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SUMMARY 

Despite reports that tuberculosis (TB) is slowly declining (WHO 2020), the burden is 

still a major public health concern in resource-poor countries. Various studies have 

also indicated that the diversity of Mycobacterium tuberculosis complex (MTBc) 

lineages could be accompanied by differences in the TB disease presentation and 

treatment outcomes. Most importantly, the emergence of drug resistant MTBc strains, 

which result frequently among poor treatment outcomes, is also a serious threat to TB 

control programs. In this PhD thesis, we described the population structure of 

circulating MTBc strains isolated from human TB patients in Ethiopia and Niger, the 

two countries in East and West Africa that carry a high burden of TB with 

phylogenetically distinct MTBc lineages (Ls) and sublineages usually referred to as 

άŦŀƳƛƭƛŜǎέΦ In addition, we tested the efficiency of current diagnostic practices for 

differentiation of MTBc lineages and exclusion of resistant TB. 

 

In the first study, Chapter 2, we described the population structure of MTBc from 274 

(67.7%) isolates that had been collected from consecutive new TB patients (n=405) in 

Northwest Ethiopia, using a conventional genotyping method (spoligotyping), and 

tested the performance of culture isolation and MPT64-based speciation for lineage 7 

(L7). Five major MTBc lineages: L1ςL4 and L7 were identified, with a predominance of 

the East-African-Indian L3 (53.6%) and Euro-American L4 (40.1%), and less Ethiopia-

specific L7 (2.6%) than expected. The CAS1-Delhi family in L3 was the predominant 

genotype in pulmonary as well as lymph node TB, largely designated by the SIT25. 

Direct (on sputum) genotyping displayed a similar frequency of MTBc families and 

lineages to indirect (isolate) genotyping. Additionally, all lineages, including Ethiopia-

specific L7, were culture positive at similar frequencies, and were correctly classified 

as MTBc by the MPT64 assay. As MTBc population structures are often geographically 

variable, future larger population-based studies using whole genome sequencing 

(WGS) might elucidate the bacterial population structure of endemic lineages, 
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including L7, and examine lineage specific virulence and differences in its clinical 

presentation. 

  

In the second study, Chapter 3, using spoligotyping and line probe assay (LPA), we 

investigated the phylogenetic diversity and resistance-conferring gene mutations from 

130 rifampicin-resistant/multidrug-resistance TB (RR/MDR TB) isolates, 41 (63.1%) 

isolates from 65 newly recruited patients and 89 (74.2%) isolates from 120 stored 

strains in Ethiopia. Four MTBc lineages: L1, L3, L4, and L7, with the predominance of 

Euro-American L4 (55.4%) were identified. L1- and L7-genotypes were less frequent 

(each 2.3% of the total), while L2 was not found, contrary to our observations in 

Chapter 2. SIT149 (Ethiopian T3-ETH family), SIT21 (CAS1-Killi), and SIT25 (CAS1-Delhi) 

were the most frequent RR/MDR-TB strains with or without additional second-line 

drug-resistance (SLD-R). Furthermore, in LPA analysis, rpoB S450L and katG S315T 

were the most common drug resistance-conferring mutations, while we found a low 

proportion of gyrA (conferring fluoroquinolone (FQ) resistance) and rrs mutations 

(conferring second-line injectables (SLI) resistance) among 68.5% RR-TB. We also 

identified ΨōƻǊŘŜǊƭƛƴŜΩ rpoB mutations D435Y, H445R, and L452P, commonly missed as 

resistant in liquid-based DST. None of the three Ethiopian-specific L7 isolates were 

resistant to rifampicin (RIF), isoniazid (INH), FQ, or SLI drugs. Systematic surveillance 

for resistance in the area in new- and retreatment TB patients will allow more robust 

estimates of the frequency of resistance against RIF and FQ as well as SLI drugs. 

 

In Chapter 4, as a supplemental study, we analyzed the population structure of MTBc 

from 222 baseline clinical isolates that had been collected from pulmonary RR/MDR-

TB patients recruited consecutively between 2008 and 2016 in Niger, and tested 

whether the Cameroon and Ghana families displayed a slower response to RR/MDR-

TB treatment. We identified the major MTBc lineages of human TB, L1-L6, with a 

predominance of the Euro-American L4. The largest families were the Ghana family 

(including the T1-subfamily), having the SIT53 shared spoligotype, and the Cameroon 
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family, with SIT61 spoligotype type, both members of L4. Among MDR-TB patients with 

a SLD-susceptible profile, those with Cameroon families were more likely to cure than 

those with Ghana families (aOR 6.3; 95%CI:1.1ς35.1; p = 0.04). Lƴ YŀǇƭŀƴ aŜƛŜǊΩǎ 

analysis, patients infected with Cameroon family TB bacilli,  converted significantly 

faster to sputum smear- and culture-negative results, indicating faster cure (Log-Rank, 

p < 0.001). Other risk factors such as gender, age, HIV status, body mass index (BMI), 

and treatment regimen were not associated with sputum smear- and culture 

conversion. 

 

In Chapter 5, the effectiveness of MTBDRsl directly from sputum samples for excluding 

FQ- and SLI-resistance was also studied on 413 patients' data collected as part of the 

Evaluation of the Standard Treatment Regimen of Anti-Tuberculosis Drugs for Patients 

with MDR-TB (STREAM) 1 clinical trial. Sequencing was used to resolve discordant 

results of MTBDRsl and phenotypic drug susceptibility testing (pDST). We found 9 

(2.3%) FQ- and 5 (1.3%) SLI- discordant pDST/MTBDRsl results. The negative predictive 

value (NPV) of MTBDRsl for exclusion of FQ resistance was 99.2% (95% confidence 

interval [CI] 0.98ς1.00), and for SLI resistance 100% (95%CI 0.99-1.00). The overall rate 

of inconclusive MTBDRsl results was 8.6% for FQ and 13.1% for SLI. A higher proportion 

(24.2%) of patients with inconclusive MTBDRsl had low bacillary load samples (acid-

fast bacilli smear-negative or scantily positive) compared to conclusive results (P < 

0.001). Although MTBDRsl turned out to be a good screening tool for the rapid 

exclusion of FQ and SLI resistance, paucibacillary samples can yield inconclusive 

results. More sensitive molecular tools for paucibacillary samples, such as the Xpert 

XDR, are needed in high TB, MDR/XDR-TB burden settings.  

 

In conclusion, our studies provided great insights into the population structure of the 

MTBc in Ethiopia and Niger. Besides, our analysis suggests that culture bias is limited 

in the primary isolation of L1-4 and L7, and that the MPT64 antigen test reliably 

identifies the MTBc in settings where these lineages predominate. Slower smear- and 
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culture conversion of the Ghana versus Cameroon genotypes implies that treatment 

response varied by lineage, with relevance for clinicians, scientists, and public health 

researchers in TB control programs.  Finally, LPAs were shown to be suitable for 

excluding resistance to second-line agents from clinical samples at the start of 

RR/MDR-TB treatment, and also testing the paucibacillary specimens. 
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SAMENVATTING 

Ondanks berichten dat tuberculose (tbc) langzaam afneemt (WHO 2020), vormt de 

ziekte nog steeds een groot probleem voor de volksgezondheid in landen die over 

weinig middelen beschikken. Verschillende studies hebben ook aangetoond dat de 

diversiteit van Mycobacterium tuberculosis complex (MTBc) lineages gepaard kan gaan 

met verschillen in de presentatie van de tbc-ziekte en de behandelingsresultaten. Het 

belangrijkste is dat het ontstaan van resistente MTBc stammen, die vaak resulteren in 

slechte behandelingsresultaten, ook een serieuze bedreiging vormt voor tbc controle 

programma's. In dit proefschrift hebben we de populatiestructuur beschreven van 

circulerende MTBc stammenΣ ƻƻƪ ǿŜƭ άƭƛƧƴŜƴέ ό[ύ ƳŜǘ άǎǳōƭƛƧƴŜƴέ ƻŦ άŦŀƳƛƭƛŜǎέ 

genoemd,  geïsoleerd van menselijke tbc patiënten in Ethiopië en Niger, daarnaast 

hebben we de efficiëntie getest van de huidige diagnostische praktijken voor 

differentiatie van MTBc stammen, en voor uitsluiting van resistente tbc. 

 

In de eerste studie, Hoofdstuk 2, beschreven we de populatiestructuur van MTBc voor 

274 (67,7%) isolaten die waren verzameld van opeenvolgende nieuwe tbc-patiënten 

(n=405) in Noordwest-Ethiopië, met behulp van een conventionele 

genotyperingsmethode (spoligotypering). We bekeken ook of standaard kweek en de 

MPT64 test efficiënt waren voor de isolatie en identificatie van lijn-7 (L7) isolaten. Er 

werden 274 MTBc isolaten verzameld van tbc patiënten die zich presenteerden met 

pulmonale of lymfeklier tbc geanalyseerd met behulp van een conventionele 

genotyperingsmethode (spoligotypering). Vijf belangrijke MTBc-lijnen: L1 tot en met 

L4 en L7 werden geïdentificeerd, met een overwicht van de Oost-Afrikaans-Indiase L3 

(53.6%) en Euro-Amerikaanse L4 (40.1%), en minder Ethiopië-specifieke L7 (2.6%) dan 

verwacht. De CAS1-Delhi familie in L3 was het predominante genotype in zowel 

pulmonale als lymfklier-tbc, met voornamelijk het SIT25 type. Directe (op sputum) 

genotypering gaf een vergelijkbare frequentie van MTBc-families en -stammen te zien 

als indirecte (isolaat) genotypering. Bovendien waren alle lijnen, met inbegrip van de 

Ethiopië-specifieke L7, met een vergelijkbare frequentie kweekpositief en werden zij 
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door de MPT64-test correct als MTBc geclassificeerd. Aangezien MTBc-

populatiestructuren vaak geografisch variabel zijn, zullen toekomstige grotere 

populatie gebaseerde studies met gebruikmaking van sequentieanalyses van volledige 

genomen (WGS),  de structuur van de bacteriële populatie met endemische lijnen, 

waaronder L7, kunnen ophelderen. Dit zou toelaten lijn-specifieke virulentie en 

verschillen in klinische presentatie te onderzoeken. 

 

Eveneens in Ethiopië, in studie twee, Hoofdstuk 3, onderzochten we met behulp van 

spoligotypering en άline-probe-assayέ (LPA) de fylogenetische diversiteit en 

resistentie-verlenende genmutaties van 130 rifampicine-resistente/multidrug-

resistente (RR/MDR)-MTBc isolaten, 41 (63,1%) isolaten van 65 nieuw aangeworven 

patiënten en 89 (74,2%) isolaten van 120 opgeslagen stammen. We identificeerden 

vier MTBc-lijnen: L1, L3, L4, en L7, met een overwicht van de Europees-Amerikaanse 

L4 (54.7%). Genotypes L1 en L7 kwamen minder vaak voor, terwijl L2 niet gevonden 

werd, in tegenstelling tot onze bevinding in Hoofdstuk 2. SIT149 (Ethiopische T3-ETH-

familie), SIT21 (CAS1-Killi), en SIT25 (CAS1-Delhi) waren de meest frequente RR/MDR-

TB-stammen met of zonder bijkomende resistentie aan tweedelijns geneesmiddel 

(SLD-R). Bovendien waren bij de LPA analyse, rpoB_S450L en katG_S315T de meest 

voorkomende geneesmiddelresistentie-verhogende mutaties, terwijl we een laag 

aandeel gyrA-mutaties (die resistentie tegen fluoroquinolonen (FQ) veroorzaken) en 

rrs-mutaties (die resistentie tegen tweedelijns injecteerbare middelen (SLIs) 

veroorzaken) vonden bij 68,5% RR-TB. We identificeerden ook 'borderline' rpoB-

mutaties D435Y, H445R en L452P, die met phenotypische gevoeligheidstesten (pDST) 

in vloeibaar kweekmedium vaak worden gemist als resistent. Geen van de drie 

Ethiopië-specifieke L7-isolaten was resistent tegen rifampicine (RIF), isoniazide, FQs, 

of SLI-medicijnen. Systematische surveillance voor resistentie in de regio, bij zowel 

nieuwe als herbehandelde tbc patiënten, zal meer robuuste schattingen van de 

frequentie van resistentie aan RIF en FQs en SLIs mogelijk maken. 
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In Hoofdstuk 4 analyseerden we als aanvullende studie de MTBc populatiestructuur 

van 222 klinische isolaten van pulmonale RR/MDR-tbc patiënten die opeenvolgend 

tussen 2008 en 2016 in Niger werden gerekruteerd. We testten of patiënten 

geïnfecteerd met TB bacillen van de Kameroen of Ghana families een tragere respons 

op de toegediende RR/MDR-tbc behandeling vertoonden. We identificeerden de 

belangrijkste MTBc-lijnen van menselijke TB, L1-L6, met een overwicht van de Euro-

Amerikaanse L4. De grootste families waren de Ghana-familie (inclusief de T1-

subfamilie), met als meest frequente spoligotype SIT53, en de Kameroen-familie, met 

het spoligotype SIT61, beide leden van L4. Onder de RR/MDR-tbc patiënten met een 

SLD-gevoelig profiel hadden degenen geïnfecteerd met MTBc van de Kameroen-

families meer kans op genezing dan degenen met Ghana-familie isolaten (aOR 6,3; 

95%CI:1,1-35,1; p = 0,04). Ook in een Kaplan Meier's analyse converteerden patiënten 

die ziek waren met Kameroen familie MTB significant sneller naar uitstrijk- en 

kweeknegatief dan die met Ghana familie (Log-Rank, p < 0.001). Andere risicofactoren 

zoals geslacht, leeftijd, HIV status, body mass index, en behandelingsregime waren niet 

geassocieerd met sputum uitstrijkje- en kweekconversie. Lƴ ŜŜƴ YŀǇƭŀƴ aŜƛŜǊΩǎ 

analyse vertoonden patiënten geïnfecteerd met TB bacillen van de Kameroen familie 

een snellere omslag naar negatieve microscopie en kweekresultaten, duidend op een 

snellere genezing (Log-Rank, p < 0.001). 

 

In Hoofdstuk 5 werd de effectiviteit van de LPA (Genotype MTBDRsl, Hain LifeSciences) 

voor het uitsluiten van FQ- en SLI-resistentie onderzocht op gegevens van 413 

patiënten die waren verzameld als oƴŘŜǊŘŜŜƭ Ǿŀƴ ŘŜ ƪƭƛƴƛǎŎƘŜ ǎǘǳŘƛŜ ά{ǘŀƴŘŀǊŘ 

Treatment Regimen of Anti-Tuberculosis Drugs for Patients with MDR-TB (STw9!aύ мέΦ 

Sequentieanalyses werden gebruikt om discordante resultaten van MTBDRsl en pDST 

op te lossen. Wij vonden 9 (2,3%) FQ- en 5 (1,3%) SLI-discordante pDST/MTBDRsl-

resultaten. De negatief voorspellende waarde (NPV) van MTBDRsl voor uitsluiting van 

FQ-resistentie was 99,2% (95% betrouwbaarheidsinterval [CI] 0,98-1,00), en voor SLI-

resistentie 100% (95%CI 0,99-1,00). Het totale percentage onduidelijke MTBDRsl-



14 
 

resultaten was 8,6% voor FQ en 13,1% voor SLI. Een hoger aandeel (24,2%) van 

patiënten met onduidelijke MTBDRsl had monsters met een lage bacillaire lading 

(uitstrijknegatief of schaars positief) in vergelijking met concluderende resultaten (P < 

0,001). Hoewel MTBDRsl een goed screeningsinstrument bleek te zijn voor de snelle 

uitsluiting van FQ- en SLI-resistentie, kunnen paucibacillaire monsters onovertuigende 

resultaten opleveren. Gevoeligere moleculaire testen voor paucibacillaire monsters, 

zoals de GeneXpert-XDR (Cepheid, USA), zijn nodig in gebieden met een hoge 

tuberculoselast. 

 

Concluderend kan worden gesteld dat onze studies meer inzicht hebben verschaft in 

de populatiestructuur van de MTBc in Ethiopië en in Niger. Bovendien bleek uit onze 

analyse dat de bias geïntroduceerd door kweek beperkt is bij de primaire isolatie van 

L1-4 en L7, en dat de MPT64-antigeentest de MTBc op betrouwbare wijze identificeert 

in settings waar deze lineages overheersen. Een langzamere conversie van uitstrijkjes 

en culturen van de Ghana versus Kameroense genotypen impliceert dat de respons op 

de behandeling per MTBc lijn verschilt, wat relevant is voor clinici, wetenschappers en 

volksgezondheidsonderzoekers in tbc-bestrijdingsprogramma's. Tenslotte bleken LPAs 

geschikt voor het uitsluiten van resistentie aan tweedelijns middelen bij aanvang van 

een RR/MDR-tbc behandeling, inclusief voor het testen van paucibacillaire monsters. 
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1. General Introduction 

1.1 Global and Ethiopian epidemiology of tuberculosis  

Tuberculosis (TB) is an ancient disease, caused by the Mycobacterium tuberculosis 

complex (MTBc). It has affected humankind throughout known history (1). Today, the 

disease remains a major global health problem, causing ill-health among millions of 

people each year, ranked as one of the leading causes of death due to infectious 

diseases (2). Even though the incidence of TB was slowly decreasing since 2006, the 

World Health Organization (WHO) estimates that, in 2020, 10 million new cases of 

active TB have been reported worldwide and there were 1.3 million deaths from TB 

among HIV-negative people and an additional 214 000 deaths among HIV-infected 

patients (3), with a setback due to the COVID-19 pandemic and resulting challenges for 

TB patients to reach diagnostic services and care. The mortality rate differs 

considerably among countries ranging from less than one TB death per 100,000 

population in high resource countries to 40 or more deaths per 100,000 population in 

low resource countries. Besides, an estimated 3.3% of new and 18% of previously 

treated TB patients had RR/MDR-TB worldwide. In total, the incidence of MDR/RR-TB 

was estimated at 465,000 in 2019. Of these, approximately 7.4% were estimated to 

have resistance to FQs and SLI (2). 

 

During the 20th century, TB incidence started to decrease rapidly in developed 

countries through the improvement of health, the introduction of the BCG (Bacillus 

CalmetteςGuerin) vaccine in 1921, and the use of antimicrobial drugs, such as 

streptomycin (1943), isoniazid (1952) and rifampicin (1963). However, despite efforts 

to eradicate this disease, TB incidence increased again in the 1980s, owing to the HIV 

pandemic, the deterioration of health conditions in large cities of high and low income 

countries, and the appearance of resistance to antibiotics (1).  

 

Geographically, the burden of TB is highest in the WHO regions of South-East Asia, 

Africa, and the Western Pacific (3). !ōƻǳǘ нр҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ¢. ŎŀǎŜǎ ŀǊŜ ƛƴ ǘƘŜ African 
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region (2,460,000), which also has the highest per capita rates of cases and deaths (2) 

due to high HIV co-infection rates. Most TB cases were among the economically 

productive age group (15-54 years). In 2020, more than 85% of all estimated incident 

TB cases were reported in the 30 high TB burden countries (HBCs) (3), eight of these 

countries accounted for two-thirds of the total, with India (26%) leading the case, 

followed by China (8.5%), Indonesia (8.4%), the Philippines (6.0%), Pakistan (5.8%), 

Nigeria (4.6%), Bangladesh (3.6%) and South Africa (3.3%) (Figure 1.1). Of 14 countries 

listed by WHO that has had the highest triple burden of TB, HIV, and MDR-TB, eight 

are in sub-Saharan Africa (2), of which four are Eastern Africa countries: Ethiopia, 

Kenya, Mozambique, and Zimbabwe, where this disease continues to have a 

devastating effect. The Eastern Africa region has a combined TB incidence of 901,060 

cases with nearly 21.5% (193,015) of the TB cases among people living with HIV. There 

were 60,310 HIV-positive TB deaths in 2020, which is 35% of the total HIV-positive TB 

mortality across the WHO Africa region (170,000), this rate of mortality is very high. 

 

Despite the tremendous global efforts and encouraging progress obtained towards the 

control of the TB epidemic since 1990, TB remains to be the single most infectious 

disease that takes more lives each year and has grave implications for the TB control 

programs (2). To reduce this high TB burden, the WHO designed the ά9ƴŘ ¢. {ǘǊŀǘŜƎȅέ 

in 2014 with set targets to reduce the absolute number of TB deaths and TB incidence 

by 90% and 80% respectively by 2030 and 95% and 90% by 2035 (4). The total number 

of TB incidence rate and deaths were expected to have been reduced by 20% and 35% 

between 2015 and 2020, respectively; however, only 9% and 14%, respectively were 

achieved. Presently, various factors have been indicated to be contributing to the slow 

reduction of TB, including the potential impact of the COVID-19 pandemic on TB 

determinants and TB disease burden (2), the huge number of missed TB cases, its 

strong association with HIV and the emergence of drug resistance placed TB among 

the serious threats that the world is facing at the moment. 
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Figure 1.1. The estimated incidence of TB (per 100,000). (Adapted from the WHO 

Global Tuberculosis Report 2020 (2)). 

 

Ethiopia, the second-most populous African country, is currently ranked 12th in the 

global TB incidence and is the 4th highest TB burden country in sub-Saharan Africa, with 

an estimated incidence of 157,000 of all forms of TB (2). TB-related mortality is in the 

top ten reported causes of death among hospital admissions in the country (5), with 

an annual estimated death rate of 24 per 100,000 populations in 2020. According to 

the WHO estimate, the case detection rate of all forms of TB was 71%, with 108,714 

cases notified, 70% pulmonary TB, and 62% bacteriologically confirmed TB (3). Ethiopia 

is also the third country in the world in terms of the burden of extrapulmonary TB, 

which covers up to 40% of all TB forms recorded annually in the country compared to 

an overall 16% of extrapulmonary TB worldwide (6,7). In the country, more than 75% 

of all extrapulmonary TB reported concerns lymph node TB that currently accounts for 

around 30% of all incident TB cases in Ethiopia (8), and predominantly 60ς90% of the 

disease presented in cervical lymphadenitis than other sites.  
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Ethiopia is also one of the 30 high TB, TB/HIV, and MDR-TB burdened countries (2), 

with more than 1600 estimated MDR/RR-TB cases reported in 2019. The recent 

estimate indicated that the incidence of MDR/RR-TB is 2.7% in newly diagnosed cases 

and 14% in previously treated TB. However, according to the WHO, in 2020, only 591 

MDR/RR-TB cases were notified and started treatment (3). Since 2009, the Ethiopian 

Ministry of Health has started the first treatment program for MDR-TB patients at St 

Peter Hospital, in the capital Addis Ababa, and in 2010 at Gondar University Hospital, 

Northwest Ethiopia. In the subsequent years, MDR/RR-TB testing and treatment 

centers have been expanded into other cities in Ethiopia. The treatment success rate 

was reportedly 70%-80% in 2018. However, due to the absence of a strong surveillance 

system, lack of early diagnostic facilities, and health service coverage, the real burden 

of TB and MDR/RR-TB is still not well known. In addition, the genotypes of circulating 

MTBc strains within the population in Ethiopia are not well documented. At present, 

the national TB control program recommends different drug-susceptibility testing 

(DST) methods, including Xpert® MTB/RIF assay for detecting MDR/RR-TB cases, 

considering the suitability for use at the peripheral health facility level, the rapid turn-

around-time of results, and minimal need for expertise and safety measures. 

 

1.2 The M. tuberculosis pathogen 

1.2.1 Characteristics of mycobacteria  

M. tuberculosis, the tubercle bacillus, was first discovered by Robert Koch in 1882, and 

has been included in the scientific literature as a genus in 1896 (1,9). Phylogenetically, 

the genus Mycobacterium is contained within the phylum Actinobacteria, order 

Actinomycetales, and as a member under the family Mycobacteriaceae. Currently, the 

genus has more than 190 recognized species, including diverse species ranging from 

environmental saprophytes to obligate pathogens (9,10). Most of them live and 

replicate freely in natural ecosystems and only a few species became successful 

pathogens of higher vertebrates. 
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Mycobacteria are aerobic, non-motile, non-spore-forming, and acid-fast bacilli that 

appear microscopically as straight or slightly curved rods. These bacteria also express 

unique mycolic acids, waxy-like complex lipids, in the cell envelope that play a critical 

role in the structure and function of the cell wall; including hydrophobicity, resistance 

to drying, acidity, or alkalinity, and many antibiotics. Mycolic acids have distinctive 

immunostimulatory properties (11,12). The growth rate of mycobacteria is generally 

slow relative to other microorganisms, with generation times ranging from two hours 

to 14 days. 

 

Traditionally, mycobacteria can be classified into several major types based on the 

ability to grow in vitro, fundamental differences in epidemiology, and their association 

with disease. The species within the genus Mycobacterium have been classically 

divided into two taxonomic groups based on their growth rate on solid media, which 

consist of fast- and slow-growing members, with the quicker-growing species, usually 

being non-pathogenic saprophytes, and the majority of the pathogenic strains 

belonging to the slower-growing species (12). Mycobacteria can also be grouped for 

the purpose of diagnosis and treatment: these include the MTBc, the cause of TB 

disease in different host species, followed by M. leprae, etiology of Hansen's disease, 

or leprosy, and M. ulcerans, the cause of Buruli disease. Other non-tuberculous 

mycobacteria (NTMs) include non-pathogenic species and pathogens that can cause a 

variety of disease presentations, from pulmonary disease indistinguishable from TB to 

lymphadenitis or skin disease (12). 

 

The mycobacterial genome displays a typical bacterial chromosomal structure, i.e. a 

single large circular DNA molecule with a high G+C content of 60-70%. The genome 

sizes of mycobacterial species obtained by DNA sequencing range from 3,268,203 

base-pairs (M. leprae) (13) to 6,988,209 base-pairs (M. smegmatis) (14). M. 

tuberculosis was among the first bacterial species to have its full (4.41 Mb) genome 

sequenced (13). Moreover, the genome size of M. bovis (15) is significantly smaller 
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than that of M. tuberculosis and revealed that M. bovis has several DNA deletions while 

maintaining 99.95% identity with M. tuberculosis and no new genetic material (16). 

 

1.2.2 Evolution of the Mycobacterium tuberculosis complex (MTBc) 

The MTBc is a genetically related group of mycobacterial species and sub-species that 

are characterized by 99.9% similarity at the nucleotide level and identical 16S rRNA 

sequences (16,17). The present evolutionary studies hypothesize the evolution of the 

MTBc from an environmental saprophyte through a collective process of genome 

adaptation. In a phylogenetic analysis, reports indicated that the MTBc is the clonal 

progeny of an ancestral strain of M. canettii, belonging to the group of smooth tubercle 

bacilli (16,18,19), (Figure 1.2). Evidence also suggests that MTBc evolved from a 

common ancestral hominid pathogen of African origin (18), and spread globally with 

human migration and trade to give rise to the current human-adapted phylogenetic 

lineages (19ς21) approximately 70,000 years ago. 
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Figure 1.2. Evolutionary relationship between selected mycobacteria and members of 

the Mycobacterium tuberculosis complex (MTBc), (Adapted from Galagan, 2014 (19)). 

TbD1 indicates the deletion event specific for M. tuberculosis lineages 2, 3, and 4. All 

species shown are from the genus Mycobacterium. 

 

The MTBc comprised the human-adapted lineages, such as M. tuberculosis sensu 

stricto (including Lineage 1 - L4 and L7), M. africanum (L5 and L6), and M. canettii, and 

other various animal-adapted lineages/species such as M. bovis, M. microti, M. caprae, 

M. pinnipedii, M. suricattae, M. mungi, M. dassie, M. orygis, and M. oryx (22ς25) 

(Figure 1.3). Recently, two other lineages, L8 (26) and L9 (27), have been identified and 

increased the number into 9 MTBc lineages. Some lineages occur globally and others 

are geographically restricted, suggesting generalist and specialist phenotypes (28,29) 

(Figure 1.3). For example, the most ancestral human-associated lineages (namely, L1, 

L5, L6, and L7, and the newly identified L8 and L9) are all linked to Africa, either to 

western (L5 and L6,) or eastern Africa (L1, L7, L8, and L9), which supports an African 

origin of the MTBc. In contrast, the strains of more recently derived modern lineages 
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show a distribution rather centered on Asia (L3), or intercontinental distributions (L2 

and L4), but still with strong phylogeographical expansions at family levels (29). Several 

well-defined families have been described within these lineages; the Beijing family of 

L2 is globally spread but prevalent in East Asia, China, and Russia. The L3 families, i.e. 

the Central Asian (CAS), is common in Central Asia and Africa. The L4 families, such as 

the Latin American-Mediterranean (LAM), Haarlem (H), Anglo-Saxon (X), and some ill-

defined T families, are globally spread, while families Ghana, Uganda, and Cameroon 

occur at high frequencies in specific regions of Africa and Asia (29,30). 

 

Despite the limited genetic variability within these MTBc, the strains belonging to 

different lineages of MTBc show significant differences in terms of pathogenicity, 

transmissibility, and host specificity (28). Although human TB caused by any of the 

MTBc strains is reportable worldwide (2), genotyping the clinical isolates is usually 

restricted to specific molecular-epidemiological investigations on transmission studies. 

As treatment is until now the same for all MTBc lineages (M. bovis being intrinsically 

resistant to pyrazinamide), routinely applied genotyping is focused on resistance-

associated genes rather than true typing to know which lineage is causing disease. 
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Figure 1.3. Phylogeny of the M. tuberculosis complex and distribution of the seven 

main M. tuberculosis lineages (Adapted from Coscolla and Gagneux, 2014 (28). RD = 

region of difference; A= Node support after 1000 bootstrap replications is shown on 

branches and the tree is rooted by the outgroup M. canettii; B= the most 

geographically widespread lineages; C= the intermediately distributed lineages; and 

D= the most geographically restricted lineages. 

 

1.3 Clinical presentation of tuberculosis 

TB is a contagious infection that mainly affects the lungs but can also affect any other 

organ including lymph nodes, bone, brain, and other internal organs. The clinical 

presentation of TB infection and disease is highly variable, ranging from a rapid clearing 

by the host defense response to life-long latent infection (31). About a quarter of the 

ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴ ƛǎ latently infected with TB (also called LTBI), reflecting one of the 

largest reservoirs of TB disease, and can colonize their hosts without showing any 

clinical and radiologic manifestations (32). Some studies also show the prevalence of 

LTBI; 55.2% in South Africa and 31.2% in Ethiopia (33). Since the last two decades, 
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possibly due to expanded TB diagnosis and treatment, the annual risk of infection 

might have been reduced in parts of the world, though, the recent global burden of 

latent TB is therefore indeterminate and require to be studied. However, 5ς10% of 

latent TB may convert to active disease if viable bacilli in the tissues reactivate 

following a reduced host's immunity, for example in HIV co-infected patients, 

progressive chronic diseases, poor nutrition, and in elders (34).  

 

Clinical symptoms are usually gradual in onset, varying from weeks to months, 

although more acute onset can occur in immunocompromised individuals (35). 

Tuberculosis can present as pulmonary and/or extrapulmonary disease. In pulmonary 

TB, the most commonly reported symptoms are chronic cough, sometimes mixed with 

blood in sputum, chest pains, weakness, weight loss, fever, and night sweats. The 

extrapulmonary form that accounts for 16% of all the total worldwide TB cases (2), 

shows various presentations depending on the affected organ system (36). Lymph 

node TB, which is particularly common in Ethiopia, may involve any regional lymph 

nodes but most often affects those of the neck and supraclavicular regions. Physical 

examination reveals painless enlarged lymph nodes, often of varying size, firm discrete 

or matted nodes, mobile or fixed to surrounding structures, and the overlying skin may 

be indurated, or form scrofula (37). A higher proportion of extrapulmonary TB, 30% of 

all incident TB, has been documented in Ethiopia (6,7). The reason for such high 

prevalence is unknown.  In general, the frequency of extrapulmonary TB is notably high 

in patients with immunosuppression worldwide. For example, among people living 

with HIV, extrapulmonary TB reaches up to 60%. 

 

A wide variety of host and pathogen-associated variables influence the clinical 

manifestation of TB in different individuals within the human population (38,39). 

Although it is still challenging to investigate the influence of bacterial and host 

genotypes on the development of different forms of TB in humans, molecular studies 

have suggested that disease phenotype seems to be associated with a bacterial 
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genotype (39). This is particularly true for the MTBc, where the interaction of genotypic 

variation among different strains with human genetic polymorphism plays a prominent 

role in the onset of TB diseases (38,40). It has been indicated that a higher rate of 

pulmonary TB was often associated with L4, while extrapulmonary TB, such as TB 

meningitis and TB lymphadenitis were more attributed to L3 (41,42). Also, despite the 

clinical presentations being associated with the level of TB disease severity, the 

mechanisms supporting this variation have not yet been completely explored. Patient-

to-patient differences in clinical TB likely reflect a multifaceted relationship between 

host factors, including the level of immunosuppression and immune response 

phenotype (43) and MTBc genetic diversity (28,44), as well as a health system or 

ǇŀǘƛŜƴǘΩǎ Ŧŀctors such as delays to diagnosis and treatment. As evidenced from  

Ethiopia, patients with L7 infection were more likely to delay in seeking treatment for 

pulmonary TB. This pathogen is also linked with slow growth in vitro (45), possibly 

showing less capability of the strain to cause active TB disease. Moreover, in another 

study, patients infected with L2 or L4 strains were shown to have a higher probability 

of developing active TB than those infected with L6 strains (46), which might be the 

ability of these strains to produce a unique phenolic glycolipid that attenuates the 

ƘƻǎǘΩǎ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜ ŀƴŘ ǘǊƛƎƎŜǊŜŘ the more severe disease. 

 

1.4 Diagnosis of tuberculosis 

The diagnosis of TB still largely depends upon initial clinical manifestations and 

radiographic findings (sensitivity of 85% and specificity around 96% for abnormality 

suggestive of TB), with subsequent laboratory confirmation of the disease from 

different types of clinical specimens (47,48). The most widely used clinical TB screening 

is the WHO symptom screening for clinical features associated with pulmonary TB 

(including cough, haemoptysis, weight loss, fever, or night sweats). Symptom 

screening has, however, low and variable sensitivity particularly for detecting TB early 

(48), with sensitivity (51%) and specificity (88%) for any cough for detection of TB 

disease. The yield of screening with symptoms may differ from one area to another, 
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depending on the prevalence of non-TB diseases and the quality of screening. For 

example, the sensitivity and specificity of any TB symptom (cough, haemoptysis, fever, 

night sweats, weight loss) had been indicated 71% and 64%, respectively. Prolonged 

ŎƻǳƎƘ όƭŀǎǘƛƴƎ җ н ǿŜŜƪǎύ ǎŎǊŜŜƴƛƴƎ Ƙŀǎ ƭŜǎǎ ǎŜƴǎƛǘƛǾŜ όпн҈ύ ōut is highly specific (94%) 

(48). However, the usual TB symptom screening criteria are not of much help in 

individuals with subclinical TB (49), revealing the weakness of this method, particularly 

in high-risk, vulnerable populations. It was reported that over 50% of patients with 

active TB were missed with only a symptom screening approach in TB prevalence 

surveys (48), and also a proportion of patients ranging from 34% to 68% had no 

symptoms among sputum smear-positive patients. In recent years there has been an 

increasing number of new and exciting diagnostic methods in mycobacteriology, but 

there is no single test that can yet stand-alone (47). However; the conventional 

microscopic examination, mycobacterial culture, DST, and molecular testing of 

ǇŀǘƛŜƴǘΩǎ ǎŀƳǇƭŜǎ ŀǊŜ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ŘƛŀƎƴƻǎǘƛŎ ŀǇǇǊƻŀŎƘŜǎ ŦƻǊ ǘƘŜ ŘŜǘŜŎǘƛƻƴ ƻŦ 

the MTBc strains (47). 

  

1.4.1 Bacteriological examination of tuberculosis 

1.4.1.1. Smear microscopy 

Microscopy has been a diagnostic tool for TB for over a century, and currently still is 

the most common and available diagnostic method in developing countries (47). It is a 

simple, inexpensive, and feasible technique for detecting mycobacteria directly in 

clinical specimens of most infectious patients, requiring 104 acid-fast bacilli (AFB)/ml 

bacilli for TB to be detectable. The sputum smear sensitivities range from 20%-86% 

(50,51), and it is particularly poor in patients with paucibacillary TB including children, 

patients with extrapulmonary TB, or those who are HIV coinfected. Smear microscopy 

is the standard of care, with high specificity, >96%, in areas with a high incidence of 

TB, while WHO recommends substituting conventional microscopy with rapid 

molecular tests (Xpert MTB/RIF) for the initial diagnosis of TB (52,53). Specificity is 

likely to vary considerably depending on the local prevalence of infections with 
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nontuberculous mycobacteria (54). The most widely used smear microscopy method 

in low-resource settings comprises an examination of Ziehl Neelsen (ZN) stained slides 

under light microscopy, and auramine-O stained slides examined using fluorescent 

microscopy (53,54). Presently, auramine staining using fluorescent microscopy is 

gradually replacing conventional ZN light microscopy in many settings (55). Overall, 

fluorescence microscopy of auramine-stained smears has similar specificity, on 

average a 10% higher sensitivity, and is less time consuming than ZN staining. 

 

1.4.1.2. Mycobacterial culture 

Despite significant advances in molecular TB diagnostic over the past decades (47), 

culture is still the universal gold standard for the laboratory analysis of TB. It improves 

TB detection and increases the number of diagnosed cases by 30ς50% compared to 

microscopy, and enables antimicrobial susceptibility testing and species-specific 

identification (56). Culture is traditionally performed on solid egg-based media, such 

as Löwenstein-Jensen (LJ), which supports the growth of M. tuberculosis, but it is not 

reliable for all mycobacterial species (57). Although most laboratories still use LJ-

media, some have transitioned to agar-based media (Middlebrook 7H10 or 7H11), 

which allows for visible colonies of slow-growing mycobacterial species in 10-12 days 

compared with 18-24 days on LJ media (58).  In general, mycobacteria grow faster in 

liquid media (Middlebrook formulations, MGIT) than on solid media (59); growth of M. 

tuberculosis takes an average of 10 days in liquid media compared to 20-25 days on 

solid media (58,60) before being discarded and reported as negative. MGIT has been 

endorsed by WHO for the isolation of MTBc from clinical specimens in 2005 (61). 

 

Optimal isolation of mycobacteria is routinely achieved using a combination of both 

solid and liquid media (62), following the mycobacteriological protocol for 

decontamination, centrifugation, and inoculation of clinical samples on media (63). 

Despite the slow growth rate, culture for mycobacteria is more sensitive than an AFB 
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smear microscopy, requiring only 10-1000 CFU/mL smear-positive sputa for reliable 

growth (58). 

 

There are several constraints to widespread implementation of mycobacterial culture, 

including the need for infrastructure and maintenance to support the biosafety level 

(BSL-2 and 3) practices, such as containment equipment and facilities, controlled 

access to the laboratory and ventilation requirements, and self-closing double-door 

access and negative airflow into the laboratory, uninterrupted power supply, rapid 

transport of samples to the laboratory (maximum of 4 days if samples are 

refrigerated), and cost (64). 

 

In mycobacterial growth, other bacterial contamination and frequency of NTM 

isolation need to be addressed. A rapid method to discriminate the MTBc from other 

mycobacterial species is also essential. For the identification of MTBc culture isolates, 

immunochromatographic assay, such as the MPT64 test, has been developed (65). The 

MPT64 assay is robust, fast, and can differentiate between MTBc and NTM, as the 

MPT64 protein is specific for MTBc strains, and not found in NTM. This antigen 

detection in culture isolates is a highly specific, sensitive, and rapid method of 

confirming MTBc isolates. A multi-center study has shown that the sensitivity of this 

method was 94.8% and the specificity was 100% (65). However, some subsequent 

studies found that clinical MTBc isolates were falsely identified as NTM because of 

mpt64 gene mutations (66,67). This weakness may influence the performance of 

MPT64 based assay. 

 

1.4.2 Molecular diagnosis of tuberculosis 

1.4.2.1 GenoType line probe assays (LPAs) 

The LPAs are a family of DNA strip-based tests that use nucleic acid amplification (PCR) 

and reverse hybridization methods for the rapid examination of MTBc and mutations 

associated with drug resistance. Amongst others, the GenoType MTBDRplus (68) and -
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sl assays (69) (Hain Lifescience GmbH, Nehren, Germany) have been endorsed by 

WHO, and are commercially available for detection of anti-mycobacterial drug 

resistance. These LPAs identify resistance by detecting hybridization of DNA from the 

TB pathogen to a mutant (resistant) probe and/or by detecting a failure of 

hybridization to a wild-type (sensitive) probe coated in the strips. 

  

The MTBDRplus detects RIF and INH resistance by identifying mutations in the rpoB, 

katG, and inhA genes, with pooled sensitivities of 96.7% and 90.2% and pooled 

specificities of 98.8% and 99.2% for detection of RIF and INH resistance, respectively 

(70). The assay is suitable for application directly on smear-positive sputum as well as 

indirectly from MTBc isolates. The pooled sensitivity for detection of MTBc was 94% 

when the tests were done on smear-positive specimens, and it was 44% when used on 

smear-negative specimens. The MTBDRsl LPA (version (v) 1 and 2) detects the most 

frequent mutations that confer resistance to FQs and SLIs (KAN, AMK, and CAP) (71). 

The MTBDRsl v.1 detects mutations in the gyrA quinolone resistance-determining 

region (QRDR) (codons 85ς97) and rrs (codons 1401, 1402, and 1484) and also detects 

mutations in embB that encode for resistance to EMB, while v.2 additionally detects 

mutations in the gyrB QRDR (codons 536ς541) and the eis promoter region to detect 

SLI (codons ς10 to ς14). The assay had sensitivities and specificities of 85.1% and 98.2% 

and 76.9% and 99.5% for the detection of FQ and SLI resistance from clinical samples, 

respectively (72), while the sensitivities and specificities were 86% and 99% and 77% 

and 99% for detection of FQ and SLI resistance by indirect testing (isolates) (71). 

 

LPA indeterminate results, i.e. if the presence of weak bands or absence of wild-type 

(WT) and mutated (MUT) bands, together with the absence of the locus control bands 

for one or more of the genes tested, has also been previously reported to be related 

to smear and culture status of the evaluŀǘŜŘ ǇŀǘƛŜƴǘΩǎ ǎŀƳǇƭŜǎ. Generally, it occurs in 

1ς20%, depending on sample type, particularly in paucibacillary TB disease and smear 

negatives (73), and also the genes involved, for first- or second-line anti-TB drugs, 
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either from pulmonary or extrapulmonary TB (74). Commonly, the MTBDRsl had better 

results in the direct testing of sputum from MDR/RR-TB confirmed patients, although 

the indeterminate rate is higher when testing smear-negative sputum. When the 

MTBDRsl assay is used in the direct testing of smear-negative sputum from patients 

with confirmed drug resistant TB, up to 44% of the results might be indeterminate and 

hence require repeat or additional testing. In MTBDRsl LPA, indeterminate results have 

also been reported in 7.1% of FQ bands and 13.5% of SLI (75). However, further 

investigations are needed to better understand the indeterminate results in MTBDRsl 

LPA and explore if there is an association with resistance-conferring mutations. 

 

1.4.2.2 GeneXpert MTB/RIF assays 

In the last decade, new technology has begun to revolutionize TB diagnosis throughout 

the world. The GeneXpert MTB/RIF assay (Cepheid, Sunnyvale, USA, hereafter referred 

to as Xpert MTB/RIF) is a cartridge-based, automated diagnostic test that can 

simultaneously detect MTBc and RIF resistance within two hours (76,77). The test was 

officially endorsed by WHO (78) and reported in a multi-country study to have 

sensitivities of 98.2% among smear-positive, culture-positive patients and 72.5% 

among smear-negative, culture-positive patients on a single direct Xpert MTB/RIF test 

(79). In addition, in a meta-analysis report, a pooled sensitivity of 89% and pooled 

specificity of 99% were documented for the detection of MTBc (80). The assay also 

detects the major mutations responsible for RIF resistance and thus predicts whether 

the strain infecting the patient is RIF susceptible or not. However, similar to smear 

microscopy, sensitivity is lower in patients with HIV infection (79%) and children (66%) 

(81). For extrapulmonary samples, sensitivity varies with sample type, with the highest 

sensitivity for lymph node aspirates and cerebrospinal fluid, but poor for pleural fluid 

(82). 

 

Despite substantially increased sensitivity for MTBc detection compared with smear 

microscopy, Xpert MTB/RIF sensitivity is nevertheless suboptimal, particularly with 
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paucibacillary and HIV-associated TB. The assay also has some limitations in the 

determination of RIF resistance and the inability to distinguish between live and dead 

bacilli. To improve on Xpert MTB/RIF sensitivity for MTB detection and specificity for 

RIF resistance detection, Cepheid developed GeneXpert MTB/RIF Ultra (hereafter 

Xpert Ultra) that uses a newly developed cartridge (83) with similar WHO 

recommendations as to the initial diagnostic test for all adults and children with signs 

and symptoms of TB and the testing of selected extrapulmonary specimens. The 

sensitivity of Xpert Ultra was 88% (85% to 91%) versus Xpert MTB/RIF 83% (79% to 

86%); Xpert Ultra specificity was 95% (94% to 97%) versus Xpert MTB/RIF 98% (97% to 

99%) for detection of MTB (83,84). Xpert Ultra performed comparable to Xpert 

MTB/RIF in the detection of RIF resistance and the specificity of both assays was close 

to 100% (85). In 2021, WHO has also endorsed the Xpert MTB/XDR assay for testing 

sputum samples following a RIF resistant MTBc result on the Xpert MTB/RIF or Ultra 

assays. Xpert MTB/XDR sets new standards by detecting mutations associated with 

resistance towards INH, FQ, SLI (such as amikacin (AMK), kanamycin (KAN), 

capreomycin (CAP)), and ethionamide (ETH) in a single test (86). 

 

1.4.2.3 Other nucleic acid amplification tests  

Various nucleic acid amplification tests (NAATs), such as inhouse polymerase chain 

reaction (PCR) and other methods for amplifying DNA and RNA, have been advanced 

over the past few decades to improve the diagnosis of MTBc infection (87). More 

recently, WHO has evaluated three classes of NAATs for use in testing pulmonary TB. 

First, low complexity automated NAATs, such as Xpert MTB/XDR (Cepheid), for the 

detection of resistance to INH and SLDs in sputum from patients with microbiologically 

diagnosed pulmonary TB. Second, moderate complexity automated NAATs, which 

includes amongst others Abbott RealTime MTB and MTB RIF/INH (Abbott GmbH & Co 

YDΣ ²ƛŜǎōŀŘŜƴΣ DŜǊƳŀƴȅύΣ .5 a!·ϰ a5w-TB (Becton Dickenson & Co, BD 

Bioscience), Cobas®MTB and MTB-RIF/INH (Roche Molecular Diagnostics, Pleasanton, 

USA) for the detection of TB, RIF and INH resistance from respiratory samples of 
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pulmonary TB. Third, high complexity hybridization-based NAATs, which includes 

Genoscholar PZA-TB II (Nipro), for the detection of pyrazinamide (PZA) resistance in 

MTBc isolates (87). In general, the overall pooled sensitivity and specificity of these 

classes of NAATs have been reported high, and range from 81.2%ς96.7% and 97.7%ς

100%, respectively. However, further work has been recommended to determine the 

diagnostic accuracy of these classes of NAATs in specific patient populations (e.g. 

children, people living with HIV, and extrapulmonary TB patients) and in non-sputum 

samples. Similarly, the impact of these diagnostic tools on clinical decision-making and 

treatment outcome are important to patients (87). 

 

1.5 Treatment of tuberculosis 

Along with the proper diagnosis, treatment of TB patients represents a basis in the 

management and control of TB. The use of anti-TB drug treatment started in 1944 with 

the discovery of streptomycin (STM) and P-aminosalicylic acid (PAS) (1). Currently, the 

number of available antibiotics has increased, however, part of the first antibiotics 

discovered during the 1950s and 1960s still are part of the first-line TB treatment 

regimen, particularly RIF and INH. Over the years the combined treatment regimen 

was further improved treatment efficacy, achieved more than 90% treatment success 

rate and 85% cure rate, and decreased the lengthy treatment duration (88). 

 

The WHO recommends a standardized treatment άŎŀǘŜƎƻǊȅ мέ regimen for new 

pulmonary or extrapulmonary TB patients, i.e. not exposed to anti-TB drugs for more 

than one month or new cases of TB, comprising two phases of treatment using first-

line anti-TB drugs. The initial (intensive) phase includes the use of INH, RIF, EMB, and 

PZA for two months, followed by 4 months of continuous phase treatment using INH 

and RIF (88). However, depending on the sites of extrapulmonary TB, some experts 

also recommend 9-12 months of treatment for TB meningitis or TB affecting bones and 

joints. For new TB patients with HIV co-infection who have smear-positive or -negative 

pulmonary TB (88), treatment comprises a 2-month initial phase (with daily or three 
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times weekly INH, RIF, PZA, and EMB) and a continuation phase of 4 months (with daily 

or three times weekly INH and RIF) or 6 months (with daily INH and EMB).  The efficacy 

of the currently available regimen is regularly monitored with repeat sputum smear 

microscopy to follow-up patients who convert to smear-negative and recover clinically 

during treatment. 

 

For retreatment of smear-positive relapse cases of TB and retreatment after an 

interruption, an 8-month άŎŀǘŜƎƻǊȅ нέ regimen was recommended by WHO (88), with 

2 months intensive phase complemented with streptomycin, followed by 1 month of 

INH, RIF, PZA, and EMB and finally 5 months of INH, RIF, and EMB. Rapid molecular DST 

was recommended to guide the regimen choice, particularly in areas with a high 

prevalence of MDR- and XDR-TB (88). Since 2017 this category 2 retreatment regimen 

is no longer recommended (88). The category II regimen was designed to overcome 

INH resistance and to reduce the risk of acquired resistance to RIF. Nevertheless, with 

the common use of a 6-month regimen including RIF throughout the full treatment 

regimen (2 month INH, RIF, PZA, EMB, and 4 month INH and RIF) for new TB patients 

(category I regimen), the prevalence of RIF resistance among previously treated TB 

patients became higher (89), inferring that the category II regimen results unsuccessful 

and challenging. 

 

Treatment of drug resistant TB, particularly RR/MDR-or XDR-TB, requires more 

expensive and often more toxic second-line drugs. The first developed MDR treatment 

regimens typically lasted 18ς24 months. WHO has also issued different evidence-

based policy recommendations and incorporated them in the WHO consolidated 

guidelines on drug resistant TB treatment. Ideally, for RR/MDR-TB patients on longer 

regimens, anti-TB drugs should be selected considering the ǇŀǘƛŜƴǘΨǎ Ƴƻǎǘ ǊŜŎŜƴǘ 5{¢ 

of the strain isolated from the patient, history of previous drug use and/or exposure, 

and documented background drug resistance (90). The previously recommended long 

regimen for treatment of patients with RR/MDR-TB comprises a combination of SLDs 
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including later-generation FQs such as moxifloxacin, levofloxacin, or gatifloxacin, an 

injectable agent such as AMK, KAN, or CAP, and two or more additional SLDs such as 

ETH, prothionamide, cycloserine, terizidone, clofazimine or linezolid. The intensive 

phase lasts 8 months and is followed by a continuation phase of 12 to 18 months 

ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜǊŀǇȅΦ ¢ƘŜ ŜŦŦƛŎƛŜƴŎȅ ƻŦ ǘǊŜŀtment is 

monitored by smear and culture conversion and by completion of therapy with 

negative follow-up sputum smears and culture within 4-6 weeks apart, but it may vary 

in different regions (91). 

 

Since the introduction of new drugs, bedaquiline (a diarylquinolone) and delamanid (a 

nitro-dihydroimidazooxazole derivative), the MDR- or XDR-TB treatment landscape 

has been evaluated and multiple clinical trials are being conducted, whose results are 

being used to update the management of patients with all forms of TB. In 2016, WHO 

recommended the short-course (9ς11 months) MDR-TB treatment regimen under 

certain conditions, such as for patients without extrapulmonary TB, having no FQ 

resistance, or not being pregnant. Following a meta-analysis suggesting the exclusion 

of SLI, in 2020 the all-oral MDR-TB regimen was suggested to be the preferred option 

in the updated recommendation (90), for example in Ethiopia (Table 1.1). 

 

For treatment of patients with XDR-TB, the WHO recommends the recently developed 

drugs bedaquiline and/or delamanid, plus linezolid, including a later generation FQ, 

and addition of other drugs such as clofazimine, para-aminosalicylic acid, PZA, high-

dose INH, and other drugs depending on the likelihood of susceptibility is 

recommended (92). 
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Table 1.1. Nationally Recommended DR-TB treatment regimens in Ethiopia 

* Due to potential side effects with Lzd and potential unknown FQ resistance at 
initiation of treatment (due to delay in getting the SL-LPA result), Cs is routinely 
included at the start of treatment. If patient is shown to be FQ res (preferably prior to 
initiation of treatment), then Dlm would be used instead of the FQ. **Bdq is 
recommended for a total duration of 6 months, however, could be extended 
depending on the patient condition and clinician decision (off-label use), *** The 
individualized LTR composition depends on whether each of the medicines in the list 
could be used as an effective drug based on reliable DST result or likelihood of 
effectiveness as well as intolerance (Adapted from Ethiopia, Ministry of Health (93)). 
 

In recent years, research efforts have been directed towards finding safe and effective 

shorter regimens (94). Unfortunately, no definitive randomized or controlled clinical 

trials were reported to introduce the best regimens for treating patients with various 

patterns of drug resistant TB. However, the efficacy of the available TB treatment 

regimens had been evaluated by different studies to update treatment regimens with 

a shorter duration, higher cure rate, enhanced tolerability, and lesser cost. For 

instance, studies from Bangladesh, Niger, and Cameroon have shown that new MDR-

Regimen type Regimen composition Remarks 

All-Oral Longer 

MDR/RR-TB 

Treatment Regimen 

(LTR), 18-20 months* 

Levofloxacin (Lfx)-Bedaquiline (Bdq) 

Linezolid (Lzd)-Cycloserine (Cs) 

 

(Lfx-Bdq-Lzd-Cfz-Cs) 

**Bedaquline is 

recommended for 

6 months/24 

weeks. 

Add pyridoxin 

(VB6) 

Standardized Shorter 

Treatment Regimen 

(STR), 9-12 months 

4-6 AMK-moxifloxacin (Mfx)-

prothionamide (Pto)-Clofazimine 

(Cfz)-PZA-INH(HD)-EMB/5 Mfx-Cfz-

PZA-EMB 

 

(4-6 AMK-Mfx-Pto-Cfz-PZA-INH(HD)-

E/ 5 Mfx-Cfz-PZA-EMB) 

Refer to the strict 

revised inclusion 

criteria for 

country 

 

Add pyridoxin 

(VB6) 

Individualized LTR, 18-

20 months, but could be 

extended up to 24 

months *** 

At least 4-5 likely effective 

drugs can be used based on 

the drug availability and 

CRC decision. 
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TB treatment regimens of 9 to 12 months have relapse-free cure rates (84% to 90%) in 

patients without FQ resistance (95ς97). Moreover, a multi-center randomized 

controlled trial (STREAM stage 1) was carried out further evaluations of the safety and 

efficacy of MDR-TB treatment regimens (98) comparing a nine-month short regimen 

(the Bangladesh regimen) to the treatment recommended by the WHO (99) in patients 

with MDR pulmonary TB without evidence on LPA of FQ or SLI resistance. άThe short 

regimen consists of moxifloxacin (high dose), clofazimine, EMB, and PZA administered 

for nine months (40 weeks), supplemented by KAN, INH, and prothionamide in the first 

four months (16 weeks). The intensive phase could be extended to 20 or 24 weeks for 

patients who did not have a conversion to a negative smear by 16 or 20 weeks, 

respectively. The control regimen is the locally used WHO-approved MDR-¢. ǊŜƎƛƳŜƴέ 

(98). Stage 1 results from the STREAM study presented that the short-course regimen 

was non-inferior to the conventional MDR-TB treatment regimen for 20 to 24 months 

(94). 

 

1.6 Development of drug resistant tuberculosis 

TB is an infectious disease in which the phenomenon of drug resistance was first 

described in 1948, during the very first human trial of TB therapy (100). Since the past 

decades, the emergence of drug resistant  TB  has become apparent, in particular, 

MDR-TB and XDR-TB, which are a growing challenge to global TB control (101). 

 

The development of drug resistance is a complex phenomenon with a broad range of 

contributing socioeconomic and behavioral factors. However, the emergence of 

resistance within any pathogen population is ultimately an evolutionary process (102). 

This evolutionary process is influenced by multiple factors, including drug pressure and 

pathogen genetics. More recently, the causes of molecular mechanism of drug 

resistance in MTBc strains have been classified into two main factors and their 

interactions; the first is extrinsic factors, which are related to social elements of TB in 

populations and the quality of TB control and prevention services; and the second is 



39 
 

intrinsic factors, responsible for the acquisition of mutations in drug resistance 

associated genes (103,104) (Table 1.2). 

 

The de novo emergence of drug resistance can be attributed to low adherence to 

treatment and incorrect dosage, among other factors (105). In addition to the drug 

resistance attributed to the specific characteristics of the cell envelope of MTBc and 

the active drug efflux mechanism (105,106), the acquisition of drug resistance through 

chromosomal mutations is the major mechanism in MTBc strains (104). In MTBc, drug 

resistance often results from chromosomal mutations that either directly affect the 

drug-target binding site (e.g. for RIF in the rpoB gene), interfere with bacterial enzymes 

involved in pro-drug activation (e.g. for INH in the katG gene), or cause overexpression 

of the target (e.g. for INH in the promoter region of inhA) (107). 

 

Besides, resistance to first and second-line anti-TB drugs has been linked to mutations 

of genes (103,104) (Table 1.2). Mutations on katG and InhA genes have frequently 

been linked with INH resistance (108). In katG, the S315T is the most common 

mutation, which is present in 50ς95% of INH resistant MTBc (104). The occurrence of 

mutations is also observed in the promoter region of inhA. RIF resistance-conferring 

mutations are located at codon 426-452 (109) within the 81-bp hotspot region of the 

rpoB gene, which has been found in 96% of RIF resistant clinical isolates. Mutations 

S450L, D435V, H445D, and H445Y are among the most commonly identified mutations 

in RIF resistant MTBc strains (110,111). Mutations conferring FQ resistance have been 

reported in the quinolone resistance-determining region (QRDR) within gyrA and gyrB, 

in which more than 90% of FQ resistant MTBc strains have mutations in the QRDR 

region (112,113). The most common mutations of the FQ resistant isolates are located 

at gyrA codons 90, 91 and 94 (113), which demonstrated to confer high-level FQ 

resistance, while less frequent gyrB mutations were related with lower levels of FQ 

resistance. Resistance mutations at the rrs gene of 16S rRNA at position 1400 cause 

high-level resistance to KAN and AMK (114), while mutations in the promoter region 
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of the eis gene cause low-level resistance to KAN (115). In CAP resistance, mutations 

in tlyA and the 23S rRNA gene rrs at positions A1401G and G1484T are the most 

common (116,117). Resistance conferring mutation with A1401G and C1402T in the 

rrs gene could result in resistance to both KAN and CAP (116). Nevertheless, not all 

observed resistance phenotypes can be explained by these mutations. The lineage-

specific biological characteristics, the capacity of adaptation, and the variety of 

extrinsic and intrinsic processes contribute to the emergence and spread of drug 

resistant strains (28,118,119). Studies have also highlighted that the various MTBc 

lineages and families differ in their individual capacity of developing drug resistance 

(120). For instance, the Beijing genotype is frequently associated with drug resistance 

in East Asia (121), and the Ghana and Cameroon families of L4 are associated with drug 

resistance in West Africa (122). 
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Table 1.2. Anti-TB drugs, genes linked in resistance and mechanisms of action 

Drugs Gene 
involved in 
resistance 

Target enzyme  Mechanism of 
action 

Isoniazid katG,  
InhA,  
ahpC , 
 
kasA 

Catalase peroxidase, 
enoyl ACP reductase A, 
Alkyl hydroperoxidase 
reductase,  
ʲπƪŜǘƻŀŎȅƭπ!/t ǎȅƴǘƘŀǎŜ 

Inhibits mycolic acid 
synthesis and other 
multiple effects 

Rifampicin rpoB ɰ-subunit of RNA 
polymerase 

Inhibits RNA 
synthesis  

Pyrazinamide pncA pyrazinamidase Disrupts plasma 
membrane and 
energy metabolism 

rpsA 
 

ribosomal S1 protein 
 

inhibition of trans-
translation 

panD aspartate decarboxylase inhibits 
pantothenate and 
CoA synthesis 

Ethambutol embB Arabinosyl transferase Inhibits 
arabinogalactan 
synthesis 

Streptomycin rpsL, 
rrs, 
gidB 

S12 ribosomal protein, 
16S rRNA, 
16S rRNA 
methyltransferase 

Inhibits protein 
synthesis 

Fluoroquinolone gyrA/B DNA gyrase subunit A/B Inhibits DNA 
synthesis 

Kanamycin/ 
Amikacin 

rrs, 
eis, 
whiB7 

16S rRNA, 
Aminoglycoside 
acetyltransferase, 
transcriptional regulator 

Inhibits protein 
synthesis 

Capreomycin rrs, 
tlyA 

16S rRNA, 
Ǌwb! нΩ-O-
methyltransferase 

Inhibits protein 
Synthesis 

Ethionamide ethA/etaA Flavin monooxygenase Inhibits mycolic acid 
synthesis ethR transcription repressor 

InhA enoyl ACP reductase A 

ACP = acyl-carrier-protein; CoA = coenzyme; DNA = deoxyribonucleic acid; RNA = 

ribonucleic acid. (Adapted from Zhang and Yew (104)) 
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1.7 Molecular tools used for characterization of mycobacterial 

strains 

Over the past decade, molecular epidemiology research has been very useful for 

molecular characterization of MTBc strains circulating in a population, understanding 

the transmission dynamics, investigations of the evolution of the MTBc strains as well 

as making it possible to monitor prevalent strains or strain families that are 

overrepresented. The MTBc was previously considered genetically monomorphic but 

the development of genotyping methods that discriminate strains into distinct 

genotypes and lineages has demonstrated previously unrecognized diversity. 

Consequently, the genetic variations of MTBc have been investigated extensively in 

phylogenetic studies to understand the evolution and spread of MTBc (123). Several 

genotyping methods have been successfully applied to characterize genetically the 

MTBc strains; including spoligotyping, MIRU-VNTR typing, sequencing, single 

nucleotide polymorphism (SNP) typing, and others (124ς126). 

 

1.7.1 Spoligotyping (spacer oligonucleotide typing) 

Spoligotyping is a PCR-based molecular method that detects the variability of a highly 

polymorphic direct repeat (DR) region in the MTBc genome (124,127). The assay 

includes a reverse hybridization protocol for the presence or absence of 43 specific 

DNA spacer sequences in the DR region that had been identified in different strains of 

MTBc (124). For instance, the M. tuberculosis spoligotypes are characterized by the 

absence of spacers 33ς36, whereas M. bovis BCG spoligotypes lack spacers 3, 9, 16, 

and 39ς43 (128) (Figure 1.4).  

 

Spoligotyping has been widely used as a tool in molecular epidemiology studies; 

providing the genotyping information and the establishment of a global picture of 

MTBc diversity (30,124). It is a useful method for screening and identifying the new 

clonal composition of MTBc isolates in countries or areas where a variety of MTBc 

lineages and families coexist (124). Spoligotyping has gained increased international 
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acceptance as a rapid test. A large MTBc genotype database has been constructed, 

containing a global distribution and phylogenetic analysis for worldwide spoligotypes 

(30). This database provides information that is useful for comparing the genotype 

patterns found within different geographical locations, and enhancing our 

understanding of disease distribution dynamics. A current publicly available 

multimarker database for spoligotyping, the SITVIT2, now comprises 111, 635 entries 

with 9,658 distinct patterns, 103,856 number of strains, 3,851 number of International 

Types (IT), 98,049 number of isolated strains, and 5,807 number of orphan strains from 

131 number of countries of isolation (SITVIT2/description.jsp) (30). 

 

Spoligotyping, however, is not discriminatory enough and transmission chains might 

not be correctly drawn because strains with shared spoligotypes may have different 

corresponding IS6110 profiles and are not suggested for tracing some strains in a highly 

prevalent area (129,130). Nevertheless, it is a very sensitivity assay to detect MTBc in 

a small quantity of chromosomal DNA; allowing the method to be applied directly in 

clinical samples and nonviable cultures, Ziehl-Neelsen smear slides, or paraffin-

embedded tissue sections (131,132). 

 

 

 

http://www/SITVIT2/description.jsp
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Figure 1.4. Schematic presentation of spoligotyping principles. A. Mycobacterium 

tuberculosis genome; B. DR locus (Adapted from Barnes and Cave 2003, and Comas et 

al., 2009 (130,133)); C. Spoligotyping technique based on the detection of 43 unique 

spacers located between direct repeats at a specific locus of the MTBc genome (A), as 

the direct repeat (DR) locus (B). D. Sample result taken from our study MTBc isolates 

(Ethiopian L7 and T3-ETH from L4). 

 

1.7.2 Mycobacterial Interspersed Repetitive Units - Variable 

Numbers of Tandem Repeats (MIRU-VNTR) 

This genotyping technology, MIRU-VNTR, is a PCR-based assay that analyses multiple 

independent loci containing variable numbers of tandem repeats (VNTR) of different 

families of interspersed genetic elements (134ς136).  This genotyping method is 

technically flexible, as it is based on the detection of polymorphism within the number 

of tandem repeats at multiple loci in the MTBc genome. VNTR typing systems for MTBc 

strains made use of very limited sets of loci including the major polymorphic tandem 

repeat (MPTR) and exact tandem repeats (ETR) (137), and mycobacterial interspersed 

repetitive units (MIRUs) (138). The MTBc strains vary in number of repeats at different 
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loci. For example, the M. tuberculosis H37Rv reference strain contains 41 MIRU loci, of 

which 12 are polymorphic and therefore appropriate for VNTR typing (134).  

 

Initially, the method was employed using 12 MIRU loci and subsequently advanced 

into a 15 and 24 loci-based MIRU-VNTR typing with a higher level of discriminatory 

power (139), and increasingly used in MTBc strain typing. The discriminatory power of 

MIRU-VNTR typing generally depends on the number and set of loci used and could be 

further improved by the inclusion of hypervariable loci especially in settings where 

highly homogenous genotypes prevail (135,136). Several studies have proven that 

MIRU-VNTR typing is a reliable and reproducible typing method that enables molecular 

characterization of MTBc strains (139,140). The ease with which this PCR-based 

method can be performed, its adaptability to high-throughput automation, and the 

digital format of MIRU-VNTR patterns make this method suitable for the molecular 

epidemiological studies of MTBc (136,139). 

 

An analysis of different groups of epidemiologically linked MTBc isolates has indicated 

that the stability of the MIRU-VNTR loci is adequate for the tracking of outbreak 

incidents, identification of laboratory cross-contamination, and discrimination 

between relapses and reinfections (134,141). A database was introduced for MIRU-

VNTR, known as MIRU-VNTRplus (https://www.miru-vntrplus.org/MIRU/index.faces), 

to globally compare among samples (135,136). In addition to epidemiological 

applications, MIRU-VNTR data have been used for the definition of MTBc clades and 

the construction of the MTBc phylogeny (136). In 2006, molecular typing based on 

MIRU-VNTR has been proposed in combination with spoligotyping, as a reference 

standard for large-scale, high-throughput genotyping of MTBc strains (139). 

 

1.7.3 Genome sequencing 

In recent years, the use of sequencing for routine typing of bacterial isolates has been 

increasing substantially (142,143). In the history of TB, a major landmark was the 
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deciphering of the M. tuberculosis genome sequence (144) which has provided great 

energy to the field of TB research, particularly with regards to the detection of drug 

resistance, identification of the genetic diversity and transmission dynamics of MTBc 

(145ς147). It is also used to trace the evolutionary patterns of MTBc spread worldwide, 

and allows the identification of SNPs, which can be used to predict susceptibility to 

anti-TB drugs, distinguish between different strains, and lineages, or study outbreaks 

and transmission events with the highest level of resolution (145,148).  

 

The advent of genome sequencing has improved our understanding of molecular 

epidemiological studies and surveillance of MTBc infections (147). Various studies 

have also demonstrated the potential use of genome sequencing for future routine 

applications in molecular epidemiology of TB as well as for getting rapid and full drug 

resistant-TB patterns (149,150). However, in developing countries, the use of genome 

sequencing is limited by factors such as high running costs, the absence of automated 

sequence analysis pipelines, and the possibility of its accommodation into pre-existing 

diagnostic frameworks (146). 

 

Genome sequencing is a modern tool with increased resolution and discriminatory 

power compared to the other genotyping methods. Among genome sequencing, next 

generation sequencing (NGS) is a powerful tool with the capacity to improve TB 

management and control through the rapid and accurate detection of all clinically 

relevant mutations, and thereby the rapid diagnosis of DR-TB in clinical specimens 

(146). Recent advances in NGS have transformed our understanding of TB disease and 

clinical research using targeted NGS and whole genome sequencing (WGS). Although 

targeted NGS and WGS both rely upon the same basic NGS workflow, and both 

applications may be run on the same NGS instrument, the sample type input 

requirements and processing steps can vary widely according to the desired 

application. 
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Targeted NGS allows to sequence specific areas of the genome for in-depth analyses 

more rapidly and cost-effectively. This sequencing method uses deep sequencing to 

detect known and novel variants within the region of interest, and it provides rapid 

sequence information for a larger number of loci than existing molecular tests (146). 

Targeted NGS has emerged as an alternative to existing methods for DST of MTBc from 

patient sputum samples for clinical diagnosis of DR-TB. For example, Deeplex Myc-TB 

(Genoscreen, Lille, France) is one such targeted NGS platform that identifies targets in 

drug resistance-associated genes in MTBc, along with genomic targets for 

mycobacterial species identification and MTBc strain genotyping using a simple, 

automated web-based bioinformatic pipeline (151).  

 

The WGS allows the examination of the entire region of a genome and facilitates in 

detecting the variations of possible epidemiological importance, particularly for in-

depth resolution of transmission events (146,147). WGS has the highest resolution and 

an additional advantage in allowing for simultaneous identification of the MTBc strains 

and genotype families (152,153), as well as detection of resistance to anti-TB drugs in 

a reliable method (154). WGS generally requires an initial culture stage to ensure 

enough mycobacterial DNA, as it relies on having sufficient good quality DNA to 

provide adequate genome coverage depth. Although there have also been attempts 

to perform WGS directly from sputum (155,156), results have been variable due to 

human cell DNA contamination in the samples. Studies also tested sputum directly by 

WGS, and obtained variable amounts of DNA, which is not efficient for diagnostics 

(157). 
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1.8 Rationale of the study and problem statement 

TB disease, caused by the MTBc, has been existing in the human population since the 

start of documented history (1), and the current epidemic is driven by numerous 

different genotypes (28). Despite evidence that TB is slowly declining, the burden is 

still a major public health concern in resource-poor countries (2). Additionally, TB 

ŘƛǎŜŀǎŜΩǎ ōǳǊŘŜƴ ŘƛŦŦŜǊǎ ƎǊŜŀǘƭȅ ŀƳƻƴƎ ŎƻǳƴǘǊƛŜǎΦ ¢ƘŜ ŜƳŜǊƎŜƴŎŜ ŀƴŘ ǎǇǊŜŀŘ ƻŦ ŘǊǳƎ 

resistant strains of the MTBc have also been threatening the control of the disease. 

 

Molecular epidemiology studies from Low and Middle-Income countries (LMIC) are 

few despite the endemicity of TB. In sub-Saharan Africa, where the origin of the MTBc 

ŀǊŜ ŦƻǳƴŘΣ ŀǎ ǇƻǎǘǳƭŀǘŜŘ ƛƴ ǘƘŜ άhǳǘ-of-!ŦǊƛŎŀέ ǎŎŜƴŀǊƛƻ (20), limited studies have used 

genotyping data to address the phylogeographic distribution of MTBc lineages (158), 

and the associations between genotype and phenotype (28). Nevertheless, there is 

increasing evidence that the genetic differences between MTBc strains are relevant to 

the outcome of TB infection and disease in human populations (46,159). Since some 

lineages are distributed worldwide, for example, L2 and L4 (29,158), and others are 

more restricted to Africa, (L5 and L6 in West Africa (160) and L7 in East Africa (161)), 

the impact of MTBc strain variation on accuracy of diagnostics and disease outcome is 

still under-studied. This could impact the worldwide applicability of diagnostics, 

important tools to assign the correct treatment regimens. 

 

In Ethiopia, a broad variety of MTBc strains is known to cause TB (162). Nevertheless, 

data on the genotypic distribution of mycobacterial strains within the country is 

currently limited, with prior studies suggesting that L7, a lineage in-ōŜǘǿŜŜƴ ΨŀƴŎŜǎǘǊŀƭΩ 

ŀƴŘ ΨƳƻŘŜǊƴΩ a¢.Ŏ ƳŜƳōŜǊǎΣ ƛǎ ƳƻǊŜ ǇǊŜǾŀƭŜƴǘ ƛƴ ǘƘŜ ƴƻǊǘƘern of the country 

(161,162). In North Gondar, in the Amhara Region of Ethiopia, the TB disease burden 

is high, probably because it is located on the popular human migration route to Sudan, 

and it is a commercial farming area where nearly half a million laborers work seasonally 

(163). Studies also reported high proportions of extrapulmonary TB presenting as 
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lymphadenitis in the region (6,8), albeit the real cause of the high rate of this disease 

type in Ethiopia remains uncertain. Prior investigations could not document M. bovis 

as the cause for these higher extrapulmonary TB rates (7,8,161). For unknown reasons, 

Ethiopia has a higher burden of lymph node TB compared to neighboring countries (8) 

that accounts for around 33% of all TB cases in the country. In Ethiopia, only a few 

genotyping studies have been performed (7,45,161) and provided helpful insight on 

the Ethiopian specific L7, yet the data is still limited in terms of geographic and 

population coverage. The limited existing data on the population structure of the MTBc 

limits identification of genotypes and understanding their impact on diagnosis, clinical 

presentation, and treatment outcome of tuberculosis. 

 

It has been shown that mycobacterial culture favors modern MTBc strains (164), thus 

jeopardizing the diagnosis by culture, and introducing culture bias in the estimation of 

the proportion of the different lineages (164). Also, it has been documented that some 

MTBc strains have mutations within the MPT64 gene, leading to low-level expression 

of this protein during bacterial growth, which could hamper the accuracy of the 

MPT64-based rapid identification test (165). Indeed, L5 and L6 are less likely to be 

isolated in culture and have a higher chance to be missed as being MTBc by the MPT64 

assay (166,167). The accuracy of the MPT64 assay to identify Ethiopian L7 isolates is 

not known. In this study, we assessed the culture isolation and a commercial MPT64 

TB Ag test for the identification of Ethiopian L7 isolates. 

 

The prevalence of drug resistant TB varies geographically (2), with a global health 

threat, particularly in African countries. In Africa, home to the MTBc lineages, the 

burden of DR-TB is largely driven by the emergence and spread of resistant MTBc 

strains (168), with an indication that some lineages are particularly linked with DR-TB. 

For instance, the Ugandan families (169), LAM families (170), Ghana and Cameroon 

families (122) within L4 were more prevalent among the MDR-TB strains in different 

study populations. Besides, some resistance mutations appear to be lineage-specific, 
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or more likely to be present in certain MTBc lineages (171,172) either through 

polymorphism and/or the intrinsic resistant nature of the MTBc strain (173) like M. 

bovis resistance for PZA, and a higher mutation rate in resistant L2 strains (174). 

However, findings are not always consistent, and might also depend on the 

geographical region. In Ethiopia, drug resistant TB has also been reported as a major 

problem with more than 3,300 annual estimated cases (FMOH 2017). The main 

reasons contributing to this increase remain elusive, and data on the association 

between circulating MTBc lineages and drug resistance in Northwest Ethiopia, one of 

the high TB burden regions, remains limited. 

 

Moreover, knowing the genetic diversity of MTBc is also an important element in 

designing new strategies as some studies showed that strain differences affect the 

effectiveness of drugs and treatment outcomes. For instance, the L4 Ghana family is 

associated with drug resistance in Ghana (175). This is also true for over presented L4 

Cameroon family in West Africa (176). The MTBc lineage may also influence sputum 

culture conversion (177).  TB patients infected with L6 have also been found to convert 

slower in culture (178), and patients with M. bovis showed faster sputum culture 

conversion on treatment than those infected with M. tuberculosis (179). All these 

studies suggest that sputum smear and culture conversion may differ between 

patients infected with different strains. However, in developing countries including 

Ethiopia and Niger, mycobacterial factors, including genotypes and drug resistance, 

that affect the variation in the rate of smear and culture conversions in TB patients 

remain poorly understood. Therefore, in Niger, we examined whether MTBc lineages 

are associated with sputum smear and culture conversion in RR/MDR-TB patients. 

 

Due to the lack of universal DST, drug resistant TB may continue unnoticed and 

facilitate ongoing transmission, particularly in MTBc lineages or -families that are 

linked with drug resistance. Although new diagnostics such as Xpert Ultra and LPA are 

recommended by WHO for rapid detection of TB and its resistance, diagnostic gaps 
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remain to decide on the eligibility of patients for enrolment in specific treatment 

ǊŜƎƛƳŜƴǎΦ {ƻƳŜ ǊŜǇƻǊǘŜŘ ŎƘŀƭƭŜƴƎŜǎ ŀǊŜΥ ƻōǘŀƛƴƛƴƎ ŀŘŜǉǳŀǘŜ ǇŀǘƛŜƴǘΩǎ ǎŀƳǇƭŜ ŦƻǊ 

sufficient mycobacterial DNA (AFB negative or low bacillary load) for valid diagnostic 

results, and the occurrence of mutations in MTBc strains that may cause false-positive 

results in genotypic drug-resistance diagnostic assays (180,181), for example, 

synonymous gyrA mutations or the T80A+A90G mutations, had a false-positive result 

in MTBDRsl assay for the Euro-American L4 of the Uganda genotype (173,181). Few 

studies evaluated the performance of LPA in different settings, reporting that the rate 

of indeterminate results is higher when testing smear-negative sputum specimens 

(75,182). No studies were done yet to demonstrate the effectiveness of LPA for patient 

recruitment in clinical trials, particularly for direct testing of sputum specimens from 

MDR/RR-TB patients, regardless of their smear-microscopy status. Therefore, we 

tested the effectiveness of using the Genotype MTBDRsl LPA from clinical samples to 

include or exclude RR/MDR-TB patients in the STREAM Phase 1 clinical trial. 
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1.9 Objectives 

 

1.9.1 General objective 

ü Molecular characterization of the population structure of the MTBc lineages 

in human TB isolates and their association with clinical presentation, drug 

resistance, diagnostic performance, and treatment outcome. 

 

1.9.2 Specific objectives 

¶ Investigate the population structure of MTBc among culture isolates and 

specimens from TB patients with pulmonary or lymph node presentations in 

Northwest Ethiopia, and 

V assess the performance of culture isolation and MPT64-based 

speciation for L7 isolates comparing direct genotyping of sputum with 

genotyping of cultures. 

¶ Describe the phylogenetic diversity and gene mutations that confer resistance 

to RIF, INH, FQ, and SLI drugs in MDR-TB isolates in Northwest Ethiopia. 

¶ Characterize (risk factors associated with) the MTBc population structure and 

determine the effect of MTBc families on sputum smear and culture 

conversion in RR/MDR-TB patients in Niger. 

¶ Evaluate the MTBDRsl effectiveness directly from sputum samples, and 

V Analyze inconclusive versus conclusive MTBDRsl to assess the 

association with bacillary load. 
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1.10 Materials and Methods 

1.10.1 Study settings 

CƻǊ ǘƘƛǎ ǘƘŜǎƛǎΣ Řŀǘŀ ǿŜǊŜ ǇǊƻŘǳŎŜŘ ǳǎƛƴƎ ¢. ǇŀǘƛŜƴǘΩǎ ŎƭƛƴƛŎŀƭ ǎŀƳǇƭŜǎ ŀƴŘ a¢.Ŏ 

isolates from different studies and settings in various geographical areas (Figure 1.5): 

1. Ethiopia: study embedded in the routine TB diagnostic services at north 

Gondar, Amhara region from the NTP (Chapter 2 and 3) 

2. Niger: study embedded in the routine TB diagnostic services from Damien 

Foundation, Belgian non-governmental organization (Chapter 4) 

3. Ethiopia, Mongolia, South Africa, and Vietnam,  as recruitment sites for the 

STREAM Phase-1 clinical trial (STREAM 1, ISRCTN78372190 and clinicaltrials.gov 

NCT02409290) (Chapter 5) 

 

The studies described in Chapter 2 and 3 were done in the Amhara regional state in 

the Northwest of Ethiopia, situated between 9°20' and 14°20' North latitude and 36° 

нлϥ ŀƴŘ плϲ нлϥ 9ŀǎǘ ƭƻƴƎƛǘǳŘŜΦ ¢ƘŜ !ƳƘŀǊŀ ǊŜƎƛƻƴ ƛǎ ƻƴŜ ƻŦ 9ǘƘƛƻǇƛŀΩs largest regions; 

it has 12 zones, three-city administrations, and 180 woredas (139 rural and 41 urban). 

Geographically, the Amhara region shares borders with Sudan to the west and 

northwest and by other Ethiopian regions in the north (Tigray), east (Afar), west and 

south-west (Benishangul-Gumuz), and south (Oromia) (Figure 1.5). According to the 

Ethiopian Central Statistics Agency (CSA), the Amhara region has a projected 

population of 21.5 million people, more than 80% of whom are rural farmers (163). 

 

In 2018, the region had 80 hospitals (5 referral-, 2 general-, and 73 primary hospitals), 

847 health centers, and 3,342 health posts. Currently, the region has 24 GeneXpert 

sites and a total of 150 so-called District Sample Collection Centers (DSCCs) that collect 

sputum specimens of presumptive MDR-TB patients from remote health facilities for 

testing DR-TB at the two TB culture laboratories. Nine treatment initiating centers (TIC) 

are providing treatment for MDR TB patients. There are also 115 treatment follow-up 

centers (TFCs). In 2017, the Amhara region reported 23,345 TB cases (all forms) and 
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4896 (21%) bacteriology confirmed TB cases. Presently, only two TB culture-based 

diagnosis and LPA sites are available in the Amhara region, which are located in Bahr-

Dar (Amhara Public Health Institute) and North Gondar (University of Gondar 

Comprehensive Specialized Hospital). The University of Gondar Comprehensive 

Specialized Hospital is the second-largest hospital serving clinical care and 

management for TB and DR-¢. ƛƴ ǘƘŜ ŎƻǳƴǘǊȅΣ ƴŜȄǘ ǘƻ {ŀƛƴǘ tŜǘŜǊΩǎ ¢. ǎǇŜŎƛŀƭƛȊŜŘ 

hospital in Addis Ababa, Ethiopia. 

 

In addition, as a supplements study, this thesis also included MDR-TB (including MDR-

TB (both RIF and INH resistant) and RR-TB) baseline clinical isolates retrieved from the 

ITM mycobacterial strain collection that had been collected from pulmonary MDR-TB 

patients in Niger, who received treatment between 2008 and 2016, managed by the 

Damien Foundation. Retrospective data from smear microscopy results in the MDR-TB 

unit lab in Niger, and sputum culture results (initially at ITM, Belgium, later in Niamey, 

Niger) after 6 and 12 months of treatment were used to decide on treatment outcome. 

For our analysis, data from clinical isolates with positive smear microscopy and culture 

at baseline, pDST and documented follow-up sputum smear, culture conversion and 

genotyping (spoligotyping at ITM, Belgium) test results were included. Detail methods 

are described in Chapter 4. 

 

Finally, the thesis also incorporated retrospective MTBDRsl results from the STREAM 

stage 1 central database to assess its diagnostic effectiveness directly from sputum 

samples. These MTBDRsl results have been obtained from baseline clinical samples 

(definŜŘ ŀǎ ǇŀǊǘƛŎƛǇŀƴǘΩǎ ǎǇutum specimens collected before initiation of MDR-TB 

treatment) from STREAM 1 trial sites located in Ethiopia, Mongolia, South Africa, and 

Vietnam from patients randomized between July 2012 and June 2015 against pDST 

results on baseline isolates (98). The trial enrolled adult patients with RR/MDR-TB 

without evidence of resistance to FQ and SLI by MTBDRsl LPA v.01 from a test 

performed during the screening prior to enrolment into the trial. For this study, 
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retrospective laboratory data, such as smear microscopy, MTBDRsl LPA v.01, pDST and 

DNA sequence results were included. We put further description of the methods in 

Chapter 5. 

 

Figure 1.5. Map showing the origin of study samples 

 

1.10.2 Ethical approval 

Ethical clearance to perform this study was obtained from the Institutional Research 

and Ethical review committees of the University of Gondar, Ethiopia, and also from the 

Institute of Tropical Medicine (ITM, Antwerp) and University of Antwerp (UZA), 

Belgium before the commencement of research activities. Further ethical statement 

was also explained in each of the study chapters. 

 

1.10.3 Laboratory work 

In Ethiopia, laboratory protocols, such as smear microscopy and culture (55), the 

MPT64-based SD Bioline rapid test (BD Diagnostic System, Sparks, MD), DNA extraction 

from isolates using the GenoLyse® DNA extraction kit (Hain Life Science, Nehren, 
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Germany), GenoType MTBDRplus, and -sl assays (183), were performed at the TB 

laboratory facility using standard procedures of the University of Gondar 

Comprehensive Specialized Hospital. All extracted DNA extracts and ethanol preserved 

sputum samples were shipped to the Mycobacteriology laboratory, ITM, Antwerp, 

Belgium, per specimens/materials transfer agreements, for molecular genotyping. In 

Antwerp (Belgium), semi-automated DNA extraction was performed from ethanol 

preserved sputum following the adapted ITM protocol in Maxwell®16 (Promega, USA) 

(184), which extracts were spoligotyping to assign MTBc lineages (124). 

 

Overall, details on the study methodologies and populations are described in each of 

the respective Chapters (2 - 5) (Table 1.3). 

 

1.10.4 Data management and analysis 

Data from mycobacteriological- and molecular laboratory analyses, and clinical and 

epidemiological investigations, were entered in a password-protected study-specific 

Microsoft Excel database and double-checked to avoid record faults until analysis. The 

records of molecular genotyping results were compared to the publicly available 

international databases (SITVIT2, MIRU-VNTRplus, TBlineage, Spotclust) to identify 

genetic diversity and lineages of mycobacterial strains. For GenoType MTBDRplus and 

-sl, results were recorded and interpreted as described in the manufacturer's 

instructions (Hain) and prior protocols. 

 

Statistical analysis for socio-demographic, clinical, and epidemiologic data, including 

univariate and multivariate analysis, were performed using STATA version 15.1 

statistical software, and the detailed analysis is described in each of the chapters. 
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Table 1.3. Overview of the studies included study samples, the study sites, sampling, diagnostic and laboratory analysis 

Chapter Study sites Sampling and collection dates Routine diagnostic analysis Study laboratory analysis 

Study 1 Ethiopia, North 
Gondar 
 

Sputum from new pulmonary TB 
patients (n=244)  
(from 2017 to 2019) 

Smear microscopy, culture on LJ 
media, and MPT64 at Gondar TB lab 

Hain DNA extraction and MTBDRplus 
and -sl LPAs at Gondar TB lab, and 
spoligotyping at ITM 

Sputum preserve in 95% ethanol at 
Gondar TB lab 

Maxwell DNA extraction and 
Spoligotyping at ITM 

FNAs from new TB lymphadenitis 
patients (n=161) 
(from 2017 to 2019) 

Smear microscopy, culture on LJ 
media and MPT64 Gondar TB lab 

Hain DNA extraction and MTBDRplus 
and -sl LPAs at Gondar TB lab, and 
spoligotyping at ITM 

Study 2 Ethiopia, Amhara 
region 
 

Newly enrolled Xpert-positive 
RR/MDR-TB patients at University 
of Gondar hospital (n=65)  
(from 2017 to 2019) 

Xpert, culture on LJ media and 
MPT64 at Gondar TB lab 

 
Hain DNA extraction and MTBDRplus 
and -sl LPAs at Gondar TB lab, and 
Spoligotyping at ITM 

-20oC freezer stored RR/MDR-TB 
isolates from Gondar and Bahir 
dar TB labs (n=120)  
(from 2013 to 2016) 

Sub-culture on LJ media at Gondar 
and Bahir dar TB labs 

Study 3 Niger 
 

Baseline RR/MDR-TB isolates 
retrieved from ITM mycobacterial 
strain collection (n=222)  
(from 2008 to 2016) 

Smear microscopy, Sputum culture, 
pDST, treatment outcomes (Niger 
and ITM) 

DNA extraction and spoligotyping at 
ITM 

Study 4 STREAM 1 sites 
(Ethiopia, Mongolia, 
South Africa, and 
Vietnam) 

MTBDRsl results from baseline 
sputum samples from RR/MDR-
TB from ITM (n=413)  
(from 2012 to 2015) 

Smear microscopy, pDST (STREAM 1 
sites and ITM) 
 

Hain MTBDRsl LPAs in the site labs 
and DNA sequencing at ITM 
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Abstract 

Objectives: This study described the population structure of M. tuberculosis complex 

(MTBc) strains among patients with pulmonary or lymph node tuberculosis (TB) in 

Northwest Ethiopia and tested the performance of culture isolation and MPT64-based 

speciation for Lineage 7 (L7). 

Methods: Patients were recruited between April 2017 and June 2019 in North Gondar, 

Ethiopia. The MPT64 assay was used to confirm MTBc, and spoligotyping was used to 

characterize mycobacterial lineages. Line probe assay (LPA) was used to detect 

resistance to rifampicin and isoniazid. 

Results: Among 274 MTBc genotyped isolates, there were five MTBc lineages: L1ςL4 

and L7 were identified, with predominant East-African-Indian (L3) (53.6%) and Euro-

American (L4) (40.1%) strains, and low prevalence (2.6%) of Ethiopia L7. The genotypes 

were similarly distributed between pulmonary and lymph node TB, and all lineages 

were equally isolated by culture and recognized as MTBc by the MPT64 assay. 

Additionally, LPA showed that 259 (94.5%) MTBc were susceptible to both rifampicin 

and isoniazid, and one (0.4%) was multi-drug resistant (resistant to both rifampicin and 

isoniazid). 

Conclusion: These findings show that TB in North Gondar, Ethiopia, is mainly caused 

by L3 and L4 strains, with low rates of L7, confirmed as MTBc by MPT64 assay and with 

limited resistance to rifampicin and isoniazid. 

 

Keywords: Genotypes; Line probe assay; Mycobacterium tuberculosis; Spoligotyping; 

Tuberculosis 
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2.1 Introduction 

Tuberculosis (TB) remains a major public health threat and the leading infectious cause 

of morbidity and mortality throughout the world (1). According to the World Health 

Organization (WHO), there were an estimated 10 million incident cases of TB and 1.5 

million deaths worldwide, with the African region displaying the highest annual risk of 

infection, aggravated by high HIV co-infection rates and the emergence of drug 

resistant TB (1). TB disease, caused by the Mycobacterium tuberculosis (M. 

tuberculosis) complex (MTBc), has been present in the human population since the 

beginning of recorded history (2) and co-evolved with ancient hominids (3,4). Today, 

eight phylogenetic lineages of the MTBc have been identified worldwide, causing TB in 

humans (5ς7). 

 

The distribution of MTBc lineages has shown significant geographical variation (5,8), 

with a major impact on disease presentation, drug resistance nature and host 

adaptation (9,10). A high rate of lymph node TB has been reported in Ethiopia (11ς13), 

and the country uniquely harbors M. tuberculosis Lineage 7 (6,14), a lineage in 

ōŜǘǿŜŜƴ ΨŀƴŎŜǎǘǊŀƭΩ ŀƴŘ ΨƳƻŘŜǊƴΩ a¢.Ŏ ƳŜƳōŜǊǎΦ 9ǘƘƛƻǇƛŀ ŀƭǎƻ Ƙŀǎ ŀ ƘƛƎƘ ƛƴŎƛŘŜƴŎŜ 

of TB compared to neighboring countries (1,12), although the reasons remain unclear, 

justifying further understanding of potential mycobacterial factors. Drug resistant TB 

has also been reported as a major problem in different regions of Ethiopia (15ς18); 

however, the overall molecular epidemiology of drug resistant TB is poorly understood 

in the country. 

  

Mycobacterial strain genotyping has been used to complement epidemiological 

studies and provided a helpful understanding of TB transmission dynamics (19). 

Genotyping studies have been performed on culture isolates in Ethiopia (20,21). It has 

recently been shown that culture selects for modern M. tuberculosis strains (22), thus 

introducing culture bias in the estimation of the proportion of the different lineages 

(22,23). Also, data on the association between circulating MTBc lineages and drug 
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resistance in Northwest Ethiopia, one of the high TB burden sub-regions (17,18), 

remains inadequate. 

 

This study describes the population structure of MTBc among culture isolates and 

specimens from TB patients with pulmonary or lymph node presentations in 

Northwest Ethiopia, and the performance of culture isolation and MPT64-based 

speciation for Lineage 7. 

 

2.2 Methods 

2.2.1 Study design and patients 

A cross-sectional study of consecutive patients with presumptive TB was conducted 

between April 2017 and June 2019 in North Gondar at the University of Gondar 

Hospital (UoGH), Ethiopia. The hospital serves as a comprehensive specialized hospital 

for people living in North Gondar and the neighboring cities of South Gondar and the 

Tigray region. It serves as a treatment-initiating center for multi-drug resistant TB 

(MDR-TB), with screening facilities for patients with presumptive resistant TB. All 

patients aged >15 years who directly presented to UoGH or were referred from other 

health centers and who were diagnosed with new pulmonary TB or TB lymphadenitis 

were asked for informed consent before initiating treatment. The sample size was 

calculated assuming the expected prevalence of Lineage 7 to be 15.6% among 

pulmonary TB (20) and 9.8% (11) among TB lymphadenitis, using a 95% confidence 

interval (CI) and 5% absolute precision (24). The sample size was 532 for pulmonary TB 

and 816 for TB lymphadenitis. The computed sample size was not achieved, as only 

244 pulmonary TB and 161 TB lymphadenitis patients were enrolled in this study. A 

structured and pre-tested questionnaire was used to collect sociodemographic and 

clinical data. 
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2.2.2 Culture 

Sputum samples from presumed pulmonary TB patients and lymph node aspirates 

from patients with presumed TB lymphadenitis were collected based on standard 

protocols, as described by the WHO and Global Laboratory Initiative (GLI) (25). In the 

TB culture laboratory, the standard cultivation method on Löwenstein-Jensen (LJ) 

medium (25) was carried out for isolating mycobacterial species. Before 

decontamination, an aliquot of the sputum was preserved in 95% ethanol, as 

previously described (26). Briefly, an overnight stand and liquefied sputum sample was 

added into 1 mL of 95% ethanol in a 2 mL screw capped cryovial tube (final 

concentration of 50%), vortexed, and kept at ambient temperature. Subsequently, the 

mixtures were centrifuged at 13,000 xg for 5 min, the supernatant was discarded, and 

the sediment (250 mL) was transported to ITM, Antwerp, Belgium. All aliquots were 

stored at 2-8 °C in Antwerp until DNA extraction. 

 

2.2.3 Confirmation of Mycobacterium tuberculosis complex 

Preliminary identification of the isolates obtained from positive cultures as being 

mycobacterial species was performed based on morphological characteristics on LJ 

media, and detection of acid-fast bacilli (AFB) (with cording) using Ziehl-Neelsen (ZN) 

smear microscopy (25). The MPT64-based SD Bioline rapid test (BD Diagnostic System, 

{ǇŀǊƪǎΣ a5ύ ŎƻƴŦƛǊƳŜŘ ƳȅŎƻōŀŎǘŜǊƛŀƭ ƛǎƻƭŀǘŜǎ ǿƛǘƘ a¢.ŎΣ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. Also, spoligotyping (27) was used as a reference standard identification 

for further confirmation of the MPT64-positive and MPT64-negative isolates. Isolates 

were considered as MTBc positive by spoligotyping when any spoligotype pattern was 

seen, and negative when the absence of all spacers was observed. 

 

2.2.4 DNA extraction 

Deoxyribonucleic acid (DNA) was extracted from LJ cultures using the GenoLyse® DNA 

extraction kit (Hain Life Science, Nehren, Germany) and stored at 20°C until shipment 

for spoligotyping in Antwerp. Also, DNA from sputum specimens was extracted by the 
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Promega Maxwell®16 DNA extraction kit (Promega, USA) following the adapted ITM 

protocol with pre-treatment, and previously published protocols (28). Briefly, each 

sputum sample (200mL) was pretreated with 20mL proteinase K and 200mL in-house 

lysis buffer, and homogenized overnight at 60°C in a shaking incubator (200 rpm). 

Subsequently, 330mL of Maxwell®16 lysis buffer was added to the pre-treated sputum, 

vortexed, and transferred to the cartridge well (maximum 750mL); the DNA was then 

eluted in 50mL elution buffer in a Maxwell®16 LEV device (model AS3000). A 

Mycobacterium bovis (M. bovis) BCG inactivated suspension and molecular biological 

(Milli-Q) water were included as positive and negative controls, respectively.  

 

2.2.5 Genotypic drug susceptibility testing  

The MTBDRplus LPAs, including PCR amplification and hybridization procedures, were 

ŎƻƴŘǳŎǘŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƎǳƛŘŜƭƛƴŜǎ (29). The resulting strips were 

taped to LPA worksheets and interpreted using WHO guidelines (30). Internal quality 

control was ensured by using H37Rv DNA as positive and distilled water as a negative 

control in each run. 

 

2.2.6 Molecular genotyping 

Spoligotype analysis was performed on in-house prepared membranes after PCR 

amplification for the direct repeat regions (27). Both M. tuberculosis H37Rv and M. 

bovis BCG reference strains were included as positive controls, and distilled water as a 

negative control in each run. 

 

2.2.7 Genotyping and phylogenetic analyses 

The publicly available international multimarker database of the Pasteur Institute of 

Guadeloupe (SITVIT2) (http://www.pasteur-guadeloupe.fr:8081/SITVIT2/) (31) was 

used to assign genotypes. Mycobacterial lineages and families were defined according 

to signatures provided in SITVIT2 (31,32) and based on TBlineage, Spotclust and MIRU-

VNTRplus websites. In addition, spolTools (http://spoltools.emi.unsw.edu.au/) were 
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used to analyze MTBc spoligotype data for probable relationships among genotypes 

using Spoligoforests (spolTools; hierarchical layout) (33). 

 

2.2.8 Statistical analysis 

Descriptive statistics like frequency distributions and percentages were conducted 

using STATA1 15.1 (StataCorp, USA). Proportions of LPA and spoligotype results for 

both MTBc lineages were compared using the two-sample proportion test analysis. 

Odds ratios (OR) and 95% confidence levels (CIs) were calculated to measure the 

ŀǎǎƻŎƛŀǘƛƻƴ ƻŦ a¢.Ŏ ƭƛƴŜŀƎŜǎ ƻǊ ŦŀƳƛƭƛŜǎ ǿƛǘƘ ǇŀǘƛŜƴǘǎΩ ǎƻŎƛƻŘŜƳƻƎǊŀǇƘƛŎǎ ŀƴŘ ŘƛǎŜŀǎŜ 

presentation using binary logistic regression. Additionally, two-ǎƛŘŜŘ tŜŀǊǎƻƴΩǎ /Ƙƛ-

square test was used to assess associations of geographic MTBc lineage distribution in 

study districts. A p-value of <0.05 was considered statistically significant. 

 

2.2.9 Ethical review 

Institutional permission to perform this study was obtained from the Institutional 

Research and Ethical review committees of the University of Gondar, Ethiopia, and also 

from the Institute of Tropical Medicine (ITM, Antwerp) and University of Antwerp 

(UZA), Belgium before the commencement of research activities. Voluntarily signed 

informed consent was obtained from each patient and no patient personal identifiers 

were used in this study. 

 

2.3 Results 

2.3.1 Patients and MTBc characteristics 

A total of 405 patients were recruited, including 244 with new pulmonary TB and 161 

with TB lymphadenitis (Figure 2.1). Most patients were male (249/405, 61.5%) and the 

median age was 30.0 years (IQR 24.0ς40.0). The median body mass index (BMI) was 

18.7 kg/m2 (range 11.3ς26.3, IQR 17.2ς20.5). Among 211 TB patients with known HIV 

test results, 30 (14.2%) were HIV-positive. Few patients (6.7%) had been in prison or 



82 
 

had a smoking history (2.5%). The majority of patients (69.1%) were from rural areas 

of the districts (Table 2.1). 

 

In total, the study showed smear-positive samples among 60.7% (148/244) of 

pulmonary TB- and 17.4% (28/161) of TB lymphadenitis patients (p < 0. 001, Table 2.1). 

Among 405 culture processed samples, a total of 280 (69.1%) were positive: 79.5% 

(194/244) of pulmonary specimens and 53.4% (86/161) of TB lymphadenitis patients. 

Most samples that did not yield an isolate had no growth in culture (45/244 from 

pulmonary TB and 74/161 from TB lymphadenitis), while only a few were 

contaminated (Figure 2.1). Of the 280 isolates, 274 (97.9%) were identified as MTBc by 

the MPT64 Ag test (Figure 2.1). 
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Table 2.1. tŀǘƛŜƴǘΩǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ōȅ ǘȅǇŜ ƻŦ ¢. ǇǊŜǎŜƴǘŀǘƛƻƴΦ 

 Total (n=405) Pulmonary TB 

(n =244) 

TB lymphadenitis 

(n=161) 

OR [95%CI] p-value 

Gender, n (%)       

Male 249 (61.5) 160 (65.6) 89 (55.3) 0.73 0.43 - 1.24 0.250 

Age, median (IQR) 30.0 (24-40) 28.5 (23-38) 30.0 (24-40) 1.26 0.74 - 2.16 0.395 

BMI, median (IQR) 18.7 (17.2-20.2) 18.4 (16.8-20.0) 19.5 (18.0-20.9) 2.06 1.24 - 3.43 0.005 

HIV status, n (%)       

Positive 30 (7.4) 23 (9.4) 7 (4.4) 0.67 0.21 - 2.14 0.495 

Negative 181 (44.7) 100 (41.0) 81 (50.3) 1.41 0.83 - 2.39 0.201 

unknown 194 (47.9) 121 (49.6) 73 (45.3) Ref.   

Prison history, n (%)       

Yes 27 (6.7) 12 (4.9) 15 (9.3) 2.65 0.93 - 7.57 0.068 

Smoking history, n (%)       

Yes 10 (2.5) 6 (2.5) 4 (2.5) 1.10 0.27 - 4.49 0.898 

Patient address, n (%)       

Rural 280 (69.1) 155 (63.5) 125 (77.6) 2.29 1.26 - 4.17 0.006 

Urban 125 (30.9) 89 (36.5) 36 (22.4) Ref.   

Smear microscopy       

Positive 176 (43.5) 148 (60.7) 28 (17.4) 0.14 0.08 ς 0.22 0.000 

BMI = Body mass index; CI = confidence interval; HIV = human immunodeficiency virus;  IQR = inter quartile range; OR = odd ratio; 
Ref. = reference; TB = tuberculosis 
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Figure 2.1. TB patients included in spoligotyping and line probe assay (LPA) analysis. 

 

 

¢. ǇŀǘƛŜƴǘǎ ǊŜŎǊǳƛǘŜŘ ŀǘ ¦ƻD 
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2.3.2 Genotypes of the Mycobacterium tuberculosis complex 

Spoligotyping on isolates yielded 274/280 interpretable results (Figure 2.1). The six 

MPT64-negative pulmonary isolates included four likely non-TB mycobacteria 

(negative spoligotypes) and two MPT64 false-negative MTBc isolates (one isolate from 

L1 and the other from L3). All L7 isolates were correctly classified as MTBc by MPT64 

analysis. 

 

Among the 274 spoligotype results, 68 different spoligopatterns were identified: 44 

known in the SITVIT2 database and 24 orphan patterns (Table 2.2 and Supplementary 

Table 2.1). Amongst the total 68 spoligopatterns, 38 distinct spoligotypes were 

identified from pulmonary TB, nine patterns from TB lymphadenitis patients, and 21 

patterns were shared by both pulmonary TB and TB lymphadenitis. Five major MTBc 

lineages (Ls) were identified: eight (2.9%) Indo-Oceanic (L1), two (0.7%) East Asian 

(Beijing, L2), 147 (53.6%) East-African-Indian (L3), 110 (40.1%) Euro-American (L4), and 

seven (2.6%) Ethiopian lineage (L7) (Table 2.2). Within the predominant East-African-

Indian L3, the CAS1-Delhi (140, 51.1%) was the most common family, with few isolates 

classified as CAS1-Kili (4, 1.5%) and CAS (3, 1.1%). Euro-American L4 comprised T- (42, 

15.3%), Haarlem- (28, 10.2%), T3-ETH- (20, 7.3%), LAM- (16, 5.8%), S- (2, 0.7%) and X- 

(2, 0.7%) families (Table 2.2 and Supplementary Table 2.1). Fifty orphan spoligotypes 

(18.2%) were further analyzed to the nearest lineages and/or families by the TBlineage 

and Spotclust database and added into those identified MTBc families (Table 2.2). 
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Table 2.2. Distribution of M. tuberculosis complex (MTBc) lineages and families among isolates, by TB presentation 

Lineages (Ls) Total, n (%) Family (n) SIT nr No. of total 
isolates, 
n/274 (%) 

TB presentation 

PTB, (%) n=188 TB LN, (%) n=86 

Indo-Oceanic (L1) 8 (2.9) Family36 (1) SIT4 1 (0.4) 1 (0.5) 0 (0.0) 
  Manu (2) SIT54 2 (0.7) 0 (0.0) 2 (2.3) 
  Family34 (5) SIT56 4 (1.4) 3 (1.4) 1(1.2) 
   orphan 1 (0.4) 1 (0.5) 0 (0.0) 

East Asian (L2) 2 (0.7) Beijing (2) SIT1 2 (0.7) 1 (0.5) 1 (1.2) 

East African Indian (L3) 147 (53.6) CAS1-Delhi (140) SIT1198 4 (1.4) 3 (1.4) 1 (1.2) 
   SIT1199 2 (0.7) 1 (0.5) 1 (1.2) 
   SIT1343 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT141 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT142 2 (0.7) 2 (1.1) 0 (0.0) 
   SIT247 3 (1.1) 1 (0.5) 2(2.3) 
   SIT25 89 (32.5) 56 (29.8) 33 (38.4) 
   SIT26 10 (3.6) 9 (4.8) 1 (1.2) 
   SIT952 3(1.1) 2 (1.1) 1 (1.2) 
   orphan 25 (9.1) 22 (11.7) 3 (3.5) 
  CAS1-Kili (n=4) SIT21 4 (1.4) 2 (1.1) 2 (2.3) 
  CAS (n=3) SIT1789 1 (0.4) 1 (0.5) 0 (0.0) 
   orphan 2 (0.7) 2 (1.1) 0 (0.0) 

Euro-American (L4) 110 (40.1) Haarlem (n=28) SIT121 4 (1.4) 4 (2.1) 0 (0.0) 
   SIT134 12 (4.4) 10 (5.3) 2 (2.3) 
   SIT35 1 (0.4) 0 (0.0) 1 (1.2) 
   SIT47 1 (0.4) 0 (0.0) 1 (1.2) 
   SIT50 4 (1.4) 1 (0.5) 3 (3.5) 
   SIT750 4 (1.4) 3 (1.4) 1 (1.2) 
   SIT764 2 (0.7) 0 (0.0) 2 (2.3) 
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  T-family (42) SIT1626 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT1688 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT1745 1 (0.4) 0 (0.0) 1(1.2) 
   SIT196 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT205 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT358 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT44 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT52 3 (1.1) 1 (0.5) 2 (2.3) 
   SIT53 21 (7.7) 13 (6.9) 8 (9.3) 
   orphan 11 (4.0) 8 (4.3) 3 (3.5) 
  T3-ETH (20) SIT149 19 (6.9)  10 (5.3) 9 (10.5) 
   orphan 1 (0.4) 1 (0.5) 0 (0.0) 
  LAM (16) SIT33 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT41 2 (0.7) 1 (0.5) 1 (1.2) 
   SIT42 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT59 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT230 1 (0.4) 1 (0.5) 0 (0.0) 
   orphan 10 (3.6) 9 (4.8) 1 (1.2) 
  S-family (2) SIT34 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT156 1 (0.4) 1 (0.5) 0 (0.0) 
  X-family (2) SIT119 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT336 1 (0.4) 1 (0.5) 0 (0.0) 

Ethiopian lineage (L7) 7 (2.6) ETH1 family (7) SIT343 1 (0.4) 1 (0.5) 0 (0.0) 
   SIT910 1 (0.4) 0 (0.0) 1 (1.2) 
   SIT1729 5 (1.8) 3 (1.6) 2 (2.3) 

Mycobacterium tuberculosis complex lineages and families from 274 isolates from pulmonary TB (PTB) and TB lymphadenitis (TB 

LN) patients in Northwest Ethiopia. L = lineage; CAS = Central Asian; LAM family = Latin-American-Mediterranean
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Overall, 234 (85.4%) MTBc isolates were clustered by spoligotyping, with 21 clusters 

comprising 2ς89 isolates per cluster, while 40 isolates were singletons. The most 

predominant cluster was largely designated by the SIT25 (identified as CAS1-Delhi) 

with 89 MTBc isolates, followed by SIT53 (n = 21 isolates). The majority of MTBc 

clusters were from pulmonary TB (66.2%; n = 155) and rural areas (67.5%; n = 158) 

(Supplementary Table 2.1). 

 

2.3.3 Distribution of genotypes among direct (sputum) and indirect 

(isolate) spoligotyping 

Direct spoligotyping was successful for 180 (73.8%) of 244 sputum specimens, while 

55 (22.5%) were negative (missing all spacers; of which 47 samples were microscopy 

smear-negative) and nine (3.7%) had non-interpretable spoligotype results (too weak 

spots; of which four were smear-negative). The majority (93.3%; 168/180) of sputa 

with successful direct spoligotype results were also positive in culture. Of the 168 

patients with both direct (sputa) and indirect (isolates) spoligotype results available, 

spoligotypes were concordant in 91.1% (153/168) (Supplementary Table 2.2). The 15 

discrepant profiles differed by one spacer (n = 5), two (n = 3), three (n = 3), five (n = 3), 

or 28 spacers (n = 1) (Supplementary Table 2.2). Those with <5 spacers difference were 

identified without any change between families and/or lineage pairs, while the 28 

spacer difference led to an interfamily and interlineage change (L4 T3-ETH in sputum 

and L3 CAS1_Delhi in culture) (Supplementary Table 2.3). The proportion of lineages 

did not significantly differ between spoligotype analysis directly on sputum versus on 

cultured isolates (73.8% versus 77.0%; 95% CI [-0.12ς0.56]; p = 0.476) (Table 3.3). 

Notably, the proportion of L7 was similar in sputum and isolates (Table 2.3). 
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Table 2.3. Mycobacterium tuberculosis complex (MTBc) lineages and families obtained by direct (on sputum) and indirect (on isolates) 

spoligotyping 

CAS, Central Asian; CI, Confidence Interval; L, lineage; LAM family, Latin-American-Mediterranean 
*p-value and 95%CI were calculated using the two sample proportion test.

Lineages (Ls) Family Spoligotyping results  p-value* [95%CI]* 

Direct (sputa), N=180 (%) Indirect (isolates), N=188 (%) 

Indo-Oceanic (L1)  5 (2.8) 5 (2.6) 0.984 [-0.19-0.20] 
 Family36 1 (0.6) 1 (0.5)   
 Family34 4  (2.2) 4 (2.1)   
East Asian (L2)  1 (0.6) 1 (0.5) - - 
 Beijing 1 (0.6) 1 (0.5)   
East African Indian (L3)  101 (56.1) 104 (55.3) 0.908 [-0.13-0.14] 
 CAS1-Delhi 98 (54.4) 99 (52.6)   
 CAS1-Killi 1 (0.6) 2 (1.1)   
 CAS 2 (1.1) 3 (1.6)   
Euro-American (L4)  69 (38.3) 74 (39.4) 0.893 [-0.17-0.15] 
 Haarlem 16 (8.9) 18 (9.6)   
 T-family 24 (13.3) 28 (14.9)    
 T3-ETH 11 (6.1) 10 (5.3)   
 LAM 13 (7.2) 14 (7.4)   
 S-family 2 (1.1) 2 (1.1)   
 X-family 3 (1.7) 2 (1.1)   
Ethiopian lineage (L7)  4 (2.2) 4 (2.1) 0.992 [-0.20-0.20] 
 ETH1 family  4 (2.2) 4 (2.1)    
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2.3.4 Spoligoforests among spoligotypes and MTBc genotypes  

The spoligoforest tree was drawn by using the spoligotype data in 

http://www.emi.unsw.edu.au/spolTools/ (33) and presented with a Hierarchical 

layout in Figure 2.2, which shows four parent trees with linked nodes and 13 distinct 

nodes. The tree shows SIT26, SIT54, SIT910, and SIT35 spoligotypes as a root (i.e. these 

spoligotypes represent the parent spoligotypes). Six spoligotypes descended from 

SIT26, of which five spoligotypes consisted of small clusters (SIT952 (n = 3), SIT247 (n 

= 3), SIT142 (n = 2), SIT143 (n = 1), and SIT1343 (n = 1)), and one spoligotype (SIT25, 

named as CAS1-Delhi) with a big cluster (n = 89), whereas SIT54 (Manu family) 

descended into one big cluster (SIT53, named as T-family). The spoligoforest tree also 

indicates that SIT910 (ETH-L7) provided the SIT1720 and SIT343 spoligotypes, which 

were designated as the genotypes of the Ethiopian L7. It was also observed that the 

tree visualizes the locations of the predominant SITs such as SIT26, SIT25, SIT53, 

SIT149, and SIT134 in the hierarchical chain. The majority (n = 9) of the 13 distinct 

nodes represented orphan spoligotypes. 
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Figure 2.2. The spoligoforest trees were drawn using 

http:/ /www.emi.unsw.edu.au/spolTools/ in Hierarchical Layout. Each spoligotype 

pattern represents a node in the tree with the number of isolates. Loss of spacers is 

represented by the edges between nodes, with the arrowheads pointing to 

descendant spoligotypes. Solid black lines link patterns with a maximum weight of 

distance. Dashed lines represent a link of weight comprised between 0.5 and 1, and 

dotted lines represent a link of weight <0.5 (33). 

 

2.3.5 Geographical distribution of MTBc lineages 

The majority of the 274 MTBc isolates were identified from four districts: Gondar (74, 

27.0%), Dembia (50, 18.3%), Gondar Zuria (31, 11.3%), and Wegera (31, 11.3%) (Figure 

2.3 and Supplementary Table 2.4). Genotypes belonging to L3 and L4 were widespread 

in all districts, while the ancient L1 was found only in Alefa, Belesa, Dembia, Gondar, 

and Wegera with one or two isolates each. The only two L2 (Beijing) isolates were 

identified in Gondar and Belesa districts. The Ethiopian L7 was only identified in Belesa, 

Chilga, Dembia, Gondar, and Wegera districts with one or two isolates each. The 

geographic distribution of lineages did not significantly differ by district (p > 0.05, data 

not shown). 

 






























































































































































































































































