representation of the amplified 

region III, showing 3 indel events. Erdman strain had no forward primer binding site, and absence of PCR product 

can be a possibility. 

 

Figure IV.8 - Representation of the selected region III. This region comprises 3 indels, with 36-45 bp (left), 84 bp (middle) 
and 120 bp (right). 

The first indel event on the left of the figure consists in a 36-45 bp segment, that was absent in SCAID 187 and 

F11 strains. An 84 bp indel, outlined in the middle of the figure, was present only in 96075 Beijing strain and 

Africanum strain. This indel has a 51 bp repetition that was interspersed by a 33 bp sequence. The larger indel, 

outlined on the right, is 120 bp long, and only Beijing strains were absent of this sequence, implying to be specific 

of this lineage. However, CITR_2 strain, from lineage 2 had a deletion with similar size, 129 bp, and this difference 

cannot be distinguished by the proposed PCR method. In cases were different indels cannot be distinguished in 

this method the use of a hybridization array for detection of specific indels could be used. 

Amplicons with 352 bp are expected to be lacking all the indel events. Amplicons with 388 bp lack the 84 bp and 

120 bp indels, while amplicons with 463 bp lack the 84 bp and 36-45 bp indels. Amplicons with 508 bp are absent 

only of the 84 bp indel, and amplicons with 592 bp contain all of them. 

Using the designed primers IIIF and IIIR, the 20 samples were subjected to PCR, using 60°C during the annealing 

step. Figure IV.9 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively. 

 

Figure IV.9 – PCR results after electrophoresis, using primer pair IIIF and IIIR. The annealing step was performed at 60°C. 
DNA ladder: 100-1000 bp. N – negative control. 
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The appearance of two separate bands was unexpected, so PCR was repeated with the samples 7 to 9, and 14 to 

16, now using 62°C during the annealing step, results are shown in Figure IV.10. In samples 7 to 9, we successfully 

produced one band only; however, in samples 14 to 16 the two bands were still present. 

 

Figure IV.10 – Second PCR run results after electrophoresis, using primer pair IIIF and IIIR, and samples 7 to 9 and 14 to 16. 
The annealing step was now performed at 62°C. DNA ladder: 100-1000 bp. 

Despite the appearance of an unspecific band with approximately 600 bp, differentiation between samples was 

observed. Most samples had the predicted 508 bp band, while samples 9 and 16 had a 388 bp and 463 bp bands, 

respectively. Sample 7 had appeared to have no PCR product. The absence of a PCR product can be indicative of 

differentiation, due to deletion of at least one of the primer hybridization sites, however, it is not an optimal 

result, and optimization is required. The simultaneous amplification of a conserved region among strains could 

also be used to confirm the presence of genomic DNA. 

Region IV 

The amplified region is inserted within the PE_PGRS20 gene. Figure IV.11 shows a representation of region IV. 

This region exploits 4 indel events. Erdman and KIT87190 strains had no forward primer binding site, and absence 

of PCR product can be a possibility. 

 

Figure IV.11 – Representation of the selected region IV. This region comprises 4 different indels. In this figure, a large 719 
bp indel, that was present only in 96075 and Africanum strains, is highlighted in red. 

A bigger, 719 bp long indel was present only in 96075 and Africanum strains, and is highlighted in red in Figure 

IV.11. For easier visualization of the remaining indels, 96075 and Africanum strains were excluded from the 

alignment. Figure IV.12 now shows the aligned region, and the indels can be easily distinguished. 

 

Figure IV.12 - Representation of the selected region IV, excluding 96075 and Africanum strains. This region comprises 3 
different indels, with 45 bp (left), 54 bp (right) and 192 bp (middle). 

Three more indels were present within this region. A larger, with 192 bp, was frequently present in Beijing strains, 

although not exclusive, since 3 other strains from lineage 4 contained this indel. Two other smaller indels, with 

45 bp and 54 bp, on the left and right side of Figure IV.12, respectively, were lacking exclusively in Beijing strains. 

Interestingly, the absence of the 192 bp indel never occurred together with the absence of any of the other 

smaller events. Likewise, whenever the 54 bp indel was lacking, the 45 bp was also lacking. 
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Amplicons with 684 bp are expected to be absent of both 719 bp and 192 bp indels. Amplicons with 777 bp are 

absent of the large 719 bp, and both smaller 45 bp and 54 bp indels, while amplicons with 831 bp are absent of 

the 719 bp and 45 bp indels. Amplicons with 876bp only have absence of the 719 bp indel, while an amplicon 

with 1595 bp contains all of them. 

Using the designed primers IVF and IVR, the 20 samples were subjected to PCR, using 60°C during the annealing 

step. Figure IV.13 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively.  

 

Figure IV.13 – PCR results after electrophoresis, using primer pair IVF and IVR. The annealing step was performed at 60°C. 
DNA ladder: 100-1000 bp. 

Samples 2 and 6 had no PCR product, and were submitted to a new PCR, under the same conditions, for 

confirmation. Results are shown in Figure IV.14.  

 

Figure IV.14 – PCR results for confirmation of the absence of PCR products for samples 2 and 6, after electrophoresis (on 
the right, highlighted in red). The annealing step was performed at 60°C. N – negative control. 

Sample 6 produced a band with approximately 350 bp that was defined as being unspecific, and so, both samples 

were assumed to always carry the absence of PCR product. Globally, most samples produced a band with an 

expected 684 bp. Samples 3, 7 and 15 produced a band with 831 bp while sample 13 had 876 bp. 

Region V 

The amplified region is inserted within the PE_PGRS21 gene. Figure IV.15 shows a representation of this region, 

with 3 indel events. A GC only repeated sequence with 15 bp, is present in this region up to 4 times, and is 

probably the precursor of this indels. CCDC5180 strain had no reverse primer binding site, and thus absence of 

PCR product can be a possibility. 
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Figure IV.15 - Representation of the selected region V. This region comprises 3 different indels, two with 48 bp and the other 
with 79 bp. 

Two of the indels have 48 bp, and one appears to be lineage defining, appearing only in Beijing strains, however, 

F11 strain has a slightly different deletion site, but with the same size, and thus, cannot be distinguished using 

this method. A longer, 79 bp long indel is absent in CDC1551 strain. 

Amplicons with 184 bp or 215 bp, lack the 79 bp or 48 bp indels, respectively. Amplicons with 263 bp carry no 

deletions. 

Using the designed primers VF and VR, the 20 samples were subjected to PCR, using 65°C during the annealing 

step. Figure IV.16 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively.  

 

Figure IV.16 – PCR results after electrophoresis, using primer pair VF and VR. The annealing step was performed at 65°C. 
DNA ladder: 100-500 bp. N – negative control 

In this region, the differences in PCR product sizes between samples appear to be too small for the sensitivity of 

this method.  

Samples 7 to 9 and 13 to 19 were submitted to a new PCR and a longer electrophoresis in a 3% agarose gel (Figure 

IV.17), in order to obtain higher sensitivity, however, to analyze this region it is recommended to use 

polyacrylamide gel electrophoresis. For this reason, region V was discarded from the analysis. 

 

Figure IV.17 – PCR results after electrophoresis, using primer pair VF and VR, and samples 7 to 9 and 13 to 19. The annealing 
step was performed at 62°C and a 3% gel was used. 
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Region VI 

Like region V, this region is inserted within the PE_PGRS21 gene. Figure IV.18 shows a representation of the 

region VI. This region exploits 2 indels. CCDC5180 and 96075 strains had no forward primer binding site, and thus 

absence of PCR product can be expected.  

 

Figure IV.18 - Representation of the selected region VI. This region comprises 2 different indels, one with 149 bp (left), 
present only in Africanum strain, and the other with 45 bp (right), that was absent in all strains from lineage 1. 

One of the indels was characteristic of the Africanum strain, where a 149 bp segment was present. The other 

segment, with 45 bp, was absent in all strains of lineage 1, and showed no specific pattern in the remaining 

lineages, however, it was frequently present in Beijing strains. 

Amplicons with 604 bp would lack the 45 bp and 149 bp indels, while amplicons with 649 bp include the 45 bp 

indel. Africanum strain would have an amplicon with 796 bp. 

Using the designed primers VIF and VIR, the 20 samples were subjected to PCR, using 60°C during the annealing 

step. Figure IV.19Figure IV.16 shows the result after electrophoresis. Samples are displayed from left to right 

side, 1 to 20, respectively.  

 

Figure IV.19 – PCR results after electrophoresis, using primer pair VIF and VIR. The annealing step was performed at 60°C. 
DNA ladder: 100-1000 bp. N - negative control. 

The intended band was obtained (upper band), however, a second unspecific band was also present. Samples 1, 

3 and 12 produced no PCR product, probably because of laboratory mistakes during the preparation of the PCR 

mixture. These samples were not repeated due to lack of available DNA for a new PCR run. 

For the samples that had PCR product, all of them produced a band with 604 bp, with the exception of sample 6, 

that had a smaller band, with approximately 550 bp, that was not observed in silico. 

Region VII 

The amplified region is inserted within the PE_PGRS22 gene. Figure IV.20 shows a representation of the region 

VII, containing 3 indel events. Forward and reverse primer hybridization sites were missing in BS1 and Kurono 

strains, respectively. Strain KIT87190 had a completely different sequence, in size and nucleotides, together with 
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the presence of a repeated hybridization site for the reverse primer. However, this large difference can be result 

of bad sequencing and alignment. For easier visualization, this strain sequence was removed from the alignment. 

 

Figure IV.20 - Representation of the selected region VII. This region comprises 3 different indels, with 75 bp, 111 bp and 654 
bp. 

The three indels, with sizes of 75 bp, 111 bp or 654 bp, always occurred separately. However, these events appear 

with low frequency, with the CDC1551 strain being the only strain lacking the large, 654 bp indel, and CITR_2 

lacking the 75 bp indel. In 96075 and Africanum strains, the 111 bp indel was absent. 

Amplicons with 100 bp, 643 bp and 679 bp, lack the 654 bp, 111 bp or 75 bp indel, respectively. Amplicons with 

754 bp contain all these indels. The KIT87190 strain is expected to have a double amplicon, with 1318 bp and 

1857 bp.  

Using the designed primers VIIF and VIIR, the 20 samples were subjected to PCR, using 60°C during the annealing 

step. Figure IV.21 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively.  

 

Figure IV.21 - PCR results after electrophoresis, using primer pair VIIF and VIIR. The annealing step was performed at 60°C. 
DNA ladder: 100-1000 bp. N – Negative control. 

Most samples produced a band with 754 bp, with samples 3, 19 and 20 producing a band that we assumed to be 

679 bp. In this case, the gel should have run for longer, to get a better differentiation. Also, samples 8 to 10, and 

19 and 20, might be a little dislocated, because the gel broke during the experiment. 

Region VIII 

The amplified region VIII is inserted within the PE_PGRS26 gene, represented in Figure IV.22. This region exploits 

2 indel events. Here, a 10 bp, GCCGTTGCCG, sequence, is repeated several times. Reverse primer hybridization 

site was absent in BT1 strain. 

 

Figure IV.22 - Representation of the selected region VIII. This region comprises 2 different indels, one with 55 bp and the 
other with 438 bp. 
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Two indels, with 55 bp and 438 bp were detected within this region. While the 55 bp segment was absent in BT2 

strain, three strains from lineage 4 and Africanum strain, the larger 438 bp segment was absent only in KIT87190 

strain. 

Amplicons with absence of the 55 bp and 438 bp indels are expected to be 630 bp and 247 bp, respectively, while 

an amplicon with 685 bp will contain all indels. 

Using the designed primers VIIIF and VIIIR, the 20 samples were subjected to PCR, using 60°C during the annealing 

step. Figure IV.23 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively.  

 

Figure IV.23 - PCR results after electrophoresis, using primer pair VIIIF and VIIIR. The annealing step was performed at 
60°C. DNA ladder: 100-1000 bp. N – Negative control. 

The appearance of a second unspecific band was unexpected, and in order to optimize the results, a new PCR 

was run, now using 62°C during the annealing step. However, only samples 7 to 9 and 14 to 16 were used due to 

limited DNA samples. The results for the second PCR are shown in Figure IV.24.  

 

Figure IV.24 – Second PCR run results after electrophoresis, using primer pair VIIIF and VIIIR, and samples 7 to 9 and 14 to 
16. The annealing step was performed at 62°C. DNA ladder: 100-1000 bp. 

Clear, single bands were now produced, and the upper bands in the first PCR were assumed to be the desired 

ones. Most samples produced a band with 685 bp, while samples 1, 4, 5, 11 and 14 had a band with 630 bp. 

Region IX 

The amplified region IX is inserted within the PE_PGRS27 gene, and is represented in Figure IV.25. This region 

exploits 2 indel events. A 14 bp GC only sequence is repeated several times within this region. Reverse primer 

hybridization site was absent in BT1 strain, and the sequence appeared to be completely different from the 

remaining strains, and was removed from the alignment for easier visualization. 
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Figure IV.25 - Representation of the selected region IX. BT1 strain had a completely different sequence, and was removed 
from the alignment. This region comprises 2 different indels, one with 207 bp, and the other with 456 bp, that was lacking 
only in Erdman strain. 

An indel with 207 bp appears to be frequently absent in strains from lineage 1, however, it shows no specific 

lineage pattern. Beijing strains harbored a smaller 9-18 bp deletion, however, it is not expected to be 

distinguished using the method proposed here. A larger, 456 bp long indel, was lacking in Erdman strain. 

Amplicons lacking the 207 bp or 456 bp indels are expected to have 451 bp and 202 bp, respectively. Amplicons 

without deletions have 658 bp. 

Using the designed primers IXF and IXR, the 20 samples were subjected to PCR, using 65°C during the annealing 

step. Figure IV.26 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively.  

 

Figure IV.26 - PCR results after electrophoresis, using primer pair IXF and IXR. The annealing step was performed at 65°C. 
DNA ladder: 100-1000 bp. N – negative control. 

All samples produced the expected 658 bp band, with the exception of sample 11 that produced a band with 

approximately 570 bp, not observed in the in silico results. 

Region X 

The amplified region X is inserted within the PE_PGRS28 gene, and is represented in Figure IV.27. This region 

exploits 2 indel events, that appear to occur attached together. 

 

Figure IV.27 - Representation of the selected region X. This region comprises 2 indels, that occurred attached together. One 
indel is an 86 bp sequence (on the left), followed by a 51 bp tandem repeat (on the right), occurring in two, one, or no copies. 

The first indel, is an 86 bp sequence, that is attached, or not, to a 51 bp tandem repeat, appearing with two, one, 

or no copies. These indels appear to be specific of Beijing strains, appearing also in the Africanum strain. 
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Amplicons with 294 bp, 243 bp and 192 bp, would contain the 86 bp indel, and two, one or no copies of the 51 

bp tandem repeat, respectively. Amplicons with 102 bp would lack all these indels. The BT1 strain had a repeated 

reverse primer binding site, and could possibly produce two amplicons, with 192 bp and 688 bp. 

Using the designed primers XF and XR, the 20 samples were subjected to PCR, using 60°C during the annealing 

step. Figure IV.28 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively.  

 

Figure IV.28 – PCR results after electrophoresis, using primer pair XF and XR. The annealing step was performed at 60°C. 
DNA ladder: 100-500 bp. N – negative control. 

Similar to region I, this indels appeared to be present specifically in Beijing strains, and all samples produced the 

expected band with 102 bp. 

Region XI 

The amplified region is inserted within the PPE39 gene (Rv2353c), together with an insertion site for IS6110 

(Rv2354 and Rv2355). The PPE39 susceptibility to IS6110 insertions was already documented242. Here we target 

a large, 803 bp indel event in the PPE39 gene, together with the presence of absence of the IS6110. Figure IV.29 

shows representation of the region XI. Kurono strain had no hybridization site for the forward primer. 

 

Figure IV.29 - Representation of the selected region XI. This region comprises 2 different events. One is an indel with 803 bp 
(left) and the other is the presence or absence of an IS6110 (right). 

Amplicons with 203 bp would lack both the 803 bp indel, and IS6110. Amplicons with 1005 bp would have no 

IS6110, and 1559 bp products would carry the IS6110, but not the 803 bp indel. Amplicons with 2363 bp would 

contain both events. 

Using the designed primers XIF and XIR, the 20 samples were subjected to PCR, using 60°C during the annealing 

step. Figure IV.30 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively.  
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Figure IV.30 – PCR results after electrophoresis, using primer pair XIF and XIR. The annealing step was performed at 60°C. 
DNA ladder: 100-3000 bp. N – negative control. 

Samples 4 and 5 had no PCR products, and were submitted to a new PCR, shown in Figure IV.31, for verification. 

Sample 12 also had no PCR product, but there was no more genomic DNA to perform a new test. 

 

Figure IV.31 – PCR results for confirmation of the absence of PCR products for samples 4 and 5, after electrophoresis (on 
the right, highlighted in red). The annealing step was performed at 60°C. N – negative control. 

As there were no PCR products in the second run, it was considered that would occur every time. The sizes 

obtained of 1005 bp and 2363 bp, were correspondent to the presence or not, respectively, of the IS6110 in the 

region, while the 803 bp indel was always present. Sample 2 could be considered slightly different, however, in 

this case it was considered to have 1005 bp. 

Region XII 

The amplified region is inserted within the Rv3060c and fadE22 genes. FadE22 gene appears to be linked to fatty 

acid metabolism via the β-oxidation pathway, more specifically, a acyl-CoA dehydrogenase243. Here we target a 

68 bp indel that appears to occur in the intergenic region. Although this mutation does not influence the encoded 

protein, it may influence the expression of downstream genes. Figure IV.32 shows a representation of the region 

XII. 

 

Figure IV.32 - Representation of the selected region XII. This region comprises one indel with 90 bp. 

Most strains from lineage 1 lacked this indel, however, no specific lineage pattern was observed. Amplicons with 

128bp or 196bp, lack, or not, this indel, respectively. 
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Using the designed primers XIF and XIR, the 20 samples were subjected to PCR, using 60°C during the annealing 

step. Figure IV. 33 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively.  

 

Figure IV. 33 - PCR results after electrophoresis, using primer pair XIIF and XIIR. The annealing step was performed at 
60°C. DNA ladder: 100-500 bp. N – negative control. 

The expected sizes of 128 bp or 196 bp were obtained in all samples. 

Region XIII 

The amplified region XIII is inserted within the PPE50 gene and is represented in Figure IV.34. This region exploits 

3 indel events. 96121 strain had no hybridization site for the forward primer. 

 

Figure IV.34 – Representation of the selected region XIII. This region comprises 3 different indels, one, with 282 bp was 
absent only in strains from lineage 4. The other 2 indels were present only in Beijing and Africanum strains. 

Two of the indels appeared to be lineage specific. One, with 282 bp, was absent only in strains from lineage 4. 

For easier visualization of this event, strains from lineage 2 and 6 were removed from the alignment, and the 

result is presented in Figure IV.35. 

 

Figure IV.35 – Representation of the selected region XIII, excluding the Beijing and Africanum strains. Here we observe the 
282 bp indel, that is absent only in strains from lineage 4. 

Here, Amplicons with 165 bp and 447 bp, are expected to lack, or not, this indel. The other indel events were 

present only in Beijing strains and the Africanum strain, and are shown in Figure IV.36. Here, a 420 bp indel was 

present in all Beijing strains, except for the Beijing/NITR203 strain. A larger, 947 bp sequence was inserted within 

the previously described indel, but only in K and KIT87910 strains, while Africanum strain had an insertion in the 

same site, but only with 591 bp. 

 

Figure IV.36 - Representation of the selected region XIII, zoomed on the indels specific of Beijing and Africanum strains. An 
indel with 420 bp (left) was present in all Beijing strains, except for Beijing/NITR203 strain. Another indel, with 947 bp, was 
present only in two Beijing strains, and partially present in Africanum strain. 

Amplicons with 867 bp contain also the 420 bp indel, while amplicons with 1814 bp have the presence of the 

larger 947 bp indel, and Africanum strain would have a PCR product with 1223 bp. 
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Using the designed primers XIIIF and XIIIR, the 20 samples were subjected to PCR, using 60°C during the annealing 

step. Figure IV. 33 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively.  

 

Figure IV.37 - PCR results after electrophoresis, using primer pair XIIIF and XIIIR. The annealing step was performed at 
60°C. DNA ladder: 100-1000 bp. N – negative control. 

Most samples produced a band with the expected 447 bp and 5 samples produced the 165 bp band. 

Region XIV 

The amplified region XIV is inserted within the PE_PGRS50 gene, it corresponds to two regions already described 

by Kotlowski, named “Variable region II and III”192 ,and is shown in Figure IV.38. This region exploits 2 main indel 

events, and has many copies of a 7 bp, GCCGCCGT, repeat, that was present in flanking regions of each one of 

these indels. 

 

Figure IV.38 - Representation of the selected region XIV. This region comprises 2 different indels, one with 87 bp (left) and 
the other with 78 bp. The 87 bp indel was lacking only in Beijing strains, meaning that it could be lineage defining, specific of 
Beijing strains. The other indel, with 78 bp, was always present, if the 87 bp indel was present. 

One indel is present only in Beijing strains and Africanum strain, with 87 bp (highlighted on the left side of the 

figure). Other indel, with 78 bp, was present in most strains, and was always present, when the other indel was 

present. This region also features an 83 bp deletion in the 96121 strain, a 103 bp deletion in the Kurono strain, 

and a large 501 bp deletion in K strain. 

Amplicons with 824 bp lack the 87 bp and 78 bp indels, amplicons with 902 bp lack only the 87 bp indel, and with 

989 bp contain all indels, being this last size specific of Beijing and Africanum strains. 

K, Kurono and 96121 strains would have PCR products of, 323 bp, 722 bp and 758 bp, respectively, with their 

specific deletions, and absence of the 87 bp and 78 bp indels. 

Using the designed primers XIVF and XIVR, the 20 samples were subjected to PCR, using 60°C during the annealing 

step. Figure IV.39 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20,  

respectively. 
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Figure IV.39 – PCR results after electrophoresis, using primer pair XIVF and XIVR. The annealing step was performed at 
60°C. DNA ladder: 100-1000 bp. N – negative control. 

Sample 3 had no PCR product, probably because to laboratory mistakes during the PCR preparation. However, 

due to the lack of DNA sample, it was impossible to test again. The remaining samples produced bands with 902 

bp and 824 bp.  

Region XV 

The amplified region XV is inserted within the PE_PGRS52 gene and is represented in Figure IV.40. This region 

exploits 3 indels. K strain had no hybridization site for the forward primer, and KIT87190 had a completely 

different sequence, and no matching site for the forward primer, possibly due to sequencing errors, and was 

removed from the alignment. 

 

Figure IV.40 - Representation of the selected region XV. This region comprises 3 different indels. One indel, with 78 bp, was 
present only in the Africanum strain. The other indels, with 186 bp and 446 bp, occurred in low frequency in specific strains. 

One indel, with 78 bp, appears to be present only in the Africanum strain. A large 446 bp deletion and a 186 bp 

deletion are also observed. However, these events appear to occur in low frequency, with only 96121 and H37Ra 

strains having the absence of the 446 bp, and CCDC5180 strain with absence of the 186 bp indel. 

Amplicons with 655 bp and 915 bp will have absence of the 446 bp and 186 bp indels, respectively, together with 

the absence of the Africanum specific sequence. Amplicons lacking the 78 bp indel have 1101 bp, and the 

Africanum strain has 1179 bp. 

Using the designed primers XVF and XVR, the 20 samples were subjected to PCR, using 60°C during the annealing 

step. Figure IV.41 shows the result after electrophoresis. Samples are displayed from left to right side, 1 to 20, 

respectively. 

 

Figure IV.41 - PCR results after electrophoresis, using primer pair XVF and XVR. The annealing step was performed at 60°C. 
DNA ladder: 100-1000 bp. N – negative control. 
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An unspecific band with approximately 300 bp was produced in all samples. Most samples also produced the 

1101 bp band, while samples 5 and 20 produced what is expected to be the 916 bp bands. Sample 6 produced a 

different band, with approximately 450 bp, that is possibly unspecific. 

IV.4 Phylogenetic tree construction and results analysis 

All the measured amplicon sizes were gathered, normalized against the in silico results and are presented in Table 

SVIII-13 (page 101). In cases where the measured size was not predicted in silico, the value was not changed, and 

is presented in bold. 

For phylogenetic tree construction, only the regions where all samples produced a band, or were considered to 

never produce a band, were used. This excluded the regions I, V, VI and XIV. It should be noted that these regions 

produced results that should not be ignored, and where considered for HGDI calculation, however, for 

phylogenetic tree creation, they were left out. 

The created phylogenetic tree is presented in Figure IV.42. It indicates the formation of two clusters with 3 

samples each (1, 10, 14 and 8, 17, 18), and the samples between these clusters only had differences in the 

analyzed region VIII. Even analyzing the excluded regions, I, V, VI and XIV, none of these samples had more 

differences. 

The new method was capable of differentiation 16 out of the 20 samples, corresponding to a calculated HGDI of 

0.968. As addressed before all these samples were collected from patients living in the same geographic region 

and genotypic diversity could be limited, so these results appear to be positive. 

To add discriminatory power, compare and evaluate the potential of the new method, 5 different VNTR loci were 

analyzed. 

 

Figure IV.42 – Phylogenetic tree created using the new proposed PCR method. Regions I, V, VI and XIV were excluded. Here, 
two clusters were creating, containing samples 1, 10, 14 and samples 8, 17, 18. 
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IV.5 Custom 5 VNTR analysis 

Results for the amplification of the VNTR0960, VNTR1982, VNTR2372, VNTR3663 and VNTR4120 loci, are 

presented in Figure IV.43, from top to bottom, respectively. 

 

Figure IV.43 – Results after electrophoresis for the custom 5 VNTR loci analysis. DNA ladder: 100-1000 bp. N – negative 
control. 

Sample 13 was absent in VNTR 4120, due to laboratorial errors, and one a second PCR run, a positive result was 

obtained. All the measured amplicon sizes were gathered, normalized against the in silico results and are 

presented in Table SVIII-14 (page 102). Phylogenetic tree was created using these results and is presented in 

Figure IV.44.  
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Figure IV.44 – Phylogenetic tree created using the custom 5 VNTR loci analysis. Here, one cluster with samples 1, 8, 10 and 
14 was created. 

Samples 1, 8, 10 and 14 were clustered using the custom 5 VNTR loci analysis. Sample pairs 4 and 11, 17 and 18, 

7 and 15, had differences only of one single copy in one VNTR locus. Sample 6 appears dislocated from the 

remaining strains mainly due to the very high number of tandem repeats present in VNTR 1982. 

Comparing to the cluster obtained in the new method, composed by samples 1, 10 and 14, these samples were 

again clustered, now together with the sample 8 that previously differed only in region VIII. 

The other cluster obtained with the new method, comprising samples 8, 17 and 18, was now separated. However, 

samples 8 and 17, and samples 17 and 18, had differences of only one copy in one single locus. A phylogenic tree 

using combined results from both methods is presented in Figure IV.45. 

 

Figure IV.45 – Phylogenetic tree created using combined results from the new method and custom 5 VNTR loci analysis.  
Samples 1, 10 and 14 form a cluster. 

Combining the two methods, one cluster was still obtained, with samples 1, 10 and 14. For further comparison 

and to add more differentiation power, the IS6110-Mtb2 PCR method was performed in all the 20 samples. 
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IV.6 IS6110-Mtb2 method 

The method was prepared and performed as previously described, and the results are presented in Figure IV.46. 

 

Figure IV.46 – Results after electrophoresis for the IS6110-Mtb2 PCR method, performed in all the 20 samples. Sample 1 to 
20 from left to right, respectively. 

For clustering analysis and creating of a phylogenetic tree, presented in Figure IV.47, an array was created, using 

“1” for the presence of a band, and “0” for absence of that band. This array is shown in Table SVIII-15 (page 103). 

Weak bands were considered to be present, however, sometimes it can be difficult to define when a band is 

present or not. These results are difficult to translate and reproduce, but they are useful for the current objective 

of differentiating or clustering the samples used in this work. 

 

Figure IV.47 – Phylogenetic tree created based on the array created for the IS6110-Mtb2 method. 

This method paired samples 1 and 12, samples 2 and 15, samples 6 and 10, samples 7 and 9, and samples 19 and 

20. Another cluster with samples 8, 11 and 17 was also formed. 
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This method will be used to further differentiate samples that were clustered using the other two methods. For 

this effect, band patterns for the samples 1, 8, 10 and 14 (cluster formed in the custom 5 VNTR loci analysis. 

These samples were also clustered in the new method, excluding sample 10), and samples 8, 17 and 18 (cluster 

formed in the new method), were compared. The IS6110-Mtb2 patterns for these samples are shown together 

in Figure IV.48. 

 

Figure IV.48 – IS6110-Mtb2 PCR results for the samples 1, 8, 10 and 14 (left), and samples 8, 17 and 18 (right). Samples 1, 
8, 10 and 14 were previously clustered by the custom 5 VNTR analysis, and samples 1, 10 and 14 were clustered in the new 
method. On the left, we can assume that the pattern shown by sample 10 is different compared to the remaining samples, 
with the clear absence of one band. On the right, sample 18 displayed a completely different pattern compared to the 
remaining samples. 

Samples 1, 8, 10 and 14 were clustered in the custom 5 VNTR analysis, and samples 1, 10 and 14 were clustered 

in the new method analysis. Sample 10 appears to exhibit a different pattern, with one band clearly absent, 

compared to the other samples. 

Also, samples 8, 17 and 18 were clustered in the new method, however, here sample 18 exhibits a completely 

different pattern compared to sample 8 and 17, and should be considered a different strain. 

Overall, using the data provided by the three methods employed in this study, samples 1 and 14 exhibited the 

same profiles in all the three methods employed in this work, and possibly correspond to the same strain, that 

was transmitted between patients. The calculated HGDI values for each of three methods, and combining all 

methods, are presented in Table IV-3. 

Table IV-3 – HGDI values for the three methods experimentally employed in this study, and the combined HGDI. 

Method HGDI Index 

New method 0,968 

Custom 5 VNTR loci 0,968 

IS6110-Mtb2 0,958 

Combined 0.995 

  

8 17 18 8 14 1 10 
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Experimentally, the new method calculated HGDI was equal to that of the custom 5 VNTR loci analysis, creating 

two smaller clusters with 3 samples each, compared to the cluster with 4 samples, respectively. But it 

outperformed the IS6110-Mtb2 method. This comparison can be extrapolated. A previous study on 77 MDR 

strains, experimentally confirmed that the genotyping method IS6110-Mtb2 has similar discriminatory compared 

to IS6110-RFLP, and even higher compared to spoligotyping and 12 MIRU-VNTR244. As our new method 

outperformed the IS6110-Mtb2 method in this work, we can assume that it can be positioned, at least, in the 

same conditions, presenting higher discriminatory power than spoligotyping and 12 MIRU-VNTR, confirming the 

observations made in the in silico results.  
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IV.7 SSCP-PCR 

As a secondary investigation, we analyzed a region containing several repeats of T nucleotides followed by 

several G nucleotides in a row, and where the number T and G appeared to be different. This region is presented 

in Figure IV.49. However, these events might occur purely due to sequencing errors, as some sequencing 

platforms have difficulty in sequencing repeated regions. 

 

Figure IV.49 – Amplified region for the SSCP-PCR. Here, 13 different patterns are observed. 

To verify this, we performed a SSCP-PCR, as previously described, using samples 7 to 9 and 13 to 19. The process 

was performed twice, however, without clear and satisfactory results. The “most clear” obtained result is 

presented in Figure IV.50.  

 

Figure IV.50 – SSCP-PCR results after electrophoresis. Samples 7 to 9 and 13 to 19 were submitted to this method, however, 
no clear results were obtained. 

Due to the poor quality of the results obtained, nothing can be concluded about polymorphisms within this 

region. For this reason, this analysis was discarded. 

  

7 8 9 13 17 15 16 18 19 14 
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V. CONCLUSIONS 

The global population of Mtb strains is highly structured into distinct phylogenetic lineages and sublineages, with 

differential host and geographical distribution, and different mechanisms underlying their epidemiological 

success. 

Molecular typing has been widely used in TB control programs. However, there is currently no single genotyping 

method that could solve all research problems. Each method has its pros and cons and differ from other methods, 

and these limitations must be considered according to the specific conditions and features of the study. 

Nevertheless, multiple typing approaches have been developed over the last 2 decades, and researchers can now 

select an appropriate typing scheme for each specific study. WGS presents an ultimate way to differentiate Mtb 

strains, but it is also an important tool to understand the deeper knowledge that relies on the genetic differences 

of each Mtb strain. 

The main objective of this research was to develop a new PCR genotyping method targeting mainly the PGRS 

genes, that is expected to better reflect the variation in the genes encoding virulence features and antigenic 

properties of the Mtb strains. This method could serve both as strain discriminative as well as providing 

information about possible specific mutations occurring within these genes, and thus providing useful 

information regarding these phenotypic properties of strains. 

As a secondary objective, however useful for the experimental validation of the new proposed method, was the 

detection of a possible outbreak event within the 20 samples from different patients provided by the Pomeranian 

Center of Infectious Diseases and Tuberculosis. The new proposed method differentiated 16 out of the 20 

samples, creating two different clusters with 3 samples each (samples 1, 10, 14 and samples 8, 17, 18). These 

results were compared against the analysis of 5 different VNTR loci that further separated the cluster containing 

samples 8, 17 and 18. IS6110-Mtb2 PCR typing method was employed for increasing differentiation power, 

further separating sample 10 and sample 18 from the clusters created in the new method. Overall, the new 

method equaled the discriminatory power of the 5 VNTR loci analysis and outperformed the IS6110-Mtb2. 

In the end we were able to create different profiles for 19 of the 20 samples, where only samples 1 and 14 had 

equal signatures in all three methods employed in this study, providing strong evidence that they might represent 

the same strain. However, differences of one copy in one single VNTR locus, or the presence/absence of a single 

band between IS6110-Mtb2 patterns (like in IS6110-RFLP), does not necessarily mean a different strain, and 

could rather be a clonal variant of the same strain. Sample 10 only differed in the absence of one band in the 

IS6110-Mtb2 profile, from samples 1 and 14, so they appear to be, at least, closely related. The remaining 

samples had more than one difference in all the three typing methods, and were considered to represent 

different strains. Based in these results, we can address to the Pomeranian Center of Infectious Diseases and 

Tuberculosis, excluding the possibility of an outbreak. 

We also conclude that the three methods complemented each other, proving the usefulness of testing different 

methods exploring different regions of the Mtb genome. However, it is important to understand that all typing 
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methods, with the exception of WGS, explore a very limited part of the Mtb genome, and that isolates exhibiting 

identical DNA fingerprinting profiles may still display substantial genomic diversity, however suggestive, does not 

necessarily mean we are in the presence of the same strain. 

In short, we believe the new proposed method proved to be useful in differentiating Mtb strains. Also, it is 

inexpensive, simple and fast to perform, and as it is a PCR based method, it requires small amounts of genomic 

DNA. Experimental conditions still require further optimization in order to obtain clear definitive results. 

However, as it is based in the analysis of the size of single amplicons, it is expected to be highly reproducible, and 

could be incorporated in databases, addressing information relative to the amplicon size, that is expected to be 

intrinsically connected to specific indels occurring in the analyzed regions, and so, addressing information about 

the virulent and antigenic properties of the analyzed strain. 

Finally, we believe molecular typing methods have been playing a major role in epidemiological studies, and 

improving our knowledge on the biology of Mtb, and are expected to keep providing novel and powerful tools 

to reach the milestones of the End TB Strategy and in monitoring the progress toward elimination of TB. 
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VI. FUTURE WORK 

The future of TB must concern us all. We face a future challenged by rising TB incidence in many parts of the 

world, and where HIV coinfection promotes the spread of TB and that MDR/XDR strains are an increasing 

problem to add the challenges and call for new initiatives20. 

Regarding the new method proposed in this research, three future requirements are clear. One is the 

optimization and standardization of the experimental conditions, namely, the ideal composition of the PCR 

mixture, optimization of the primers used, and the conditions of the PCR process, in order to avoid absence of 

PCR products, or the formation of more than the desired amplicon. Unfortunately, as addressed before, we had 

limited amounts of DNA template to perform tests, so this goal could not be reached in all cases. The method 

sensitivity also requires investigation. In this work we used DNA templates obtained after culture that resulted 

in strong bands in most results, however, this PCR-based method is expected to have higher sensitivity, obtaining 

positive results directly from clinical samples. These challenges are addressed to future studies. Also, other genes 

can be analyzed and incorporated in this method, however, it as to be taken into consideration that, as we 

increase the number of loci analyzed, we increase the associated cost and complicate the data analysis, and so, 

optimization and standardization is also required in this parameter.  

Another requirement is the need for deeper studies about the mechanisms underlying the PE/PPE genes, to 

better understand the difference between polymorphism diversity within clinical isolates, compared to the 

variation in pathological and immunological properties in the organism. However, since they are plentiful and 

extremely homologous, these genes are very challenging to study. Also, deletion boundaries inside highly 

repetitive PGRS sequences might be difficult precisely address, because sequencing appears to be unreliable in 

these sequences, preventing accurate alignments55,236,237. Also, it is still unknown whether these genes are 

intrinsically unstable and susceptible to mutations at high rates238. 

Also, to further prove the usefulness of this method, it will require large investigations, integrating the variability 

of both the pathogen and host. So, expected challenges will include recruitment of sufficiently large population 

sizes and standardized collection of high-quality phenotypic data to enable association analysis. Also, comparison 

in silico using more whole genome data can also be useful to identify the possible variations within the addressed 

genes in this method. 

This requirement can be globally applied to all genotyping methods, where identification of the mechanisms 

underlying differences existing among Mtb strains, regarding for example, their association with different human 

populations, epidemiological success or drug resistance, will also require large investigations. These approaches 

will essential for the development of more effective diagnostics, new drugs and vaccination strategies.  

WGS is evolving at a fast pace and will soon replace most of the typing methods that are currently being used. 

Meanwhile, it is useful to use current molecular typing methods in combination with the immense information 

on genome organization and diversity that is generated by WGS. Through such a combination, we will get deeper 
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knowledge that relies on the genetic differences of each Mtb strain, and a significant improvement of 

fingerprinting methods is to be expected.  

Also, as more is learned about the immune pathogenesis of TB, it is becoming more viable to target candidate 

vaccines against specific components of Mtb and increasing protective efficacy. New vaccines are currently in 

development and new agents targeting new microbial receptors are being produced by pharmacologists, now 

alerted to the current challenges of TB20. 

We can hope that the further advances and the expanding knowledge about TB will enable us to control one of 

the greatest killers of mankind, “The Captain of All These Men of Death”20. 
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VIII. ATTACHMENTS 

Table SVIII-1 – Sets of primers for the 15 regions used in the new method (I to XV). Melting temperature and number of 
occurrence in the H37Rv reference strain genome, per number of mismatches allowed in primers is also shown. 

Variable 
Regions 

Sets of primers 
Tm 
(°C) 

Number of occurrence in Mtb H37Rv genome per 
number of mismatches allowed in primers 

0 1 2 3 4 

I 
FW 5' TCAGGTGGCTGGTTGTTG 59.2 1 1 2 5 16 

RV 5' TTGAGAAAGCCACGTCCG 61.0 1 1 1 1 10 

II 
FW 5' CGGCCTCGGCGGGATTGG 73.4 1 1 2 24 163 

RV 5' GAAACTCCGGCGGCGGTGCTAT 72.1 1 1 1 1 1 

III 
FW 5' TGGAGCCTTGCTGTTTGG 61.0 1 1 1 1 13 

RV 5' CGTAGTGAGGCCGAATCC 59.2 1 1 1 3 14 

IV 
FW 5' ATACCGCTGTTGCCGTTG 60.7 1 1 3 33 114 

RV 5' GTTCACGCTGGCCCTGAC 62.9 1 1 1 7 44 

V 
FW 5' TGATCGGCAACGGTGGGTT 67.0 1 1 1 3 25 

RV 5' ACCGATCGTCCCCTCGAAG 64.8 1 1 1 2 15 

VI 
FW 5' AGGCTGTTGGGCACTGGT 61.7 1 1 1 5 25 

RV 5' TGCGCAAGCTGTAGTAGACG 60.4 1 1 1 1 3 

VII 
FW 5' AACCGGTGGGTTGCTCTT 60.5 1 1 1 1 12 

RV 5' GCCATTGGTGCTGCTGAC 61.5 1 1 3 5 58 

VIII 
FW 5' GTCACCCGTGCTTTCCTTG 61.7 1 1 1 1 5 

RV 5' CCTAACAGCGGTGCCAAC 60.3 1 1 1 3 38 

IX 
FW 5' TTAGGGTCGCCGCCAGAA 65.1 1 1 1 3 12 

RV 5' CAGCCGGTGAGGACTTGTCC 65.4 2 2 2 2 11 

X 
FW 5' GTCGCCAAATACCGTGAGAC 60.5 1 1 1 2 2 

RV 5' AAGGGCGGGGAAAACATC 62.1 1 1 1 3 18 

XI 
FW 5' CCGAAGCCGATGTTGTTACT 60.1 1 1 1 1 3 

RV 5' GGTAGTGGTGAATTTTTCGG 59.4 2 2 3 3 6 

XII 
FW 5' GCTCGGTGCTCATTTCAATA 58.9 1 1 1 1 1 

RV 5' GAGGTGACCCGCAATCAG 60.2 1 1 1 5 21 

XIII 
FW 5' ACACCGAGGTCCGAATTG 59,5 1 1 2 3 20 

RV 5' TGCTGGTCGAGAACTGAATG 60.0 1 1 1 1 2 

XIV 
FW 5' CACCCTTCATGGCTGGAAT 60.9 1 1 1 1 3 

RV 5' CGGTAATGGCGGAAATGG 62.2 1 1 9 32 106 

XV 
FW 5' CAACGGCGGCAACAATAC 61.1 1 1 1 3 16 

RV 5' GGAGTACGTGGCGGGTTAG 60.5 1 1 1 1 4 
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Table SVIII-2 – New method in silico analysis. Values in bp. Strains in same color are clustered. In some cases, a difference of 
1-5 bp in size was observed, and these values were approximated to the closer most frequent size (eg. if the size in region I 
was 108 bp, it would be rounded to the closer most frequent value, in this case, 110 bp). 

Strains I II III IV V VI VII VIII IX X XI XII XIII XIV XV 

EAI5 245 438 508 684 263 604 754 685 451 102 203 128 477 824 1101 

EAI5_NITR206 245 438 508 684 263 604 754 685 451 102 203 128 477 824 1101 

RGTB423 245 438 508 684 263 604 754 685 451 102 1559 128 477 824 1101 

RGTB327 245 438 508 684 263 604 754 685 451 102 1559 128 477 824 1101 

96121 245 438 508 684 263 604 754 685 658 102 1005 196 * 758 655 

BT1 110 306 388 831 215 649 754 * * 688 1005 196 867 902 1101 

BT2 110 306 388 831 215 649 754 630 658 294 1005 196 867 989 1101 

CCDC5079 245 438 508 684 263 604 754 685 451 102 1005 128 867 824 1101 

CCDC5180 110 354 508 876 * * 754 685 451 102 1005 128 867 902 915 

BS1 110 306 388 831 215 649 * 685 658 294 1005 196 867 989 1101 

K 335 390 508 876 215 649 754 685 658 294 1005 128 1814 323 * 

Beijing/NITR203 245 438 508 684 263 604 754 685 451 102 1559 128 477 824 1101 

96075 335 306 592 1595 215 * 643 685 658 294 1005 196 867 989 1101 

Beijing-like 110 306 388 777 215 649 754 685 658 294 1005 196 867 989 1101 

KIT87190 * * 508 * 215 649 1318 247 658 192 1005 196 1814 989 * 

SCAID 187.0 110 438 352 777 263 649 754 685 658 102 1005 196 867 989 1101 

49-02 110 306 388 831 215 649 754 685 658 294 1005 196 867 989 1101 

CAS/NITR204 245 438 508 684 263 604 754 685 451 102 203 128 477 824 1101 

CDC1551 245 390 508 876 184 649 100 685 658 102 1005 196 165 902 1101 

CITR_2 245 438 388 684 263 649 679 630 658 102 1005 196 477 902 1101 

H37Ra 245 438 508 684 263 604 754 685 658 102 1559 128 477 824 655 

H37Rv 245 438 508 684 263 604 754 685 451 102 1559 128 477 824 1101 

Haarlem 245 438 508 876 263 649 754 685 658 102 2363 196 165 902 1101 

Haarlem3_NITR202 245 438 508 684 263 604 754 685 451 102 203 128 477 824 1101 

F11 245 438 463 684 215 649 754 685 658 102 2363 196 477 902 1101 

H37RvSiena 245 438 508 684 263 604 754 685 451 102 1559 128 477 824 1101 

Erdman 245 * * * 263 649 754 630 202 102 1005 196 165 824 1101 

Kurono 245 438 508 684 263 604 * 685 658 102 * 128 477 722 1101 

7199:99 245 438 508 876 263 649 754 630 658 102 1005 196 165 902 1101 

ZMC13_264 245 438 508 684 263 604 754 685 451 102 1559 128 477 824 1101 

ZMC13_88 245 438 508 684 263 604 754 685 451 102 1559 128 477 824 1101 

Africanum 335 306 592 1595 263 796 643 630 658 294 1005 196 1223 989 1179 

H
G

D
I 

0,
52

8
 

0,
57

1
 

0,
54

4
 

0,
68

8
 

0,
50

4
 

0,
60

3
 

0,
39

1
 

0,
37

5
 

0,
56

9
 

0,
44

8
 

0,
66

7
 

0,
51

6
 

0,
70

2
 

0,
71

8
 

0,
34

1
 

* represents the absence of a PCR amplification product. This can happen because of absence of the whole amplified region, or 

hybridization site for one of the primers. Absence/presence of PCR amplification product were considered to be different, and 

thus, accounting for the discriminatory power of the method. 

 New method HGDI = 0,946  
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Table SVIII-3 – Standard 24 MIRU-VNTR analysis primers223. Different loci sets are used for 15 and 12 MIRU-VNTR analysis, 
and are presented in this table. 

VNTR 
locus 

Alias 
Repeat unit 

size (bp) 
 

PCR primers 
MIRU 

24 
MIRU 

15 
MIRU 

12 

154 MIRU 2 53 
FW 5' TGGACTTGCAGCAATGGACCAACT 

X  X 
RV 5' TACTCGGACGCCGGCTCAAAAT 

424 Mtub04 51 
FW 5' CTTGGCCGGCATCAAGCGCATTATT 

X X  
RV 5' GGCAGCAGAGCCCGGGATTCTTC 

577 ETC C 58 
FW 5' CGAGAGTGGCAGTGGCGGTTATCT 

X X  
RV 5' AATGACTTGAACGCGCAAATTGTGA 

580 MIRU 4 77 
FW 5' GCGCGAGAGCCCGAACTGC 

X X X 
RV 5' GCGCAGCAGAAACGCCAGC 

802 MIRU 40 54 
FW 5' GGGTTGCTGGATGACAACGTGT 

X X X 
RV 5' GGGTGATCTCGGCGAAATCAGATA 

960 MIRU 10 53 
FW 5' GTTCTTGACCAACTGCAGTCGTCC 

X X X 
RV 5' GCCACCTTGGTGATCAGCTACCT 

1644 MIRU 16 53 
FW 5' TCGGTGATCGGGTCCAGTCCAAGTA 

X X X 
RV 5' CCCGTCGTGCAGCCCTGGTAC 

1955 Mtub21 57 
FW 5' AGATCCCAGTTGTCGTCGTC 

X X  
RV 5' CAACATCGCCTGGTTCTGTA 

2059 MIRU 20 77 
FW 5' TCGGAGAGATGCCCTTCGAGTTAG 

X  X 
RV 5' GGAGACCGCGACCAGGTACTTGTA 

2163b QUB-11b 69 
FW 5' CGTAAGGGGGATGCGGGAAATAGG 

X X  
RV 5' CGAAGTGAATGGTGGCAT 

2165 ETR A 75 
FW 5' AAATCGGTCCCATCACCTTCTTAT 

X X  
RV 5' CGAAGCCTGGGGTGCCCGCGATTT 

2347 Mtub29 57 
FW 5' GCCAGCCGCCGTGCATAAACCT 

X   
RV 5' AGCCACCCGGTGTGCCTTGTATGAC 

2401 Mtub30 58 
FW 5' CTTGAAGCCCCGGTCTCATCTGT 

X X  
RV 5' ACTTGAACCCCCACGCCCATTAGTA 

2461 ETR B 57 
FW 5' ATGGCCACCCGATACCGCTTCAGT 

X   
RV 5' CGACGGGCCATCTTGGATCAGCTAC 

2531 MIRU 23 53 
FW 5' CTGTCGATGGCCGCAACAAAACG 

X  X 
RV 5' AGCTCAACGGGTTCGCCCTTTTGTC 

2687 MIRU 24 54 
FW 5' CGACCAAGATGTGCAGGAATACAT 

X  X 
RV 5' GGGCGAGTTGAGCTCACAGAA 

2996 MIRU 26 51 
FW 5' TAGGTCTACCGTCGAAATCTGTGAC 

X X X 
RV 5' CATAGGCGACCAGGCGAATAG 

3007 MIRU 27 53 
FW 5' TCGAAAGCCTCTGCGTGCCAGTAA 

X  X 
RV 5' GCGATGTGAGCGTGCCACTCAA 

3171 Mtub34 54 
FW 5' GGTGCGCACCTGCTCCAGATAA 

X   
RV 5' GGCTCTCATTGCTGGAGGGTTGTAC 

3192 MIRU 31 53 
FW 5' ACTGATTGGCTTCATACGGCTTTA 

X X X 
RV 5' GTGCCGACGTGGTCTTGAT 

3690 Mtub39 58 
FW 5' CGGTGGAGGCGATGAACGTCTTC 

X X  
RV 5' TAGAGCGGCACGGGGGAAAGCTTAG 

4052 QUB-26 111 
FW 5' AACGCTCAGCTGTCGGAT 

X X  
RV 5' CGGCCGTGCCGGCCAGGTCCTTCCCGAT 

4156 Qub4156 59 
FW 5' TGACCACGGATTGCTCTAGT 

X X  
RV 5' GCCGGCGTCCATGTT 

4348 MIRU 39 53 
FW 5' CGCATCGACAAACTGGAGCCAAAC 

X  X 
RV 5' CGGAAACGTCTACGCCCCACACAT 

 

 

  



92 
 

Table SVIII-4 – In silico standard 24 MIRU-VNTR analysis of the aligned 32 genomes. Strains in grey are clustered. This method clustered 11 out of the 32 strains. 

Strains 

M
IR

U
 2

 

M
tu

b
0

4
 

ET
R

 C
 

M
IR

U
 4

 

M
IR

U
 4

0
 

M
IR

U
 1

0
 

M
IR

U
 1

6
 

M
tu

b
2

1
 

M
IR

U
 2

0
 

Q
U

B
-1

1
b

 

ET
R

 A
 

M
tu

b
2

9
 

M
tu

b
3

0
 

ET
R

 B
 

M
IR

U
 2

3
 

M
IR

U
 2

4
 

M
IR

U
 2

6
 

M
IR

U
 2

7
 

M
tu

b
3

4
 

M
IR

U
 3

1
 

M
tu

b
3

9
 

Q
U

B
-2

6
 

Q
u

b
4

1
5

6
 

M
IR

U
 3

9
 

24 MIRU-VNTR profile 
Strains in 

cluster 

EAI5 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 2 5 2 2 224313222534236133332522 11 

EAI5_NITR206 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 2 5 2 2 224313222534236133332522 11 

RGTB423 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 2 5 2 2 224313222534236133332522 11 

RGTB327 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 2 5 2 2 224313222534236133332522 11 

96121 2 1 4 2 2 4 3 8 2 5 4 3 2 1 3 2 2 3 3 4 2 1 1 3 214224382543213223342113 1 

BT1 2 4 3 3 3 5 3 3 2 4 4 4 4 2 5 1 5 3 3 3 3 6 2 3 243335332444425153333623 1 

BT2 2 3 4 4 3 3 3 5 2 * * 4 4 2 5 1 10 3 3 5 3 6 2 3 234433352--44251103353623 1 

CCDC5079 2 4 4 3 2 3 3 5 2 6 4 2 4 1 5 1 7 3 3 5 3 7 2 3 244323352642415173353723 1 

CCDC5180 2 4 4 3 3 3 3 5 2 5 3 4 2 2 6 1 7 3 3 5 2 7 2 3 244333352534226173352723 1 

BS1 2 4 4 3 1 3 3 5 2 4 4 4 4 2 5 1 7 3 3 5 3 8 2 3 244313352444425173353823 1 

K 2 3 4 3 2 3 3 5 2 5 4 3 4 2 3 1 6 3 3 5 3 9 3 3 234323352543423163353933 1 

Beijing/NITR203 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 2 5 2 2 224313222534236133332522 11 

96075 2 4 4 3 3 3 3 4 1 1 4 4 4 2 5 1 1 3 3 5 3 2 2 2 244333341144425113353222 1 

Beijing-like 2 2 4 3 1 3 3 5 2 9 4 4 4 2 5 1 7 1 3 4 3 8 2 3 224313352944425171343823 1 

KIT87190 2 3 4 3 2 3 3 5 2 5 4 4 4 2 5 1 7 3 3 4 3 9 2 3 234323352544425173343923 1 

SCAID 187.0 2 2 4 3 1 3 3 5 2 9 4 4 2 3 6 1 3 3 3 4 3 5 2 2 224313352944236133343522 1 

49-02 2 4 4 3 3 3 3 4 2 6 4 4 4 2 5 1 5 3 3 5 3 8 2 3 244333342644425153353823 1 

CAS/NITR204 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 2 5 2 2 224313222534236133332522 11 

CDC1551 2 4 3 3 5 5 3 3 2 3 2 3 4 2 5 1 5 3 2 3 3 6 3 2 243355332323425153233632 1 

CITR_2 1 3 2 3 5 4 2 3 2 1 2 4 1 2 5 1 5 3 3 2 2 6 2 2 132354232124125153322622 1 

H37Ra 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 3 3 2 2 224313222534236133333322 1 

H37Rv 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 2 5 2 2 224313222534236133332522 11 

Haarlem 2 2 3 3 3 5 3 3 2 4 3 4 4 2 5 1 5 3 3 3 3 2 3 2 223335332434425153333232 1 

Haarlem3_NITR202 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 2 5 2 2 224313222534236133332522 11 

F11 2 4 4 3 3 3 3 4 2 4 2 4 2 2 6 1 4 3 1 3 1 7 2 2 244333342424226143131722 1 

H37RvSiena 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 2 5 2 2 224313222534236133332522 11 

Erdman 2 2 3 3 3 4 3 3 1 4 3 2 4 2 3 1 5 3 3 3 9 2 3 2 223334331432423153339232 1 

Kurono 2 2 4 3 1 3 3 2 2 4 3 4 2 2 6 1 3 3 3 4 5 4 2 1 224313322434226133345421 1 

7199_99 2 2 3 3 2 4 3 3 2 6 3 4 4 2 2 1 5 3 3 3 4 7 3 2 223324332634422153334732 1 

ZMC13_264 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 2 5 2 2 224313222534236133332522 11 

ZMC13_88 2 2 4 3 1 3 2 2 2 5 3 4 2 3 6 1 3 3 3 3 2 5 2 2 224313222534236133332522 11 

Africanum 2 2 5 3 1 7 2 4 2 4 7 3 4 3 4 2 4 3 3 3 4 4 3 2 225317242473434243334432 1 
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Method HGDI 0,889 
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Table SVIII-5 - In silico standard 15 MIRU-VNTR analysis of the aligned 32 genomes. Strains in grey are clustered. This method clustered 11 out of the 32 strains. 
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15 MIRU-VNTR profile Strains in cluster 

EAI5 2 4 3 1 3 2 2 5 3 2 3 3 2 5 2 243132253233252 11 

EAI5_NITR206 2 4 3 1 3 2 2 5 3 2 3 3 2 5 2 243132253233252 11 

RGTB423 2 4 3 1 3 2 2 5 3 2 3 3 2 5 2 243132253233252 11 

RGTB327 2 4 3 1 3 2 2 5 3 2 3 3 2 5 2 243132253233252 11 

96121 1 4 2 2 4 3 8 5 4 2 2 4 2 1 1 142243854224211 1 

BT1 4 3 3 3 5 3 3 4 4 4 5 3 3 6 2 433353344453362 1 

BT2 3 4 4 3 3 3 5 * * 4 10 5 3 6 2 3443335--4105362 1 

CCDC5079 4 4 3 2 3 3 5 6 4 4 7 5 3 7 2 443233564475372 1 

CCDC5180 4 4 3 3 3 3 5 5 3 2 7 5 2 7 2 443333553275272 1 

BS1 4 4 3 1 3 3 5 4 4 4 7 5 3 8 2 443133544475382 1 

K 3 4 3 2 3 3 5 5 4 4 6 5 3 9 3 343233554465393 1 

Beijing/NITR203 2 4 3 1 3 2 2 5 3 2 3 3 2 5 2 243132253233252 11 

96075 4 4 3 3 3 3 4 1 4 4 1 5 3 2 2 443333414415322 1 

Beijing-like 2 4 3 1 3 3 5 9 4 4 7 4 3 8 2 243133594474382 1 

KIT87190 3 4 3 2 3 3 5 5 4 4 7 4 3 9 2 343233554474392 1 

SCAID 187.0 2 4 3 1 3 3 5 9 4 2 3 4 3 5 2 243133594234352 1 

49-02 4 4 3 3 3 3 4 6 4 4 5 5 3 8 2 443333464455382 1 

CAS/NITR204 2 4 3 1 3 2 2 5 3 2 3 3 2 5 2 243132253233252 11 

CDC1551 4 3 3 5 5 3 3 3 2 4 5 3 3 6 3 433553332453363 1 

CITR_2 3 2 3 5 4 2 3 1 2 1 5 2 2 6 2 323542312152262 1 

H37Ra 2 4 3 1 3 2 2 5 3 2 3 3 3 3 2 243132253233332 1 

H37Rv 2 4 3 1 3 2 2 5 3 2 3 3 2 5 2 243132253233252 11 

Haarlem 2 3 3 3 5 3 3 4 3 4 5 3 3 2 3 233353343453323 1 

Haarlem3_NITR202 2 4 3 1 3 2 2 5 3 2 3 3 2 5 2 243132253233252 11 

F11 4 4 3 3 3 3 4 4 2 2 4 3 1 7 2 443333442243172 1 

H37RvSiena 2 4 3 1 3 2 2 5 3 2 3 3 2 5 2 243132253233252 11 

Erdman 2 3 3 3 4 3 3 4 3 4 5 3 9 2 3 233343343453923 1 

Kurono 2 4 3 1 3 3 2 4 3 2 3 4 5 4 2 243133243234542 1 

7199_99 2 3 3 2 4 3 3 6 3 4 5 3 4 7 3 233243363453473 1 

ZMC13_264 2 4 3 1 3 2 2 5 3 2 3 3 2 5 2 243132253233252 11 

ZMC13_88 2 4 3 1 3 2 2 5 3 2 3 3 2 5 2 243132253233252 11 

Africanum 2 5 3 1 7 2 4 4 7 4 4 3 4 4 3 253172447443443 1 
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Method HGDI  0,889 

Tandem repeat size (bp) 51 58 77 54 53 53 57 69 75 58 51 53 58 111 59 * Not present  
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Table SVIII-6 - In silico standard 12 MIRU-VNTR analysis of the aligned 32 genomes. Strains in grey are clustered. This method 
clustered 12 out of the 32 strains. 
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12 MIRU-VNTR 

profile 

Strains in 

cluster 

EAI5 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

EAI5_NITR206 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

RGTB423 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

RGTB327 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

96121 2 2 2 4 3 2 3 2 2 3 4 3 222432322343 1 

BT1 2 3 3 5 3 2 5 1 5 3 3 3 233532515333 1 

BT2 2 4 3 3 3 2 5 1 10 3 5 3 2433325110353 1 

CCDC5079 2 3 2 3 3 2 5 1 7 3 5 3 232332517353 1 

CCDC5180 2 3 3 3 3 2 6 1 7 3 5 3 233332617353 1 

BS1 2 3 1 3 3 2 5 1 7 3 5 3 231332517353 1 

K 2 3 2 3 3 2 3 1 6 3 5 3 232332316353 1 

Beijing/NITR203 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

96075 2 3 3 3 3 1 5 1 1 3 5 2 233331511352 1 

Beijing-like 2 3 1 3 3 2 5 1 7 1 4 3 231332517143 1 

KIT87190 2 3 2 3 3 2 5 1 7 3 4 3 232332517343 1 

SCAID 187.0 2 3 1 3 3 2 6 1 3 3 4 2 231332613342 1 

49-02 2 3 3 3 3 2 5 1 5 3 5 3 233332515353 1 

CAS/NITR204 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

CDC1551 2 3 5 5 3 2 5 1 5 3 3 2 235532515332 1 

CITR_2 1 3 5 4 2 2 5 1 5 3 2 2 135422515322 1 

H37Ra 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

H37Rv 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

Haarlem 2 3 3 5 3 2 5 1 5 3 3 2 233532515332 1 

Haarlem3_NITR202 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

F11 2 3 3 3 3 2 6 1 4 3 3 2 233332614332 1 

H37RvSiena 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

Erdman 2 3 3 4 3 1 3 1 5 3 3 2 233431315332 1 

Kurono 2 3 1 3 3 2 6 1 3 3 4 1 231332613341 1 

7199_99 2 3 2 4 3 2 2 1 5 3 3 2 232432215332 1 

ZMC13_264 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

ZMC13_88 2 3 1 3 2 2 6 1 3 3 3 2 231322613332 12 

Africanum 2 3 1 7 2 2 4 2 4 3 3 2 231722424332 1 
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Table SVIII-7 – Direct repeat locus spacer sequences analyzed in the spoligotyping method226. 

Spacer  Spacer sequence Spacer  Spacer sequence 

1 5' ACGACTAGGGGAGCG 23 5' ACGGACGAGCTGGAC 

2 5' TCAAAAGCTGTCGCCCA 24 5' TCTCACCCAGCAGGC 

3 5' AAGGCGATCACTGGAAG 25 5' TCGCTGATCGGCTCC 

4 5' GATTGGTCGGCGTATGA 26 5' TGATGGTGGTGCTGAAG 

5 5' CGCACAAGTGGTCAGAA 27 5' CGGGAAGAGATCACGAA 

6 5' AAGCCGGAAATGA 28 5' CATTAGTTGGTGTTGTGATC 

7 5' AGTACTCGCTCTCCTCA 29 5' CGTGGAGCCTGTATTTC 

8 5' CTGGGGGCGGTTTCA 30 5' CAACCGCATCGTCAAGA 

9 5' CACATGGGATTCCGAGT 31 5' AACCTGTCTGACGCGAA 

10 5' CCGGAAGTCAACTAGAG 32 5' CCTATTTGGTCGGGAGT 

11 5' GCCGTTGCTCACCTG 33 5' GTCATGTCGGTGTCGA 

12 5' GGCAGCAGATATCCCAT 34 5' GGGCGAGGTGACTTC 

13 5' GGAGAGGGAATGGCAAT 35 5' TTTCGAGCGTACGGACT 

14 5' TCCGCATCACACCGAAA 36 5' TGTGGTGCTGGATTTCG 

15 5' ATTCACTGCGCGTTATTCA 37 5' ACGAGTTCGCGCTCAAA 

16 5' CGGGAACTCGTGCGA 38 5' CGCATCCGCCATCCA 

17 5' CGCGATTGTTGCCGG 39 5' GTTACCCACGCCGATTT 

18 5' CCCGGACCATCTGCA 40 5' GCACTGGACCTGTATGA 

19 5' CAAGCCAGTTAGCGCAA 41 5' GATAGAAGCCGGAAAGC 

20 5' GGCGAGGTCAAGGAAAT 42 5' GCGCTCGTCCATGTC 

21 5' TTGGGACATCGACATCG 43 5' CCCGGTGCGATTCTG 

22 5' TGTCTCAATCGTGCCGT    
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Table SVIII-8 – In silico spoligotyping analysis, represented using 43 binary and 15 octal patterns. Strains in the same color 
are clustered. This method clustered 16 strains, in 3 clusters containing 11, 3 or 2 strains. 

Strain Spoligotype 1 => 43 (Binary) Spoligotype 1 => 43 (Octal) Strains clustered 

EAI5 1111111111111111111001111111111100001111111 777777477760771 3 

EAI5_NITR206 1101101111111111111001111111111000001101111 667777477740671 1 

RGTB423 1111111111110111100000110111111000001110011 777736033740711 1 

RGTB327 1101111111101111111001101011111100001001011 677677465760451 1 

96121 1101111111111111111001111111000010111110111 677777477413731 1 

BT1 0000000000000000000000000000000000111111111 000000000003771 11 

BT2 0000000000000000000000000000000000111111111 000000000003771 11 

CCDC5079 0000000000000000000000000000000000111111111 000000000003771 11 

CCDC5180 0000000000000000000000000000000000111111111 000000000003771 11 

BS1 0000000000000000000000000000000000111111111 000000000003771 11 

K 0000000000000000000000000000000000111111111 000000000003771 11 

Beijing/NITR203 0000000000000000000000000000000000111111111 000000000003771 11 

96075 0000000000000000000000000000000000111111111 000000000003771 11 

Beijing-like 0000000000000000000000000000000000111110111 000000000003731 1 

KIT87190 0000000000000000000000000000000000111111111 000000000003771 11 

SCAID 187.0 0000000000000000000000000000000000111111111 000000000003771 11 

49-02 0000000000000000000000000000000000111111111 000000000003771 11 

CAS/NITR204 1111111111111111111001000011111100011111111 777777441761771 1 

CDC1551 1110000000001111101111011111111100001111111 700076757760771 1 

CITRI_2 1111111111111111111100001111111100001111111 777777607760771 1 

H37Ra 1111011111111111111001111111111100001111111 757777477760771 1 

H37Rv 1111111111111111111001111111111100001111111 777777477760771 3 

Haarlem 1111111011111111111111111111111100001111011 775777777760751 1 

Haarlem3_NITR202 0101111111111111111001111111111100000111111 277777477760371 1 

F11 1111111100011111111100001111111100001111111 776177607760771 1 

H37RvSiena 1111111111111111111001111111111100001111111 777777477760771 3 

Erdman 1111111111111111111111111000000100001111111 777777774020771 1 

Kurono 1111111111111111111111111111011100001111111 777777777560771 1 

7199_99 0011111111111111111111101000000100001111111 177777764020771 1 

ZMC13_264 1111111111110111111001111111111100001111111 777737477760771 2 

ZMC13_88 1111111111110111111001111111111100001111111 777737477760771 2 

Africanum 1111110001111111111111111111111111111101111 770777777777671 1 

  Method HGDI 0,881 
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Figure SVIII.1 - DNA ladders used in this study. Sizes: 100-500 bp; 50-1000 bp; 100-1000 bp; 100-3000 bp. 

 

 

Table SVIII-9 - Primer pairs for the custom 5 VNTR loci used in this study. Melting temperature is also shown 

VNTR Locus Sets of primers Tm (°C) 

VNTR 0960 
FW 5' GTGATGCGGTAGGTGTGGAC 61.4 

RV 5' GTCGCACCGATCACGCTAC 62.8 

VNTR 1982 
FW 5' CGGTGCTCGAGTTGAAGTAG 58.7 

RV 5' CAGATCACCACCCAGGAAAT 59.8 

VNTR 2372 
FW 5' GAAATGCCGTACTCGACCTC 59.7 

RV 5' CCTGCTTGATTGTCCACCTC 60.7 

VNTR 3663 
FW 5' CAGCTGCCGCCCAAAAAGCAT 70.5 

RV 5' CTGCCCAGCACCGCGATC 68.8 

VNTR 4120 
FW 5' CTCGCCGACCAGCTCACCA 68.4 

RV 5' TGCCCAATAGCCGGATCCC 67.4 

 

Table SVIII-10 - Primers used in the IS6110-Mtb2 method177. Melting temperature is also shown. 

Primer Sets of primers Tm (°C) 

IS1 5' CGGACTCACCGGGGCGGTTCA 75.5 

IS2 5’ CGGACATGCCGGGGCGGTTCA 77.9 

Mtb2 5’ CGGCGGCAACGGCGGC 75.1 

 

Table SVIII-11 – Pair of primers used in the SSCP-PCR method. Melting temperature is also shown. 

Set of primers Tm (°C) 

SSCP-FW 5' ACGGTGTGCTCGACATCAT 60.1 

SSCP-RV 5' GACTTCAGGTGTGGCGAACT 60.3 
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Table SVIII-12 – In silico analysis of the custom 5 VNTR loci used in this study. Values in bp. Strains in same color are 
clustered. This method clustered 15 strains, in two clusters containing 13 and 2 strains. 

Strains VNTR0960 VNTR1982 VNTR2372 VNTR3663 VNTR4120* 

EAI5 432 391 225 423 188 

EAI5_NITR206 432 391 225 423 188 

RGTB423 432 391 225 423 188 

RGTB327 432 391 225 423 188 

96121 485 316 168 360 188 

BT1 538 391 282 337 188 

BT2 432 616 396 288 530 

CCDC5079 432 616 339 288 530 

CCDC5180 432 391 282 351 587 

BS1 432 466 282 288 473 

K 432 391 282 288 530 

Beijing/NITR203 432 391 225 423 188 

96075 432 466 282 288 302 

Beijing-like 432 616 282 288 530 

KIT87190 432 391 282 288 530 

SCAID 187.0 432 241 225 288 416 

49-02 432 391 282 288 359 

CAS/NITR204 432 391 225 423 188 

CDC1551 538 391 168 360 188 

CITR_2 485 466 225 360 245 

H37Ra 432 391 225 423 188 

H37Rv 432 391 225 423 188 

Haarlem 538 616 282 360 359 

Haarlem3_NITR202 432 391 225 423 188 

F11 432 391 396 360 188 

H37RvSiena 432 391 225 423 188 

Erdman = ATCC 35801 485 466 225 360 302 

Kurono 432 391 225 423 188 

7199_99 485 541 282 360 359 

ZMC13_264 432 391 225 423 188 

ZMC13_88 432 391 225 423 188 

Africanum 644 841 168 324 359 

HGDI 0.425 0.593 0.659 0.728 0.692 

 

* In the VNTR4120 locus the repeat unit is not easily defined, size variations do not always correspond to a multiple of the repeat unit size245. 

Custom 5 VNTR HGDI = 0,843 
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Figure SVIII.2 – Phylogenetic tree for in silico 24 MIRU-VNTR analysis. 

 

 

Figure SVIII.3 – Phylogenetic tree for in silico spoligotyping method. 
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Figure SVIII.4 – Phylogenetic tree for in silico custom 5 VNTR loci analysis. 

 

 

 

Figure SVIII.5 – Phylogenetic tree for in silico new method analysis. 
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Table SVIII-13 – Measured amplicon sizes for the new method, for regions I to XV. Values in bp. The results were normalized against the in silico results. In cases where the measured size was 
not predicted in silico, the value was not changed, and is shown in bold. Absent PCR products that were not tested again, due to lack of DNA sample, are shown in black. 

Sample / Variable Region I II III IV V VI VII VIII IX X XI XII XIII XIV XV 

1 245 438 508 684 263 - 754 625 658 102 2363 128 477 824 1101 

2 245 354 508 0 263 649 679 685 658 102 1005 196 165 902 1101 

3 245 438 508 831 263 - 754 685 658 102 1005 128 165 - 1101 

4 245 438 508 684 215 649 754 625 658 102 0 128 477 824 1101 

5 245 438 508 684 263 649 754 625 658 102 0 128 477 824 915 

6 245 438 508 0 263 604 754 685 658 102 2363 128 477 824 446 

7 245 438 0 831 263 649 754 685 658 102 1005 196 165 902 1101 

8 245 438 508 684 263 649 754 685 658 102 2363 128 477 824 1101 

9 245 438 388 684 263 649 754 625 658 102 1005 196 477 902 1101 

10 245 438 508 684 263 649 754 625 658 102 2363 128 477 824 1101 

11 245 354 508 684 263 649 754 625 550 102 2363 128 477 824 1101 

12 245 438 508 684 263 - 754 685 658 102 0 128 477 824 1101 

13 245 438 508 876 - 649 754 685 658 102 1005 196 165 902 1101 

14 245 438 508 684 263 649 754 625 658 102 2363 128 477 824 1101 

15 245 438 508 831 263 649 754 685 658 102 1005 196 165 902 1101 

16 245 438 463 684 - 604 754 685 658 102 1005 196 477 902 1101 

17 245 438 508 684 263 649 754 685 658 102 2363 128 477 824 1101 

18 245 438 508 684 263 649 754 685 658 102 2363 128 477 824 1101 

19 245 438 508 684 215 649 679 685 658 102 1005 196 477 902 1101 

20 - 438 508 684 263 649 679 685 658 102 1005 128 477 902 815 

HGDI 0,000 0,195 0,284 0,500 0,209 0,221 0,268 0,479 0,100 0,000 0,663 0,479 0,395 0,515 0,284 

New method HGDI = 0.968
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Table SVIII-14 – Custom 5 VNTR loci experimental results. Values in bp. The results were normalized against the in silico 
results. Sample 6 had a high copy number in the VNTR1982 locus, and the value was not changed. 

Sample / locus VNTR0960 VNTR1982 VNTR2372 VNTR3663 VNTR4120 

1 379 616 225 423 190 

2 432 466 282 360 245 

3 432 616 339 360 300 

4 326 691 225 423 190 

5 379 691 168 423 190 

6 379 1816 225 423 190 

7 485 616 282 360 300 

8 379 616 225 423 190 

9 485 466 282 360 300 

10 379 616 225 423 190 

11 379 691 225 423 190 

12 326 691 225 423 245 

13 485 541 282 360 245 

14 379 616 225 423 190 

15 485 616 282 324 300 

16 432 541 282 324 300 

17 379 616 225 423 300 

18 379 616 168 423 300 

19 379 391 225 360 300 

20 379 466 396 360 300 

HGDI 0,658 0,758 0,679 0,595 0,647 

Custom 5 VNTR analysis HGDI = 0.968 
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Table SVIII-15 – Array created for the IS6110-Mtb2 method based on the presence (1) or absence (0) of band patterns.   

Sample              

1 0 0 1 1 0 1 0 0 1 0 0 1 0 

2 0 0 1 1 0 0 0 0 1 1 0 1 0 

3 0 0 1 1 0 0 0 0 1 1 0 0 0 

4 0 0 1 1 0 1 1 0 1 1 0 1 1 

5 1 0 1 1 0 1 0 0 1 0 1 1 0 

6 0 0 1 1 0 1 0 0 1 1 0 0 0 

7 0 0 1 1 1 0 0 0 1 1 0 0 0 

8 0 0 1 1 0 1 0 0 1 1 0 1 0 

9 0 0 1 1 1 0 0 0 1 1 0 0 0 

10 0 0 1 1 0 1 0 0 1 1 0 0 0 

11 0 0 1 1 0 1 0 0 1 1 0 1 0 

12 0 0 1 1 0 1 0 0 1 0 0 1 0 

13 0 0 1 1 1 0 0 0 1 1 0 1 0 

14 0 0 1 1 1 1 0 0 1 1 1 1 0 

15 0 0 1 1 0 0 0 0 1 1 0 1 0 

16 0 1 1 1 1 0 0 0 1 1 0 0 0 

17 0 0 1 1 0 1 0 0 1 1 0 1 0 

18 0 0 1 1 0 1 1 1 1 0 0 1 0 

19 1 0 1 1 0 0 0 0 1 0 0 1 0 

20 1 0 1 1 0 0 0 0 1 0 0 1 0 

IS6110-Mtb2 HGDI = 0.958 
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Table SVIII-16 – Detailed information from the 32 whole genomes obtained in GenBank database. N/ - No information 

Strain 

GenBank 

accession 
number 

Drug 
resistance 

Lineage / 
sublineage 

Origin 
Submission 

date 
Sequencing platform Description 

EAI5 CP006578.1 N/ EAI5 Mumbai, India 07-09-2013 Illumina HiSeq platform 
A clinical isolate of M. tuberculosis from Mumbai was isolated and whole genome was sequenced using 
Illumina Sequencing. Reference assembly was generated by mapping reads to the genome of reference 
sequence of M. tuberculosis H37Rv. 

EAI5 
NITR206 

CP005387.1 N/ EAI5 
Tamil Nadu, South 

India 
13-04-2013 Illumina HiSeq platform N/ 

RGTB423 CP003234.1 N/ EAI Kerala, South India 13-03-2012 454 pyrosequencing 
This strain was part of a repository of field strains that had been made as a part of a drug screening 
program of the laboratory. It was isolated from sputum samples of a M/68 patient.  

RGTB327 CP003233.1 N/ EAI Kerala, South India 13-03-2012 454 pyrosequencing 
This strain was part of a repository of field strains that had been made as a part of a drug screening 
program of the laboratory. It was isolated from sputum samples of a M/41 patient.  

96121 CP009427.1 N/ EAI Manilla Manila, Philippines 11-08-2014 
Sanger sequencing, 454 

pyrosequencing and 
Illumina 

The Manila family isolate (M. tuberculosis 96121) was collected in 1996 from a female patient living in 

Manila, Philippines. 

BT1 CP002883.1 XDR Beijing Hong Kong, China 24-05-2011 454 pyrosequencing 

Isolates were obtained from the Tuberculosis Reference Laboratory at the Public Health Laboratory 
Centre of the Department of Health, Hong Kong Special Administrative Region. They were chosen based 
on: their drug-resistance phenotypes, and individual differences in RFLP patterns to maximize 
heterogeneity in genomic variations for comparison. Resistant to ethionamide, kanamycin, capreomycin, 
ofloxacin, amikacin, and pyrazinamide. 

BT2 CP002882.1 XDR Beijing Hong Kong, China 24-05-2011 454 pyrosequencing *See BT1 

CCDC5079 CP001641.1 DS Beijing (modern) 
Fujian Province, 

China 
28-06-2011 Sanger sequencing 

CCDC5079 and CCDC5180 were collected from patients with secondary pulmonary tuberculosis at the 
same hospital in Fujian Province, China, in 2004. Spoligotyping results showed that they both belong to 
the Beijing family. However, they showed completely opposite phenotypes in drug resistance tests: 

CCDC5079 was sensitive to all four first-line drugs, while CCDC5180 was resistant to all four.  

CCDC5180 CP001642.1 MDR Beijing (modern) 
Fujian Province, 

China 
28-06-2011 Sanger sequencing *See CCDC5079 Description 

ZMC13_88 CP009101.1 XDR Beijing Zunyi, China 25-07-2014 Ion Torrent N/ 

ZMC13_264 CP009100.1 XDR Beijing Zunyi, China 25-07-2014 Ion Torrent N/ 

BS1 CP002871.1 DS Beijing Hong Kong, China 24-05-2011 454 pyrosequencing *See BT1. This isolate was drug susceptible. 

K CP007803.1 MDR Beijing K North Korea 23-05-2014 
Sanger sequencing and 

Illumina 

M. tuberculosis K, was first identified in 1999 as the most prevalent genotype in South Korea among 
clinical isolates of M. tuberculosis from high school outbreaks. M. tuberculosis K is an aerobic, non-

motile, Gram-positive, and non-spore-forming rod-shaped bacillus. This particular M. tuberculosis K 
strain phylogenetically belongs to the Beijing genotype and is the most dominant M. tuberculosis strain 
in South Korea. M. tuberculosis K is resistant to ampicillin, penicillin, chloramphenicol, erythromycin, 
azithromycin, clarithromycin and tetracycline, but it is susceptible to rifampicin, isoniazid, pyrazinamide, 
ethambutol, cycloserine, protionamide, amikacin, capreomycin, kanamycin, streptomycin, moxifloxacin, 
levofloxacin and ofloxacin. 

Beijing 
NITR203 

CP005082.1 N/ Beijing Republic of Korea. 13-04-2013 Illumina HiSeq platform N/ 

96075 CP009426.1 DS Beijing (modern) Beijing, China 11-08-2014 
Sanger sequencing, 454 

pyrosequencing and 
Illumina 

The Beijing family isolate (M. tuberculosis 96075) was collected in 1995 from a 44- year-old man living in 
Beijing, China. The isolate was sensitive to the first-line antibiotics isoniazid, rifampin, streptomycin, and 

ethambutol. Spoligotyping indicated that it was the Beijing type (shared type 1, octal code 
000000000003771) 

Beijing like 
323 

CP010873.1 
MDR or 

XDR 
Beijing 

Colombia, 
Buenaventura 

05-02-2015 PacBio RS II sequencer 

Multidrug-resistant Beijing-like strain Mycobacterium tuberculosis 323, isolated from a 15-year-old 
female patient who died shortly after the initiation of second-line drug treatment. This strain is 
representative of the Beijing-like isolates from Colombia, where this lineage is becoming a public health 

concern.  
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KIT87190 CP007809.1 DS Beijing K South Korea 27-05-2014 
454 pyrosequencing 
and Illumina HiSeq 

Male, 28 years old patient collected in 2006-05-17. A specific type (called the K cluster) of M. tuberculosis  
with 10 copies of IS6110 in RFLP has been found in about 4% of M. tuberculosis isolates in Korea. 

SCAID 187.0 CP012506.2 MDR Beijing 
Kazakhstan: 
Karagandy 

27-08-2015 
Illumina Hiseq and Ion 

Torrent PGM 

Complete genome sequence of the MDR clinical isolate M. tuberculosis SCAID 187.0 containing several 
drug-resistance mutations is presented. This strain is used in experiments to study genomic and 
population changes leading to reversion of susceptibility to the 1st line anti-TB drugs under the influence 
of a new medicinal drug FS-1. The strain SCAID 187.0 was isolated from sputum of a patient with MDR-
TB during the 2nd phase of the clinical trial of FS-1. The strain was isolated before intake of the first dose 
of FS-1. A drug susceptibility test on solid and liquid media showed resistance to the 1st line of anti-TB-

drugs and to some anti-TB-drugs from the 2nd line.  

49-02 HG813240.1 N/ Beijing (modern) N/ 12-11-2013 N/ N/  

CAS NITR204 CP005386.1 N/ CAS 
Tamil Nadu, South 

India 
13-04-2013 Illumina HiSeq platform N/ 

CDC1551 AE000516.2 DS X3 
Kentucky/Tennessee, 

USA 
25-04-2001 ABI 377 DNA sequencer 

This strain, also nicknamed "Oshkosh", is a recent clinical isolate from a clothing factory worker from the 
Kentucky/Tennessee, USA, region. It is highly contagious, infecting approximately 80% of the patient's 
social contacts. However, this strain has not caused epidemics in man and is sensitive to a wide range of 

drugs. It is also highly virulent in a mouse lung model, producing several orders of magnitude more 
bacteria than the H37Rv strain when inoculated. CDC1551 is a strain involved in a recent cluster of 
tuberculosis cases and is known to be transmissible and virulent in humans. The CDC1551 strain appears 
to be highly infectious in humans, is comparable in virulence to strain H37Rv in animal models, and has 
greater immunoreactivity than H37Rv and other clinical strains due to increased induction of tumor 
necrosis factor alpha, interleukin-6 (IL-6), IL-10, and IL-12. 

CTRI_2 CP002992.1 DS LAM9/AI 
Vladimir, Russia 
(Central region) 

04-08-2011 
Roche Genome 

Sequencer GS FLX 

This M. tuberculosis isolate was cultivated in Molecular-genetic research lab of Central Tuberculosis 
Research Institute, Russian Academy of Medical Sciences, Moscow, Russia. This endemic M. 
tuberculosis strain isolated in Russia belongs to AI family (according to RFLP genotyping). This strain is 
sensitive to all common drugs used in tuberculosis treatment. Since no drug susceptible isolates of the 
above outbreak in Tomsk were available the drug susceptible isolate M. tuberculosis CTRI-2SENS from 
Central region of the European Russia was included as an outgroup. This strain belonged to the AI (or 

LAM) family, which is also prevalent in Russia  

H73Ra CP000611.1 DS H37Ra N/ 12-03-2007 pSMART-LC vector 

This strain is an avirulent strain derived from its virulent parent strain H37 (isolated from a 19 year-old 
male patient with chronic pulmonary tuberculosis by Edward R. Baldwin in 1905) through a process of 
aging and dissociation from in vitro culture in 1935. H37Ra has several different characteristics compared 
with its virulent sister strain H37Rv, including a rough, raised colony morphology, loss of cord formation, 

loss of neutral red dye binding, decreased ability to survive under anaerobic conditions, reduced ability 
to survive inside macrophages, and loss of virulence in guinea pigs, mice and rabbits. 

H37Rv AL123456.3 DS H37Rv N/ 11-06-1998 Sanger 
This strain has been derived from the original human-lung H37 isolate in 1934, and has been used 
extensively worldwide in biomedical research. Unlike some clinical isolates, it retains full virulence in 
animal models of tuberculosis and is susceptible to drugs and receptive to genetic manipulation. 

Haarlem CP001664.1 DR Haarlem N/ 14-09-2006 N/ 
This drug-resistant strain has an accelerated transmission rate among humans in crowded conditions. It 
is being sequenced for comparative genome analysis. 

Haarlem3 
NITR202 

CP004886.1 N/ Haarlem 
Tamil Nadu, South 

India 
13-04-2013 Illumina HiSeq platform N/ 

F11 CP000717.1 N/ LAM3 
Western Cape of 

South Africa 
10-04-2007 Sanger 

This strain represents the largest portion of isolates recovered from tuberculosis patients during a TB 
epidemic in the Western Cape of South Africa. It is also found in other parts of the world. 

H37RvSiena 
(ATCC 
27294) 

CP007027.1 DS H37Rv-like N/ 30-12-2013 Illumina HiSeq 2000 

The complete genome sequence of Mycobacterium tuberculosis reference strain H37Rv (ATCC27294) 
was determined on an isolate carried in our laboratory collection for almost 20 years and named 
H37RvSiena. DNA sequence analysis showed that the genome of H37RvSiena was 4,410,911 bp in size 
and contained 101 genetic polymorphisms compared to H37Rv: 83 single nucleotide polymorphisms, 10 
insertions, and 8 deletions of which one was 617-bp long and seven ranged from 1 to 7 bp. Comparison 

with the genomes of two other H37Rv derivatives allowed identification of 28 polymorphisms specific 
for H37RvSiena.  



106 
 

Erdman 

(ATCC 
35801) 

AP012340.1 N/ Haarlem USA 01-03-2012 

GS FLX Titanium 

sequencer, Sanger 
sequencing and Illumina 

Mycobacterium tuberculosis strain Erdman was isolated from human sputum by William H. Feldman in 
1945, at Mayo Clinic, Rochester, MN, and deposited with the Trudeau Mycobacterium Culture Collection 
in 1946. Due to its consistently high virulence, it has been widely used as a standard virulent laboratory 

strain for virulence and immunization studies. M. tuberculosis Erdman has a faster in vivo doubling time 
than two attenuated strains, M. tuberculosis H37Ra and Mycobacterium bovis BCG, and a slightly faster 
in vivo doubling time than the virulent H37Rv strain in mice. The M. tuberculosis Erdman strain showed 
the same level of virulence as M. tuberculosis CDC1551 in C57BL/6 mice. 

Lehmann 
and 
Neumann 
(ATCC35812) 

(Kurono) 

AP014573.1 N/ LAM Tokyo, Japan 08-04-2014 
PacBio RS II sequencing 

platform (Pacific 
Biosciences) 

M. tuberculosis strain Kurono was isolated from human sputum by Mizunoe in 1951 at Kitasato Research 

Institute, Tokyo, Japan, and deposited with the Trudeau Mycobacterium Culture Collection in 1969. Due 
to its consistently moderate virulence, it has been widely used as a standard virulent laboratory strain 
for virulence and immunization studies primarily in Japan. Lineage analysis based on large sequence 
polymorphisms indicated that M. tuberculosis Kurono belongs to the Euro-American lineage (lineage 4). 
Phylogenetic analysis using whole genome sequences of M. tuberculosis Kurono in addition to 22 M. 
tuberculosis complex strains indicated that H37Rv is the closest relative of Kurono based on the results 
of phylogenetic analysis.  

7199_99 HE663067.1 DS Haarlem/Hamburg 
Hamburg and 

Schleswig-Holstein 
02-02-2012 

454 pyrosequencing 

and Sanger sequencing 

During an outbreak in Hamburg and Schleswig-Holstein, 86 clones belonged to a large cluster. To fully 
characterize the genomic background of the preferentially transmitted Hamburg clone, we completed 
the whole genome sequence of one of its isolates, designated strain 7199/99. 

Africanum FR878060.1 DS West Africanum 2 Gambia 17-06-2011 

454 FLX 
sequencing/Illumina 

/ABI3700 capillary 
sequencers 

Mycobacterium africanum GM041182 was isolated in The Gambia in 2004 from a 27-year-old HIV 
uninfected male patient with 3+ smear positive pulmonary tuberculosis.  Primary isolation was done in 
an automated liquid culture system (Bactec MGIT 960, BD) and drug susceptibility testing for first line 
drugs on solid medium identified no resistance.  

 

 


