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 Summary 

SUMMARY 
 

Tuberculosis (TB) is one of the major infectious diseases worldwide, and the emergence and 

spread of drug-resistant strains of Mycobacterium tuberculosis, the causative agent, is a public 

health threat. In order to improve TB control, rapid diagnosis of the disease and 

implementation of an adequate treatment are required. In order to determine the strain 

susceptibility pattern, the reference method is phenotypic drug susceptibility testing. 

However, due to the slow growth rate of M. tuberculosis, results may be delayed for several 

weeks. Since the molecular basis and mutations associated with phenotypic resistance have 

been characterized for certain drugs, several molecular methods that detect these mutations 

have been developed for rapid genotypic drug susceptibility testing. Still, diagnostic accuracy 

studies assessing the usefulness of these methods are needed. In addition, it is essential to 

take into consideration the different impacts that each mutation may have on the phenotypic 

resistance in the M. tuberculosis strain and on the clinical outcome, in order to guide the 

clinician for an optimal choice of the anti-TB drugs for treatment. Furthermore, the study of 

the M. tuberculosis transmission by genotyping is needed in order to detect epidemiological 

links among TB cases and outbreaks, and thus control the spread of the disease. The most 

widely used genotyping methods are IS6110 restriction fragment length polymorphism (RFLP), 

spoligotyping [spacer oligonucleotide typing, based on the polymorphism of the clustered 

regularly interspaced short palindromic repeats (CRISPR)], and mycobacterial interspersed 

repetitive units - variable number tandem repeats (MIRU-VNTR). However, these methods are 

either slow, laborious, time-consuming, low-throughput, or may present low-discriminatory 

power. Therefore, the objectives of this thesis are (1) to assess the usefulness of new 

molecular methods for detecting genotypic drug resistance, (2) to review the molecular 

methods used for TB management and the relationship between genotypic and phenotypic 

drug resistance and clinical outcomes, and (3) to evaluate and develop new methods for 

genotyping M. tuberculosis strains. 

 

For the first objective, the diagnostic accuracy of different molecular methods for detecting 

drug resistance was assessed with clinical strains and clinical specimens (Articles I, II, III, and 

IV). Strains and specimens were analysed with the phenotypic drug susceptibility methods 
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BACTEC 460TB and MGIT 960, and with molecular methods based on reverse hybridization 

array (GenoFlow DR-MTB Array Test, DiagCor Bioscience, Hong Kong) and line probe assay 

(AID TB resistance, AID Diagnostika, Germany), multiplex PCR (Anyplex II MTB/MDR/XDR, 

Seegene, Korea), and pyrosequencing (Qiagen, The Netherlands). Each of these methods 

targets a set of defined mutations among the following genes or genomic regions: rpoB for 

rifampicin resistance; katG and inhA promoter for isoniazid resistance; gyrA for 

fluoroquinolones resistance; rrs and eis promoter for injectable drugs (kanamycin, amikacin, 

and capreomycin) resistance; embB for ethambutol resistance, and rrs and rpsL for 

streptomycin resistance. Results obtained with molecular methods were compared with those 

obtained with phenotypic methods. In case of discordance, the strains/specimens were 

analysed with another molecular method. As for the second objective, the molecular methods 

used for TB management and the relationship between gene/promoter mutations, 

phenotypic drug resistance, and clinical outcomes were reviewed (Articles V and VI). This 

latter review was carried out in the context of a collaboration between the TBNET and RESIST-

TB groups to reach a consensus about the clinical use of molecular drug susceptibility testing. 

Finally, for the third objective, a microbead-based method (TB-SPRINT) aimed to perform 

simultaneously spoligotyping and detection of molecular resistance to rifampicin and isoniazid 

was evaluated (Article VII). In addition, a genotyping method based on the polymorphism of 

the IS6110 insertion site combined with pyrosequencing, and termed PyroTyping, was 

developed (Article VIII). For both methods, results obtained with the new method were 

compared with conventional spoligotyping and IS6110-RFLP. Regarding TB-SPRINT, drug 

susceptibility results were compared with phenotypic and molecular methods. 

 

Regarding the diagnostic accuracy of the different molecular methods for detecting genotypic 

drug resistance, the sensitivity and specificity values varied depending on the drug considered. 

The sensitivity was high (≥90%) for detecting rifampicin, amikacin, capreomycin, and 

streptomycin resistance; it was high or moderate (60-89%) for isoniazid and kanamycin; it was 

moderate or low (<60%) for fluoroquinolones; and it was moderate for ethambutol. In 

addition, the specificity of the molecular methods was high for isoniazid, rifampicin, and 

streptomycin; and it was high or moderate for fluoroquinolones, kanamycin, amikacin, 

capreomycin, and ethambutol. Despite these differences, the results of the different 

molecular methods were highly concordant. Discordant results between the molecular 
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method evaluated and the phenotypic method were obtained for some drugs. In most of the 

cases, results obtained with an alternative molecular method were concordant with the 

molecular method evaluated. Finally, the molecular methods studied present differences in 

terms of throughput capacity, equipment and training required, and interpretation of the 

results. 

 

As for the relationship between genotypic and phenotypic resistance and clinical outcomes, 

the extent of knowledge varies depending on the drug considered. It is of note that depending 

on the mutation detected, the considered drug can still be used for treatment or should be 

excluded. Regarding isoniazid, the mutation katG315 is associated with high-level phenotypic 

resistance and unfavourable clinical outcomes (treatment failure, death, or relapse), therefore 

isoniazid should not be considered as an option for treatment. Conversely, mutations in inhA 

promoter are associated with low-level resistance to isoniazid, and cross-resistance to 

ethionamide and prothionamide, but have no effect on clinical outcomes. Hence, high-dose 

isoniazid is usually recommended for treatment. Regarding the rifamycins, the different 

mutations detected in rpoB have variable effects on the phenotypic cross-resistance between 

rifampicin, rifabutin, and rifapentine: some mutations confer high-level resistance to the three 

drugs, other mutations affect rifampicin but not the other rifamycins, and other mutations 

have a slight effect on susceptibility to the three drugs. In addition, some of the mutations are 

associated with unfavourable clinical outcomes. Therefore, depending on the mutation 

detected, rifampicin can still be an option for treatment or it should be excluded. As for 

fluoroquinolones, some mutations in gyrA confer phenotypic and clinical resistance, whereas 

other mutations are discussed controversially and the clinical implications are unclear. Finally, 

regarding the injectable drugs, different mutations in rrs and eis promoter are associated with 

partial cross-resistance between kanamycin, amikacin, and capreomycin. Nevertheless, 

studies assessing the effect of these mutations on clinical outcomes have not been performed 

yet. 

 

Lastly, as for the evaluation of TB-SPRINT spoligotyping and development of PyroTyping, the 

concordance between these novel methods and the reference methods with respect to the 

clustering or discrimination of the strains studied was 96.9% and 100%, respectively. 

According to spoligotyping results from both evaluations, the strains included were classified 
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as Haarlem, Latin-America and Mediterranean, T, Africanum, East African Indian, X, Beijing, 

Bovis, Central Asian, or the lineage could not be assigned. Moreover, TB-SPRINT 

simultaneously detected mutations associated with rifampicin and isoniazid resistance, and it 

was highly sensitive and specific compared with phenotypic drug susceptibility testing and 

DNA sequencing/pyrosequencing, although the number of drug-resistant strains analysed was 

low to draw a robust conclusion. TB-SPRINT and PyroTyping are rapid methods, relatively easy 

to perform, and high-throughput, and interpretation of the results does not require a complex 

bioinformatics analysis, although both methods require specific equipment. It is of note that 

the choice of the genotyping method, based either on the polymorphism of the CRISPR region 

or the IS6110 insertion site, depends on the objective of investigation, with regard to the 

potential discriminatory power needed. Finally, both microbead-based hybridization and 

pyrosequencing can be used for detecting genotypic drug resistance, increasing the clinical 

value of these methods. 

 

In conclusion, the molecular methods evaluated for detecting first- and second-line drug 

resistance present variable sensitivity and specificity when compared to phenotypic methods 

depending on the drug considered. However, the sensitivity and specificity values of these 

molecular methods are comparable between them. Current knowledge on the relationship 

between molecular and phenotypic drug resistance and clinical outcomes has been 

investigated for some drugs but it is unclear for other drugs. Large studies are needed to 

establish these relationships and to identify the subset of mutations predictive of treatment 

failure, in order to tailor an adequate treatment and make rational use of the limited drugs 

available. Finally, the performance and discriminatory power of the genotyping methods 

based on hybridization on microbeads and pyrosequencing are variable, hence, the selection 

of the method depends on the objective of the investigation. Furthermore, the potential 

simultaneous detection of drug resistance with these methods increases their clinical value 

for patient management. 
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AFB   Acid-fast bacilli 
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CAP   Capreomycin 
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INH   Isoniazid 

IS   Insertion sequence 
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MDR   Multidrug resistance 

MFX   Moxifloxacin 
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 Introduction 

1. INTRODUCTION 

 

1.1. Epidemiology and resistance situation 

 

Tuberculosis (TB) is one of the major infectious diseases worldwide. Despite TB mortality has 

fallen 47% since 1990, and 43 million lives were estimated to be saved between 2000 and 

2014, this disease still remains a global health problem [1]. According to the World Health 

Organization (WHO) Global Tuberculosis Report, in 2014, 9.6 million people were estimated 

to have developed the disease worldwide and 1.5 million people died (1.1 million human 

immune deficiency virus (HIV)-negative and 0.4 million HIV-positive) (Figure 1). However, 6 

million (63%) new TB cases, and 260,000 previously treated cases were reported to WHO. 

Among the new TB cases, 5.1 million (85%) were pulmonary and 890,000 (15%) were 

extrapulmonary [1]. 

 

 

Figure 1. Estimated TB incidence rates in 2014 (WHO Global Tuberculosis Report 2015) [1].  

 

Although almost all the TB cases can be treated and cured, the emergence and spread of drug-

resistant strains of Mycobacterium tuberculosis, the etiologic agent of TB, pose challenges to 

global TB control [1]. The estimated number of multidrug-resistant (MDR) TB cases was 

480,000 in 2014, accounting for 3.3% of new TB cases and 20% of previously treated cases, 

and an estimated 190,000 people died of MDR-TB, although only 123,000 (26%) cases were 

detected and reported [1]. Nevertheless, there was an improvement on the proportion of TB 
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patients tested for drug resistance, partly due to the implementation of molecular tests: 58% 

of previously treated patients and 12% of new cases were tested in 2014, in contrast with 17% 

and 8.5%, respectively, in 2013 [1]. Furthermore, extensively drug-resistant (XDR) M. 

tuberculosis strains had been reported in 105 countries by 2015, and an estimated 9.7% of 

people with MDR-TB had XDR-TB [1]. 

  

In the European countries there were 340,000 estimated TB cases in 2014, with an incidence 

of 37 per 100,000 people [1]. In contrast with the global data, MDR-TB accounted for 15% of 

new and 48% of retreatment cases, and the coverage of drug susceptibility testing for both 

fluoroquinolones and second-line injectable drugs was the lowest [1].  

 

In Catalonia there were 1,074 notified cases in 2015, with an incidence of 14.3 cases per 

100,000 people [2]. The case notification rate was higher for foreign-born patients than for 

native patients (39.5 and 9.1 cases per 100,000 inhabitants, respectively), although 47.1% of 

the cases corresponded to foreign-born patients. MDR-TB accounted for 1.3% of TB cases in 

2015.  

 

During the last years, new tests for diagnosing drug-resistant TB and new drugs for treatment 

have been developed [3]. However, these tests should be evaluated, and more diagnostics, 

drugs, and vaccines are needed in order to achieve the targets set in the End TB Strategy [1]. 
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1.2. Evolution of drug resistance in Mycobacterium tuberculosis complex 

 

There are two types of drug resistance in M. tuberculosis: phenotypic resistance (or drug 

tolerance) and genetic resistance. Phenotypic resistance is due to epigenetic changes in gene 

expression and protein modification that reduce susceptibility to several drugs in non-

replicating bacilli, whereas genetic resistance is due to mutations in chromosomal genes in 

replicating bacilli [4]. Phenotypic resistance may be caused by efflux pump expression induced 

by stress or subinhibitory concentration of drugs [4]. Phenotypic resistance may facilitate the 

development of mutations causing genetic resistance [5], and vice versa [4].  

 

M. tuberculosis is intrinsically resistant to several antibiotics, due to the mycolic acids-rich 

impermeable cell wall [6]. In addition, its whiB7 regulon includes genes involved in drug efflux 

(tap), a putative macrolide exporter (Rv1473), the ribosomal methyltransferase erm, and the 

aminoglycoside acetyltransferase eis, which may reduce susceptibility to several drugs, 

including macrolides and aminoglycosides [6]. 

 

Emergence of drug resistance is explained by the “fall and rise” effect [7]. When a patient is 

treated with a single anti-TB drug, the subpopulation of susceptible bacilli will decline, but 

spontaneously resistant bacilli will be selected and the resistant subpopulation will increase. 

The number of bacilli required for the emergence of a spontaneous resistant bacilli is 1x102-

104 for pyrazinamide (PZA), 1x105-106 for isoniazid (INH), streptomycin (STR), ethambutol 

(EMB), and fluoroquinolones (FLQ), 1x107-108 for rifampicin (RIF), and 1x103-106 bacilli for 

other drugs [7]. Amplification of the drug resistance profile is due to multiple cycles of “fall 

and rise” due to treatment with a single drug [7]. Therefore, resistance to multiple drugs takes 

time to develop and is the result of ineffective anti-TB treatment [7,8]. 

 

Genetic resistance has been mainly attributed to random genetic mutations in the 

chromosome, since there is no evidence of horizontal gene transfer in M. tuberculosis or 

resistance mutations acquired through transposition [6,9,10]. Genetic mutations are mainly 

due to errors introduced during DNA replication [10,11], and, subsequently, mutant bacilli are 

selected [4]. The most common type of mutation are single nucleotide changes, but small 

insertions and deletions (indels) or larger deletions have also been described [12]. Most of 
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these mutations silence drug-activating enzymes, modify the drug target, or increase the gene 

product targeted by the drug [12]. However, other mutations result in up-regulation of 

bacterial efflux pumps, causing phenotypic resistance [13], and facilitating the development 

of genetic resistance [4,5]. Resistance to multiple drugs is caused by sequential mutations in 

different genes, and single chromosomal mutations causing genetic resistance to more than 

one drug have not been described [7]. 

 

Some reports concluded that M. tuberculosis strains resistant to one or more drugs would not 

be widely disseminated due to the reduced fitness associated with genetic drug resistance [4]. 

However, some resistance-conferring mutations have low or no fitness cost, and other 

mutations with high fitness cost can be accompanied by compensatory mechanisms; 

consequently, some drug-resistant strains have been actively transmitted [4]. 
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1.3. Drugs for treatment of tuberculosis and mechanisms of resistance 

 

Until recently, the anti-TB drugs have been categorised as Groups 1, 2, 3, 4 and 5 [14]. The 

updated regrouping of anti-TB drugs is presented in Table 1 [15]. For some anti-TB drugs, the 

mechanisms of phenotypic resistance and the responsible genes and mutations are 

characterized, whereas for other drugs there is still incomplete knowledge. 

 

Table 1. Classification of the anti-TB drugs. Adapted from WHO 2016 [15]. 

First-line drugs 

 

Isoniazid 

Rifampicin 

Ethambutol 

Pyrazinamide 

Second-line drugs 

A. Fluoroquinolones 

Levofloxacin 

Moxifloxacin 

Gatifloxacin 

B. Second-line injectable agents 

Amikacin 

Capreomycin 

Kanamycin 

Streptomycin 

C. Other core second-line agents 

Ethionamide / Prothionamide 

Cycloserine / Terizidone 

Linezolid 

Clofazimine 

D. Add-on agents (not part  

of the core MDR-TB regimen) 

D1 

Pyrazinamide 

Ethambutol 

High-dose isoniazid 

D2 
Bedaquiline 

Delamanid 

D3 

p-aminosalicylic acid 

Imipenem-cilastatin 

Meropenem 

Amoxicillin-clavulanate 

Thioacetazone 

 

 

1.3.1. First-line drugs 

1.3.1.1. Isoniazid 

Isoniazid (INH) was discovered in 1952 [16] and it is a drug active only against mycobacteria, 

and mainly against M. tuberculosis complex [4,7]. It is a prodrug that is activated by the 

catalase-peroxidase encoded by the katG gene [4,17]. The active species (isonicotinic acyl 
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radical or anion) forms an adduct with NAD (nicotinamide adenine dinucleotide). The INH-

NAD adduct inhibits the enoyl acyl carrier protein reductase InhA [18], and other targets, 

inhibiting the synthesis of mycolic acids of the cell wall [4,7]. INH is the anti-TB drug with the 

most potent early bactericidal activity, and it is active only against rapidly replicating bacilli 

[7].  

 

The major mechanism of INH resistance involves katG, and the most common mutation is the 

S315T (AGC to ACC or ACA) [4]. Mutations in the katG promoter region (furA-katG intergenic 

region), affecting katG expression, have also been detected in INH-resistant strains [4]. 

Another mechanism of INH resistance consists on mutations in the promoter region of 

mabA(fabG1)/inhA operon causing overexpression of InhA, or mutations in the genomic 

region coding for the InhA active site [4]. The most common mutations are located in inhA 

promoter positions -16 (A to G), -15 (C to T), and -8 (T to C or A). Mutations in inhA confer 

cross-resistance between INH and ETO/PTO, since these drugs are structurally related and 

share the same genetic target [4,7]. In addition, a percentage of low-level INH-resistant strains 

do not harbour mutations in katG or inhA [4], and resistance may be due to new mechanisms 

[4]. In this line, mutations associated with INH resistance have been identified with WGS in 

more than 40 genes [19].  

 

1.3.1.2. Rifampicin (rifamycins) 

Rifampicin (RIF) was discovered in 1963 [16] and it is the most effective drug against M. 

tuberculosis, and also against a wide range of microorganisms [7]. RIF specifically binds to and 

inhibits the β subunit of the DNA-dependent RNA polymerase, encoded by rpoB, and 

interferes with the synthesis of mRNA [4,7]. Moreover, once RIF has bound to the RpoB target, 

it induces hydroxyl radical formation [4,20]. RIF has good bactericidal and sterilising activity, 

which enables the shortening of treatment [4,7,21]. In addition to RIF, other rifamycins 

available are rifabutin (RBT) and rifapentine. RBT is used to substitute RIF in TB-HIV patients 

[16], and RBT or rifapentine may be used in the treatment of RIF-resistant TB [7]. 

 

More than 95% of mutations associated with phenotypic RIF resistance are located in the 81-

bp hotspot region of rpoB, known as the RIF resistance-determining region [4,7]. Mutations in 

rpoB generally result in cross-resistance between rifamycins [7]: most of the RIF-resistant 
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strains are also rifapentine-resistant [7], but some strains are RBT-susceptible [4]. The most 

frequent mutations among RIF-resistant strains are S531L (TCG to TTG), H526Y/D (CAC to 

TAC/GAC), and D516V (CAG to GTC), although other mutations at these and other codons in 

the RIF resistance-determining region may also be associated with RIF resistance [4]. 

Interestingly, some mutations in rpoB are also found in phenotypically RIF-susceptible strains 

[4]. 

 

1.3.1.4. Ethambutol 

Ethambutol (EMB) was discovered in 1961 [16] and it is active only against mycobacteria [7]. 

EMB targets arabinosyl transferase, encoded by embB, and inhibits the polymerisation of 

arabinogalactan and lipoarabinomannan, two components of the mycobacterial cell wall [4,7]. 

Thus, EMB inhibits mycolic acid synthesis, and also triggers a cascade of changes in lipid 

metabolism of mycobacteria, leading to the disaggregation of bacteria clumps into smaller 

clusters [7]. Despite this mode of action, EMB has poor bactericidal activity on both 

extracellular and intracellular bacilli. However, it prevents the selection of resistance to INH 

and RIF [7,10]. 

 

The main mechanism of EMB resistance involves the embCAB operon. The most common 

mutations are located in embB codon 306, which are detected in less than 70% of EMB-

resistant strains [4]. Different amino acid substitutions have been identified in embB306: 

M306V (GTG) and M306I (ATA, ATC, and ATT) [22]. Other mutations have been detected in 

embB codons 319, 406, and 497, and also in the embC and embA genes [23,24]. However, 

embB306 mutations have also been detected in EMB-susceptible MDR-TB strains [25]. Finally, 

mutations in ubiA, encoding the DPPR (decaprenyl-phosphate 5-phosphoribosyltransferase) 

synthase involved in cell-wall synthesis, have been identified [4,26]. 

 

1.3.1.3. Pyrazinamide 

Pyrazinamide (PZA) was discovered in 1954 [16] and is active only against mycobacteria, 

especially M. tuberculosis. PZA is a prodrug that is converted to the active form pyrazinoic acid 

by the pyrazinamidase/nicotinamidase encoded by the pncA gene [4,27]. Pyrazinoic acid 

accumulates in acidic pH [7] and interferes with membrane energy production and inhibits 

RpsA (ribosomal protein S1) involved in trans-translation and aspartate decarboxylase PanD 
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involved in pantothenate and co-enzyme A synthesis, among other effects [4]. PZA has a very 

poor bactericidal ability but a powerful sterilising activity on non-growing intracellular bacilli 

in acidic environments [4,7], which enables the shortening of treatment [21]. 

 

The main mechanism of PZA resistance involves mutations in pncA, which are highly diverse 

and scattered along the gene, and are detected in 72–99% of phenotypically resistant strains 

[4]. Nevertheless, non-synonymous mutations in pncA have also been detected in some PZA-

susceptible strains [4]. Strains without pncA mutations may harbour mutations in rpsA or in 

panD [4].  

 

1.3.2. Second-line drugs 

1.3.2.1. Group A: Fluoroquinolones 

Fluoroquinolones (FLQ) are broad-spectrum drugs that target DNA topoisomerases, thus, they 

are repurposed drugs for treatment of drug-resistant TB [14,16]. FLQs inhibit the α subunit of 

DNA gyrase, encoded by gyrA gene, and have acceptable bactericidal and sterilising action [7]. 

The FLQs recommended for treatment of TB are levofloxacin (LFX), moxifloxacin (MFX), and 

gatifloxacin (GFX) [15], although ofloxacin has been widely used as well. 

 

The main mechanism of FLQ resistance involves gyrA, and to a lesser extent, gyrB, coding for 

the β subunit of DNA gyrase [4,28]. Variable cross-resistance between the different FLQs has 

been described. Although all FLQs share the same target, strains show different minimum 

inhibitory concentrations for each FLQ depending on the mutation considered [7]. The most 

common mutations are located in the quinolone-resistance-determining region of gyrA, 

particularly A90V (GCG to GTG), S91P (TCG to CCG), and D94A/N/Y/H/G (GAC to 

GCC/AAC/TAC/CAC/GGC) [28]. In, addition, mutations in codons 74, 80, and 88 have also been 

detected [4]. 

 

Efflux pumps may also play a role in FLQ resistance in M. tuberculosis, since suboptimal drug 

exposure may facilitate acquisition of genetic resistance through mutations in gyrA and gyrB 

[4]. Another important factor is heteroresistance, which refers to the coexistence of distinct 

proportion of subpopulations that differ in the nucleotides, i.e. wild-type or mutations, at a 

drug resistance locus [4,29]. 
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1.3.2.2. Group B: Second-line injectable drugs  

The group of injectable drugs includes streptomycin (STR) (1944), kanamycin (KAN) (1957), 

capreomycin (CAP) (1963), and amikacin (AMK) (1972) [15]. These drugs are active against M. 

tuberculosis and other bacteria. Among these drugs, STR, KAN, and AMK are aminoglycosides, 

and CAP is a polypeptide. The aminoglycosides inhibit protein synthesis through irreversible 

binding to the 30S ribosomal subunit, causing misreadings of the mRNA [4,7]. The 

polypeptides inhibit translocation of peptidyl-tRNA and block the initiation of protein 

synthesis [4,7]. Although CAP has a different chemical structure and mechanism of action, the 

mechanism of antibacterial and metabolic activity is similar [7]. The injectable drugs are 

bactericidal and have strong extracellular activity. Only one of these drugs has to be chosen 

for a drug-resistant TB regimen, and the choice between KAN, AMK, and CAP depends on 

effectiveness and implementation considerations [15]. 

 

The main mechanisms of STR resistance involve rpsL, coding for the S12 protein, and rrs, 

coding for 16S rRNA [4]. The most common mutations are K43R and K88Q/R in rpsL, and 

mutations in the 530 loop of rrs [30]. Strains without mutations in rpsL or rrs may harbour 

mutations in gidB, coding for a guanosine methyltransferase specific for 16S rRNA [4]. In 

addition, mutations in the promoter region of whiB7, leading to an increased expression of 

the tap efflux gene and eis, have been detected in strains presenting cross-resistance between 

STR and KAN [4,7]. 

 

Cross-resistance between KAN, AMK, and CAP has been reported. Different mutations in rrs 

(A1401G, C1402T, and G1484C/T) are associated with partial cross-resistance between KAN, 

AMK, and CAP [4]. In addition, mutations in the promoter region of eis (G-37T, C-14T, C-12T, 

and G-10A), encoding aminoglycoside acetyltransferase, have been detected in strains 

resistant to KAN and AMK [31,32]. 
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1.3.2.3. Group C: Other core second-line agents 

1.3.2.3.1. Thioamides 

Thioamides are derivatives of isonicotinic acid, active only against M. tuberculosis and, to a 

lesser extent, against other mycobacteria [4,7]. The main thioamides used are ethionamide 

(ETO) and prothionamide (PTO). ETO is a prodrug that is activated by the mono-oxygenase 

EtaA/EthA and inhibits the enoyl acyl carrier protein reductase InhA, hence, the synthesis of 

mycolic acids of the cell wall [4]. The structure and activity of PTO are almost identical to those 

of ETO [4]. Due to the shared target between INH, ETO, and PTO, there is cross-resistance 

between these drugs [7]. There is also cross-resistance with other thioamides, such as 

thioacetazone, since EthA activates drugs from this class [4]. There are uncertainties about 

the reproducibility and reliability of drug susceptibility testing (DST) for ETO [7,14]. Mutations 

in inhA or ethA confer ETO resistance [33]. 

 

1.3.2.3.2. Cycloserine / Terizidone 

Cycloserine was discovered in 1955 [16] and it is active against several species of gram-positive 

bacteria and M. tuberculosis [7]. Cycloserine blocks the action of D-alanine racemase (Alr), 

involved in the conversion of L-alanine to D-alanine, which is a substrate for the D-alanine:D-

alanine ligase (Ddl) [4]. These enzymes are involved in the synthesis of peptidoglycan of the 

cell wall [4,7]. Cycloserine is a bacteriostatic agent used in the treatment of drug-resistant TB 

[4,7]. Terizidone is a combination of two molecules of cycloserine [4,7]. The mechanism of 

cycloserine resistance in M. tuberculosis remains unclear [4]. 

 

1.3.2.3.3. Linezolid 

Linezolid was discovered in 1996 and is active against a broad spectrum of gram-positive 

bacteria, and also M. tuberculosis [7]. It binds to the 23S rRNA peptidyl transferase of the 50S 

ribosomal subunit and forms a secondary interaction with the 30S subunit, inhibiting the 

formation of the initiation complex for protein synthesis [4]. Linezolid has a significant 

bacteriostatic activity [4]. 

 

Mutations G2061T or G2576T in rrn, coding for the 23S rRNA, have been detected in high-level 

linezolid resistant strains [4]. Low-level resistant strains had no mutations in rrn, but the 

mutation T460C in rplC, encoding ribosomal protein L3, was putatively involved in linezolid 
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resistance [4]. Only 30% of linezolid-resistant MDR strains had mutations in rrn or rplC, 

suggesting other unknown resistance mechanisms [4]. 

 

1.3.2.3.4. Clofazimine 

Clofazimine was discovered in 1956 and has good activity against mycobacteria, including M. 

tuberculosis [4]. The mechanisms of action may include production of reactive oxygen species 

[4], inhibition of energy production through inhibition of NADH dehydrogenase, and 

disruption of the membrane that could lead to a reduction in ATP production [4]. Clofazimine 

may have both intracellular and extracellular activity, and might act as a facilitator for other 

drugs [7]. 

 

The molecular basis of clofazimine resistance is not completely understood. Mutations in 

rv0678, coding for a transcriptional repressor of MmpS5-MmpL5 efflux pump, are the main 

mechanism of resistance. Mutations in rv1979c and rv2535c were also detected in clofazimine 

resistant strains [34]. Mutations in rv0678 caused resistance to both clofazimine and 

bedaquiline [4].  

 

1.4.2.4. Group D: Add-on agents 

This group includes drugs that are not considered core second-line agents for treatment of 

drug-resistant TB (Table 1) [15]. Phenotypic and genotypic DST for some of these drugs is not 

routinely performed. 
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1.4. Treatment of tuberculosis 

 

The first objective of the treatment is to cure the patient and to prevent death from active TB. 

However, the implementation of and adherence to an adequate treatment serves also to 

prevent relapse of TB, reduce transmission in the community, and prevent the selection and 

spread of drug-resistant M. tuberculosis strains [35]. The treatment of TB is based in 

combination therapy with bactericidal and sterilizing drugs for which the M. tuberculosis strain 

is susceptible during several months [35]. Drugs are associated to reduce the emergence of 

drug resistance and to eliminate the subpopulations of M. tuberculosis bacilli that are at 

different replication states [7,16]. The actively replicating subpopulation is eliminated by 

bactericidal drugs in the first days/weeks of treatment, reducing the patient infectiousness 

and increasing the chances for survival [7], whereas the slowly or non-replicating 

subpopulation is eliminated by sterilizing drugs in the following weeks/months, reducing the 

chance of relapse [10,16]. The main challenges of this long treatment are drug intolerance, 

toxicities, and patient compliance [10]. A strategy to ensure patient compliance is the directly 

observed therapy [36]. 

 

1.4.1. Treatment of drug-susceptible tuberculosis 

The standard first-line regimens are assigned for defined patient groups according to the WHO 

guidelines [35]. For new patients presumed or known to have drug-susceptible TB, the 

regimen consists on a two-month intensive phase with INH, RIF, PZA, and EMB, and a four-

month continuation phase with INH and RIF (2HRZE/4HR) (Table 2) [35]. Nevertheless, 

regimens should be adjusted appropriately upon availability of DST results [35]. 

 

Globally, the treatment outcomes in 2013 were success in 86%, failure in 1%, death in 4%, lost 

to follow-up in 4%, and not evaluated in 4% of new and relapse TB cases [1]. 

 

1.4.2. Treatment of drug-resistant tuberculosis 

Resistance to at least INH and RIF is defined as multidrug resistance (MDR). Detection of MDR-

TB is essential to implement an adequate treatment, since treatment with first-line drugs is 

much less effective and resistance can be further amplified [35]. It is of note that RIF-resistant 

TB is considered as MDR-TB for treatment purposes [15]. 
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Treatment of MDR-TB should be individually adjusted according to the DST results. 

Nevertheless, a recommended empirical regimen for MDR-TB can be prescribed [15]. This 

regimen is composed of at least five effective drugs, from the groups recently updated by the 

WHO (Table 1), during the intensive phase of treatment: a FLQ from group A (LFX, MFX, GFX), 

a second-line injectable drug from group B (AMK, CAP, KAN, STR), at least two drugs from 

group C (ETO/PTO, cycloserine, linezolid, clofazimine), and PZA (group D1) (Table2) [15]. It is 

also recommended to strengthen the regimen with high-dose INH and/or EMB (group D1). 

Agents from groups D2 and D3 may be used to complete a regimen with five effective drugs 

[15]. The treatment should be prolonged during at least 20 months: an intensive phase of 8 

months minimum and a continuation phase of 12-18 months [15]. Nevertheless, a short-

course MDR-TB regimen of 9-12 months, derived from the Bangladesh regimen, has been 

recently recommended by the WHO, in cases where FLQ and second-line injectable drugs are 

likely to be effective, among other criteria [15]. This regimen consists of an intensive phase of 

treatment of 4 to 6 months with GFX (or MFX), KAN, PTO, CFZ, high-dose INH, PZA, and EMB, 

and a continuation phase of 5 months with GFX (or MFX), CFZ, PZA, and EMB (Table2) [15]. 

Nevertheless, it has been recently assessed that in the European region of the WHO only 4% 

of the MDR-TB cases could benefit from this regimen [37]. 

  

Second-line drugs are more toxic and expensive than first-line drugs. Minor adverse effects, 

which can be managed with symptomatic treatment, are common, but some severe adverse 

effects have also been reported [7,38]. The treatment outcomes among MDR-TB patients in 

2012 were success in 50% of the cases, failure in 10%, death in 18%, and lost to follow-up or 

not evaluated in 22% [1]. It is of note that the treatment success rates of MDR-TB may be 

underestimated using the current WHO definitions [39], as outlined in a recent report that 

compared the treatment outcomes using the WHO definitions and the new simplified 

definitions proposed [40]. 

 

Resistance to at least INH and RIF (i.e. MDR), plus additional resistance to any FLQ, and at least 

one of the second-line injectable drugs (AMK, CAP, and KAN) is defined as extensively drug 

resistance (XDR). Treatment of XDR-TB should include six active drugs (or more) during the 

intensive phase, and four drugs during the continuation phase [21,41]. Most regimens are 

individually tailored based on DST results, but in general, the principles and duration for these 
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regimens are the same as for MDR-TB [41,42]. The treatment outcomes among XDR-TB 

patients in 2012 were success in 26% of the cases, failure in 19%, death in 30%, and lost to 

follow-up or not evaluated in 25% [1]. 

 

Table 2. Summary of the recommended empirical regimens for treatment of TB. Adapted from 

World Health Organization, 2016 [15]. 

 

Treatment Drugs Treatment duration 

Drug  

susceptible TB 

- INH 
- RIF 
- PZA 
- EMB 

6-month regimen: 

- 2 months intensive phase (HRZE)  
- 4 months continuation phase 

(HR) 

   

MDR-TB - A FLQ (group A):LFX, MFX, GFX  20-month regimen:  

- 8 months intensive phase  
- 12-18 months continuation 

phase 

- An injectable (group B): AMK, CAP, KAN, 
STR  

- At least two drugs (group C):ETO/PTO, 
cycloserine, linezolid, clofazimine 

- PZA (group D1) 

   

MDR-TB short 
regimen 

- A FLQ (group A): GFX (or MFX) 9-12-month regimen:  

- 4 months intensive phase 
- 5 months continuation phase 

- An injectable (group B): KAN 

- Two drugs (group C): PTO and CFZ 

- High-dose INH, PZA, and EMB (group 
D1) 

 

HRZE: isoniazid, rifampicin, pyrazinamide, ethambutol; HR: isoniazid and rifampicin. 

 

1.4.3. New treatment options 

Several new or repurposed anti-TB drugs are in advanced phases of clinical development 

[1,42]. Bedaquiline and delamanid are the first new anti-TB drugs approved by the Food and 

Drug Administration in 40 years, and WHO issued policy guidance for safe and rational use of 

these drugs in 2013 and 2014, respectively [43,44]. Given the uncertainty on potential 

advantages and risks, bedaquiline or delamanid may be added to a WHO-recommended 

regimen in adult patients with pulmonary MDR-TB. However, data on the simultaneous use of 

these drugs is not still available [42,44]. 
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Several trials are currently in progress to assess new treatment regimens for drug-resistant 

and drug-susceptible TB using different combinations and doses of anti-TB drugs [21,42]. 

Other strategies are also being explored, such as routes of administration, adjunct host-

directed therapies for potentially enhancing immune responses, or co-administration of efflux 

pump inhibitors to partly restore susceptibility to anti-TB drugs [42]. Finally, in order to 

guarantee efficacy of treatment, adherence, adequate follow-up, and support of patients 

should be assured [3].  
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1.5. Principles of phenotypic drug susceptibility testing 

 

Phenotypic DST of M. tuberculosis assesses the ability of strains to grow in the presence of a 

given drug. Phenotypic DST methods are classified as direct -if performed from the specimen- 

or indirect -if performed from the culture. Due to the slow growth rate of M. tuberculosis, 

culture and phenotypic DST takes several weeks [45].  

 

Phenotypic resistance is considered to be clinically significant when at least 1% of the total 

bacterial population is able to grow in the presence of a drug at a given critical concentration. 

If at least 1% of the organisms are resistant, the whole population is considered resistant, 

whereas if less than 1% of the organisms are resistant, the whole population is considered 

susceptible [45]. 

 

The diagnostic accuracy and reproducibility of phenotypic DST are generally high for RIF, INH, 

FLQ, and injectable drugs, but they are lower for EMB, STR, and PZA [7,46-48]. In addition, 

phenotypic DST is not available in many geographical areas, and standardised methodologies 

for some drugs have not been established. 

 

There are several phenotypic DST methods, which can be performed in solid or liquid media 

and in commercial and non-commercial systems. 

 

1.5.1. Phenotypic drug susceptibility testing on solid media 

There are three main phenotypic DST methods that can be performed on solid media (agar-

based media, egg-based media): the absolute concentration method, the resistance ratio 

method, and the proportion method. These methods yield equivalent results, although the 

proportion method is the one most often used [7]. M. tuberculosis culture on solid media may 

take up to 8 weeks to grow, and phenotypic DST may take a further 2 to 8 weeks [45]. 

 

For the three methods, each strain tested is inoculated in several culture tubes containing 

different drug concentrations and in drug-free control tubes [45]. It is of note that for the 

proportion method the control tubes are inoculated with a dilution of the tested strain [45]. 

After a minimum four-week incubation at 37ºC, cultures are read. In the absolute 
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concentration method, the tested strain is considered resistant when there is growth (defined 

as more than 20 colonies) at the critical concentration, whereas the tested strain is considered 

susceptible if there is not enough growth [45]. In the resistance ratio method, the resistance 

ratio is the minimal concentration that inhibits growth of the tested strain divided by the 

minimal concentration that inhibits growth of H37Rv, the reference susceptible strain 

included in each set of tests. The tested strain is considered resistant when the resistance ratio 

is 8 or more, whereas the tested strain is considered susceptible when the resistance ratio is 

of 2 or less [45]. Finally, in the proportion method, the number of resistant bacilli units 

corresponds to the number of colonies in the drug-containing tube, and the number of viable 

bacilli units corresponds to the number of colonies in the control tube inoculated with the 

lowest dilution that is positive. The tested strain is considered resistant when at least 1% of 

the bacilli are resistant at the critical concentration [45]. The critical concentration is the 

lowest concentration of drug at which >95% of susceptible bacilli are unable to grow [49]. The 

critical concentrations of many anti-TB drugs are published [50,51]. 

 

1.5.2. Phenotypic drug susceptibility testing in liquid media 

There are different broth-based systems commercially available. The first most used system 

was the radiometric BACTEC 460TB (Becton Dickinson Diagnostic Systems, USA), based on the 

detection of labelled 14CO2 released upon metabolization of (1-14C)palmitic acid due to 

mycobacterial growth [52]. The radiometric BACTEC 460TB was later substituted by the non-

radiometric MGIT 960 (Mycobacteria growth in tube, Becton Dickinson Diagnostic Systems, 

USA). This method is based on the detection of an oxygen-quenched indicator, which 

fluoresces upon consumption of the oxygen due to growth [53]. Another method is the 

VersaTREK Myco susceptibility kit (TREK Diagnostics, USA), based on detection of pressure 

changes due to the oxygen consumption as a result of microbial growth [54]. Finally, another 

method is BacT/ALERT 3D system (bioMérieux, USA), which detects a colour change in a 

sensor in the culture bottle, produced by the pH decrease due to the CO2 released as a result 

of growth [55]. 
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1.6. Principles of genotypic drug susceptibility testing 

 

Genotypic DST is based on the detection of mutations associated with drug resistance with 

molecular methods. As mentioned for phenotypic DST, genotypic DST can also be classified as 

direct or indirect. The general procedure of molecular methods consists on DNA extraction 

from either the specimen or the cultured strain, PCR amplification of specific genomic regions, 

and detection of the mutations with different methods. Several methods have been 

developed to detect the main mutations involved in drug resistance. 

 

1.6.1. DNA sequencing 

DNA sequencing has been the reference standard molecular method for detecting the main 

mutations involved in drug resistance [56-58]. In dye-terminator sequencing, after PCR, 

another round of amplification is performed with four dideoxynucleotide (ddNTP) chain 

terminators labelled with different fluorescent dyes. Subsequently, fragments are separated 

by capillary electrophoresis and fluorescence is detected, producing a chromatogram where 

wild-type sequences or mutations can be identified (Figure 2). 

 

 
 

Figure 2. Principle of DNA sequencing by the chain-termination method. Adapted from Kircher 

et al [59]. 
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1.6.2. Reverse hybridization line probe assay or arrays 

Detection of mutations by solid-phase reverse hybridization can be performed with line probe 

assay (LPAs) on strips (Figure 3) or arrays. The method consists on denaturalization of the PCR 

product and hybridization to specific probes immobilized to a nitrocellulose membrane (strip 

or array). After the hybridization step, the streptavidin-alkaline phosphatase conjugate is 

added, and streptavidin binds to the biotinylated PCR product. Subsequently, the substrate 

chromogen NBT/BCIP (Nitro blue tetrazolium / 5-Bromo-4-chloro-3-indolyl phosphate) is 

added, resulting in the formation of a purple precipitate and colour development where the 

alkaline phosphatase is fixed. Mutations can be directly detected by hybridization on mutation 

probes and/or indirectly detected by absence of hybridization of the wild-type probes. 

 
 

 

Figure 3. Principle of solid-phase reverse hybridization (Micalessi et al) [60]. 

 

Different LPAs that detect resistance to several anti-TB drugs are commercially available: INNO 

LiPA Rif.TB [61] (Fujirebio, Belgium), GenoType MTBDRplus [62,63] and GenoType MTBDRsl 

[64,65] (Hain Lifescience, Germany), AID TB Resistance assay [66] (AutoimmunDiagnostika, 

Germany), and Nipro LiPA [67] (Nipro Corporation, Japan). It is of note that a recent study 

demonstrated the noninferiority of GenoType MTBDRplus version 2 and NiproNTM+MDRTB 2 

to GenoType MTBDRplus version 1 [68]. 
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LPAs are endorsed by the WHO for rapid screening of RIF and INH resistance [69] and second-

line drugs [15]. These tests are frequently used for the initial diagnosis of MDR and XDR-TB 

[70]. 

 

1.6.3. Multiplex and real-time PCR 

Several in-house multiplex and real-time PCR assays have been developed to detect resistance 

to first- and second-line drugs [71-73]. These assays are based on detection of the DNA 

amplified in each cycle by probes labelled with fluorophores, including Taqman probes [74], 

molecular beacons [75], or locked nucleic acid probes [76]. However, few tests are 

commercially available, such as Anyplex II MTB/MDR/XDR (Seegene, Korea), aimed to detect 

MDR/XDR-TB, and MeltPro TB (Zeesan Biotech, China), aimed to detect resistance to INH, STR, 

and MDR/XDR-TB [77-79]. 

 

1.6.4. GeneXpert MTB/RIF 

GeneXpert MTB/RIF (Cepheid, USA) is an integrated micro-fluidic based system based on real-

time PCR, aimed to diagnose TB and RIF resistance directly from the specimen (Figure 4) [80]. 

The specimen is treated with a reagent for 15 minutes and transferred into a cartridge, which 

contains all the necessary reagents for DNA extraction and real-time amplification inside the 

GeneXpert device. Real-time PCR is based on molecular beacons technology in which different 

fluorescent-labelled probes target wild-type sequences, and the absence of binding of any 

probe indicates RIF resistance [80]. The result is obtained within 2 hours, reporting whether 

the sample is negative or positive for M. tuberculosis, semiquantifying the bacillary load, and 

whether RIF resistance is present [80]. 



 

39 
 

 Introduction 

 

Figure 4. GeneXpert MTB/RIF reaction steps. 
(http://www.cepheid.com/images/Cepheid-OnDemand/Fall-2010/cover_figures3.jpg) 

 

GeneXpert MTB/RIF is recommended by the WHO as the initial diagnostic test for adults and 

children presumed to have MDR-TB or HIV-associated TB [80]. The pooled sensitivity and 

specificity of this test for detecting M. tuberculosis are 89% and 99%, respectively; whereas 

the pooled sensitivity and specificity for detecting RIF resistance are 95% and 98%, 

respectively [81]. In summary, GeneXpert MTB/RIF presents high accuracy and robustness, 

low risk and ease of use, and moderate requirements, but high economical cost [7]. 

 

1.6.5. Pyrosequencing 

Pyrosequencing is based on DNA sequencing by synthesis [82]. After PCR, single-stranded DNA 

(ssDNA) is prepared to serve as the template where the pyrosequencing primer anneals. In 

each cycle of the pyrosequencing reaction, a nucleotide is added, and if it is complementary 

to the one present in the template, it is incorporated by the DNA polymerase. Upon 

incorporation of the nucleotide, a pyrophosphate (PPi) is released, which is quantitatively 

converted to ATP by sulfurylase, and ATP is used by luciferase to produce visible light that is 

measured in the pyrosequencer. At the end of each cycle, the unincorporated nucleotides are 

degraded by the apyrase. During the run, a pyrogram and the sequence are obtained (Figure 

5).  
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Figure 5. Principle of pyrosequencing. 
(http://www.nature.com/app_notes/nmeth/2005/050929/full/nmeth800.html) 

 

1.6.6. Multiplex PCR and microbead-based hybridization 

This method consists on multiplex PCR amplification using the dual priming oligonucleotide 

(DPO) technology, and subsequent hybridization to probes attached to individually labelled 

microbeads. Afterwards, streptavidin-phycoerythrin is bound to the biotinylated DNA, and 

fluorescence is measured in the flow cytometry-based Luminex device, upon individual 

detection of the beads (Figure 6). 

 

 

Figure 6. Principle of multiplex PCR (2), microbead-based hybridization (3), and detection by 

flow cytometry (4).  
(https://www.luminexcorp.com/wp-content/uploads/sites/3/2013/04/fast.png) 

 

1.6.7. Next generation sequencing 

Next generation sequencing is the most up-to-date method, implemented in very few 

specialised centres, for whole genome sequencing (WGS) analysis. There are different next 

generation sequencing technologies, based on pyrosequencing (454 Life Sciences; Roche, 

France), sequencing by oligonucleotide ligation and detection (SOLiD; Applied Biosystems, 

USA), and sequencing by incorporation of fluorescently labelled nucleotides (Illumina, USA), 

which is the most used method [83]. 
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The Illumina technology consists on preparing the genomic DNA by random fragmentation 

and ligation of adapters, and attaching the ssDNA fragments to a flow cell where bridge 

amplification takes place. After, in each cycle of the sequencing by synthesis process, the 

incorporated nucleotide is identified by the emitted fluorescence. After multiple cycles, the 

reads are checked and aligned to a reference genome, and the variants are called and filtered 

(Figure 7). 
 

 

Figure 7. Principle of next generation sequencing by Illumina. Adapted from Technology 

Spotlight: Illumina® Sequencing.  
(http://www.illumina.com/documents/products/techspotlights/techspotlight_sequencing.pdf) 

 

WGS has been used for the detection of drug resistance and for epidemiological investigations 

[84]. Data obtained by WGS provides useful information regarding the previously known 

mutations conferring drug resistance to all first- and second-line drugs [85,86]. In addition, 

WGS also allows identifying new genes and mutations of relevance to drug resistance [86]. 
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1.7. Principles of molecular typing 

 

Molecular typing or genotyping is aimed to assess the relatedness of the strains based on 

polymorphisms of different conserved regions of the genome. Genotyping of M. tuberculosis 

strains has been a valuable tool for TB control and has improved the knowledge about global 

TB epidemiology. Several different genotyping methods have been developed [87,88], and the 

selection of the method depends on the objective of the investigation [88,89]. A typing 

method based on a highly discriminatory and polymorphic but stable marker may serve to 

identify index cases, assess the genetic relatedness and the epidemiological links among TB 

cases, detect outbreaks, investigate possible laboratory cross-contaminations, and 

differentiate relapses from new infections. On the contrary, a typing method based on a 

phylogenetically robust marker may serve to characterize the evolution and global phylogeny 

of M. tuberculosis, define the phylogeographic specificity of circulating clades in population-

based studies, and screen epidemiological links [87]. 

 

An optimal typing method for molecular epidemiology studies should be technically simple, 

reproducible, robust, cost effective, and rapid. In addition, it should be possible to use the 

method directly on clinical specimens, and the format of the results should be easily 

interpretable, standardized, and portable for database creation and interlaboratory 

comparison. 

 

The most used methods are based on the polymorphism of the insertion sequence (IS) 6110, 

the CRISPR (clustered regularly interspaced short palindromic repeats) locus (formerly known 

as direct repeat), and the mycobacterial interspersed repetitive units - variable number 

tandem repeats (MIRU-VNTR) (Figure 8). In addition, WGS is increasingly being used for 

epidemiological transmission studies, as it has a higher discriminatory power compared to the 

other molecular typing methods [90]: WGS is able to resolve false clusters defined by other 

genotyping methods [91], ruling out false transmission events and reducing unnecessary 

public health measures; also, WGS may identify transmission events missed by conventional 

epidemiological investigations [90]. 
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Figure 8. Different genotyping markers –IS6110, DR locus (CRISPR), and MIRU- depicted in the 

chromosome of a M. tuberculosis strain. Adapted from Barnes et al [92]. 

 

1.7.1. IS6110 restriction fragment length polymorphism (RFLP) 

IS6110 restriction fragment length polymorphism (RFLP) is a genotyping method based on the 

polymorphism of copy number and location of the IS6110. Members of the M. tuberculosis 

complex usually harbour multiple copies of the IS6110 (Figure 9), ranging from 0 to 25 copies, 

with the exception of Mycobacterium bovis, which usually harbours a single copy [93,94]. The 

IS6110 copy number depends on the frequency of transposition, and the location is generally 

random, although there are integration hot spots where the frequency of transposition is 

higher [95]. The IS6110-RFLP procedure consists on DNA extraction of the genomic DNA, 

digestion with restriction endonucleases, separation of the restricted fragments by 

electrophoresis, hybridization with an IS6110 probe by southern blot, and detection by 

autoradiography [96]. 
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Figure 9. Distribution of the IS6110 in the M. tuberculosis H37Rv genome. The insertion sites 

are underlined (Sampson et al) [97]. 

 

1.7.2. Spoligotyping 

Spoligotyping (spacer oligonucleotide typing) is based on the polymorphism of the CRISPR 

locus, specific of M. tuberculosis complex [98]. This locus contains multiple, well-conserved 

direct repeats (DRs) of 36 base pairs (bp) interspaced with spacer sequences of 34-41 bp 

(Figure 10). Strains vary in the number of DRs and in the presence or absence of particular 

spacers. For example, the reference M. tuberculosis strain H37Rv is characterized by the 

absence of spacers 20, 21, and 33 to 36, whereas M. bovis BCG is characterized by the absence 

of spacers 3, 9, 16, and 39 to 43 [98]. The spoligotyping method consists on PCR amplification 

of the CRISPR locus and detection of the presence or absence of 43 specific spacers by reverse 

hybridization [98]. 
 

 
 

Figure 10. Structure of the CRISPR locus, with 36-bp direct repeats (green) interspaced with 

34-41 bp spacer sequences (Spoligotyping kit manual, Isogen Lifescience). 
(http://mycobactoscana.it/Manuale/PDF/Alleg12.1.pdf) 
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1.7.3. Mycobacterial interspersed repetitive units - variable number tandem repeats (MIRU-

VNTR) 

This method is based on the polymorphism of copy number of the repeats of the MIRU present 

in several loci of the M. tuberculosis genome. Several MIRU loci have been identified, and 

different sets of MIRU-VNTR have been described for high-discriminatory genotyping [99]. The 

procedure consists on PCR amplification of MIRU loci and determination of the size of the 

amplified fragments, indicative of the number of repetitive units, by gel electrophoresis [99], 

automated capillary sequencers, or the QIAxcel automated capillary electrophoresis system 

(Qiagen, The Netherlands) [100]. Results are expressed as numerical codes indicating the 

number of copies of each MIRU-VNTR analysed. 
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2. JUSTIFICATION 

 

TB remains one of the major infectious diseases worldwide, with 9.6 million people estimated 

to have developed the disease in 2014. In addition, the emergence and spread of drug-

resistant strains of M. tuberculosis is a public health threat. In order to improve TB control, 

rapid diagnosis of the disease and starting of an adequate treatment are required. Treatment 

regimens should be adjusted to the susceptibility pattern of the strain, but due to the slow 

growth rate of M. tuberculosis, availability of phenotypic DST results may take several weeks. 

 

Molecular basis of M. tuberculosis resistance to some drugs has been elucidated, and genetic 

resistance has been mainly attributed to single nucleotide mutations in the chromosome. In 

order to rapidly detect these mutations and the associated drug resistance, different 

molecular methods, either commercial or in-house, have been developed. Diagnostic accuracy 

studies of molecular methods are needed in order to assess their usefulness in the clinical 

practice. Furthermore, in order to guide therapeutic decisions, it is essential to consider the 

impact that the mutations detected by the molecular methods may have on phenotypic drug 

resistance on the M. tuberculosis strains, and on the clinical outcome as well. 

 

In addition to the rapid diagnosis and treatment, tracking the spread of M. tuberculosis strains 

is important for TB control, in order to detect outbreaks and epidemiological links among TB 

cases, differentiate relapse cases from new infections, and characterise the evolution and 

global migration of M. tuberculosis. The most widely used molecular typing methods present 

disadvantages: some methods are slow, laborious, time-consuming, and low-throughput, 

whereas other methods present low-discriminatory power. Therefore, rapid, technically 

simple, high-throughput, and discriminatory methods could be useful. 
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3. OBJECTIVES 

 

1. To develop, optimize, and evaluate molecular methods for detecting drug resistance in M. 

tuberculosis clinical strains and in patient specimens. 

1.1. To evaluate the usefulness of molecular methods for detecting resistance to first-line 

drugs (Articles I, II and II). 

1.2. To assess the usefulness of molecular methods for detecting resistance to second-line 

drugs (Articles II, III and IV). 

 

2. To review the current molecular methods used for TB management and their impact on 

the clinical practice. 

2.1. To summarise the new molecular methods available for diagnosis, identification, 

detection of drug resistance, and epidemiology of TB (Article V). 

2.2. To discuss the relationship between molecular and phenotypic drug resistance, and 

clinical outcomes (Article VI). 

 

3. To develop and evaluate novel molecular methods for genotyping M. tuberculosis. 

3.1. To evaluate a microbead-based spoligotyping method, TB-SPRINT (Article VII). 

3.2. To develop a pyrosequencing-based genotyping method, PyroTyping (Article VIII). 
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4. MATERIAL AND METHODS 

 

4.1. Specimens and clinical strains 

 

Respiratory clinical specimens were retrospectively selected from a collection of specimens 

recovered in Hospital Universitari Germans Trias i Pujol (Articles I, II, and III). Specimens were 

digested and decontaminated using Kubica’s N-acetyl-L-cysteine NaOH method [101,102]. 

After decontamination, auramine-rhodamine acid-fast staining was performed from the 

concentrated sediment. Smears were graded as follows: smear negative, absence of acid fast 

bacilli in 300 fields; smear 1+, one to ten bacilli in 100 fields; smear 2+, one to nine bacilli per 

field in 100 fields; and smear 3+, more than nine bacilli per field in 100 fields. The concentrated 

sediment was suspended and an aliquot was inoculated on Löwenstein-Jensen solid and 

BACTEC 460TB or MGIT 960 liquid media. The remaining decontaminated specimen was 

stored at -20ºC. Identification of M. tuberculosis in positive cultures was performed with Inno-

Lipa Mycobacteria v2 assay (Innogenetics, Belgium). 

 

M. tuberculosis clinical strains and specimens were retrospectively selected from collections 

in Hospital Universitari Germans Trias i Pujol (Badalona, Spain), National Tuberculosis and 

Infectious Diseases University Hospital (Vilnius, Lithuania), and Instituto Aragonés de Ciencias 

de la Salud (Zaragoza, Spain) (Articles I, II, III, IV, VII, and VIII). 

 

Specimens and clinical strains were selected on the basis of previous characterization by 

means of phenotypic and molecular drug susceptibility testing for first- and/or second-line 

drugs (Articles I, II, III, and IV), or standard molecular genotyping methods (Articles VII and 

VIII). All the studies were approved by the institutional ethics committee. 
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4.2. Phenotypic detection of drug resistance 

 

Phenotypic drug resistance was assessed by either the radiometric method BACTEC 460TB or 

the non-radiometric method MGIT 960, according to the period and laboratory of testing. For 

drug susceptibility testing, the test drugs were incorporated in the liquid medium bottles at 

the recommended critical concentrations (Articles I, II, III, and IV), and the clinical strain 

suspension was inoculated. Based on the proportion method, a 1:100 dilution of the strain 

suspension was inoculated in the drug-free control bottle.  

 

In the radiometric method, the inoculated bottles were incubated at 37°C and the 

radioactivity was measured daily with the BACTEC 460TB instrument. If the daily increase of 

the growth index reported for the control tube was greater than the growth index for the 

drug-containing tube, the strain was susceptible to that drug; conversely, if the daily increase 

of growth index in the control tube was less than in the drug-containing tube, the strain was 

resistant to that drug [52]. 

 

In the non-radiometric method, the tubes were incubated in the MGIT 960 instrument and 

automatically read until the test concluded, when the control reached 400 growth units [103]. 

If the drug-free control registered growth before the drug-containing bottle, the strain was 

susceptible; conversely, if the drug-containing bottle registered growth before the drug-free 

control, the strain was resistant [104]. 
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4.3. Molecular methods for detecting drug resistance 

 

All the molecular methods were performed using either DNA extracted from clinical 

specimens with the commercial Maxwell® 16 Viral Total Nucleic Acid Purification Kit (Promega, 

USA) (Article III), or crude DNA extracts obtained from clinical specimens or clinical strains as 

previously described [62]. Briefly, few colonies of clinical strains cultured in solid media were 

resuspended in 300 µl of molecular biology-grade water; or a 1 ml aliquot of the 

decontaminated specimen was centrifuged at 10,000 x g for 15 min, the supernatant was 

discarded, and the pellet was resuspended in 100 µl of molecular biology-grade water. These 

preparations of clinical strains and specimens were then incubated at 95°C for 20 min, 

sonicated for 15 min, and centrifuged at 22,000 x g for 5 min, and the supernatant was 

collected. DNA extracts were stored at -20ºC until use. 

 

4.3.1. Reverse hybridization array 

The reverse hybridization array evaluated (GenoFlow DR-MTB Array Test, DiagCor Bioscience, 

Hong Kong) is aimed to detect mutations in rpoB, katG, and inhA promoter associated with 

resistance to RIF and INH (Article I). The method is based on PCR amplification and reverse 

hybridization on arrays using the FT-PRO flow-through system. 

 

The test was performed following the manufacturer’s instructions. Briefly, the PCR reaction 

was prepared with 19.6 µl of PCR Master Mix, 2 µl of Primer Mix, 0.1 µl of Internal 

Amplification Control, 0.4 µl of DNA Taq Polymerase, 0.9 µl of DNase-free water, and 2 µl of 

DNA template. PCR amplification conditions were the following: 95ºC for 9 min; 45 cycles of 

95ºC for 20 s, 61ºC for 25 s, and 72ºC for 30 s; and 72ºC for 8 min. 

 

After PCR, hybridization and detection were performed in the FT-PRO flow-through system 

(Figure 11). In short, pre-hybridization (5 min), hybridization of the heat-denaturated PCR 

product (5 min), and post-hybridization washes were performed at 46ºC; first blocking step (5 

min) and enzyme conjugation (5 min) were performed at 25ºC; finally, post-conjugation 

washes, second blocking step, colour development (5 min) and washes, and reaction stop 

were performed at 36ºC. It is of note that after each incubation, the liquid was drained by 
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flow-through in the device. The results obtained were recorded and automatically interpreted 

by the DiagCor software (Figure 11), and were confirmed visually by the researcher. 
 

 

 

Figure 11. Reverse hybridization array (A), FT-PRO flow-through hybridization system (B), and 

Capture-PRO image capture system (C). 
(B. http://www.diagcor.com/en/mdx-products/detail/ft-pro-flow-through-hybridization-system) 

(C. http://www.diagcor.com/en/mdx-products/detail/capture-pro-image-capture-system) 

 

4.3.2. Multiplex PCR 

The multiplex PCR test evaluated (Anyplex II MTB/MDR/XDR, Seegene, Korea) was aimed to 

detect mutations in rpoB, katG, inhA promoter, gyrA, rrs, and eis promoter associated with 

resistance to RIF, INH, FLQ, and second-line injectable drugs (Article II). 

 

The method is based on (dual priming oligonucleotide) DPO and tagging oligonucleotide 

cleavage and extension (TOCE) technologies. DPO [105] consists on amplification primers 

composed by two fragments separated by a polydeoxyinosine linker: the longer 5’ fragment 

allows stable priming, and the shorter 3’ fragment allows target-specific extension. This 

technology enable specific multiplex amplification with longer primers without increasing the 

annealing temperature. TOCE technology consists on detection of target sequences by the use 

of pitcher probes, which hybridize to the target templates, and the catcher probes, which are 

the reporter molecules. The pitcher is composed of the targeting portion, which is specific for 

the target template, and the tagging portion, which does not anneal with the target template. 

Upon amplification of the template, the tagging portion is cleaved and released. The released 

tagging portion is complementary to the capturing portion of the catcher and serves as a 

primer for extension. Upon extension of the catcher, fluorescence signal is generated (Figure 

12). 
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Figure 12. Principle of the Anyplex II MTB/MDR/XDR assay, based on dual priming 

oligonucleotide (DPO) and tagging oligonucleotide cleavage and extension (TOCE) 

technologies. 
(www.seegene.com/neo/en/introduction/core_toce.php) 

 

The multiplex PCR assay Anyplex II MTB/MDR/XDR includes a pitcher probe with a specific 

targeting portion for each of the mutations targeted (Article II). However, all the pitcher 

probes that target resistance to the same drug share a tagging portion that is complementary 

to a catcher probe with a specific fluorophore: HEX fluorophore (6-carboxy-2,4,4,5,7,7-

hexachlorofluorescein succinimidyl ester) for RIF and FLQ resistance, and Cal Red 610 

fluorophore for INH and injectable drugs resistance. Therefore, two PCR reactions were 

performed: one reaction for detecting resistance to INH and RIF (MTB/MDR), and another 

reaction for FLQ and injectable drugs (MTB/XDR) (Article II).  

 

Following the manufacturer’s instructions, PCR reactions were prepared with 5 µl 4X 

MTB/MDR or MTB/XDR oligo mix, 5 µl 4X Anyplex PCR Master Mix, 5 µl RNase-free water, and 

5 µl of DNA template. PCR amplification conditions were the following: 95ºC for 15 min; 50 

cycles of 95ºC for 30 s, 60ºC for 1 min, and 72ºC for 30 s; 55ºC for 30 s; and the melting curve 

detection step at 55-85ºC for 5s/0.5ºC. After amplification, the presence of a melting curve 

indicates resistance to the corresponding drug, whereas absence of a melting curve indicates 

susceptibility, and the Anyplex software yields a table reporting the results (Article II). 
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4.3.3. Reverse hybridization line probe assay 

The reverse hybridization LPA evaluated (AID TB resistance, AID Diagnostika, Germany) was 

aimed to detect mutations in rpoB, katG, inhA promoter, gyrA, embB, rrs, and rpsL associated 

with resistance to RIF, INH, FLQ, EMB, KAN, AMK, CAP, and STR (Article III). The method is 

based on PCR amplification and reverse hybridization on three different nitrocellulose strips. 

 

The test was performed following the manufacturer’s instructions. Briefly, the PCR reaction 

was prepared with 15 µl of Primer Nucleotide Mix, 2.5 µl of 10X polymerase buffer, 1.5 µl of 

MgCl2, 0.2 µl of GoTaq® Polymerase (Promega, USA), and 5.8 µl of DNA template. PCR 

amplification conditions were the following: 95ºC for 5 min; 14 cycles of 95ºC for 30 s and 

63ºC for 2 min; 26 cycles of 95ºC for 10 s, 55ºC for 30 s, and 72ºC for 30 s; and 72ºC for 8 min. 

 

Hybridization and detection were performed with AutoLipa (Fujirebio, Belgium), an 

automated washing and shaking device. In short, hybridization of the denaturated PCR 

product (30 min), and post-hybridization washes (15 min) were performed at 47ºC, and rinse, 

enzyme conjugation (30 min), post-conjugation washes, colour development (15 min), and 

reaction stop were performed at room temperature. The results obtained were interpreted 

by the researcher (Article III). For those cases with unspecific background bands after the 

hybridization step, DNA was diluted 1:10 and the assay was repeated from the PCR step. 

 

4.3.4. Pyrosequencing 

This pyrosequencing assay was aimed to detect mutations in gyrA, rrs, eis promoter, and embB 

associated with resistance to FLQ, KAN, AMK, CAP, and EMB (Article IV). 

 

Individual PCR reactions for each genomic region were prepared in a final volume of 25µl with 

15 µl of ReadyMix™ Taq PCR Reaction Mix with MgCl2 (Sigma Aldrich, USA), 0.4 µM of each 

forward and reverse primer [65] (Article IV), 7.8 µl of DNase-free water, and 2 µl of DNA 

template. PCR amplification conditions were the following: 95ºC for 12 min; 45 cycles of 94ºC 

for 30s, 60ºC for 1 min, and 72ºC for 2 min; and 72ºC for 7 min. 

 

After PCR, ssDNA was prepared by serial washings with a vacuum preparation tool and 

deposited in the pyrosequencing 96-well plate, where the pyrosequencing primer [65] (Article 
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IV) was annealed. The pyrosequencing plate and the cartridge with the reagents (enzyme mix, 

substrate mix, and nucleotides) were loaded in the pyrosequencer, where the reaction took 

place (Figure 13). Pyrosequencing results were interpreted by analysing the pyrograms and 

the associated sequence. 
 
 

 

Figure 13. Vacuum preparation tool (A) and pyrosequencing device (B). 
(A. Sample Preparation Guidelines for PSQ™96 and PSQ 96MA Systems. Biotage) 

(B. EpiTect™ and PyroMark™. A novel Relation setting Standards for the reliable Detection and accurate Quantification of 

DNA-Methylation. Qiagen) 
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4.4. Methods for genotyping Mycobacterium tuberculosis strains 

 

All genotyping methods were performed with DNA extracted from strains cultured on 

Löwenstein-Jensen following the cetyltrimethylammonium bromide protocol [106]. 

 

The genotyping results obtained for different strains by a given method were compared: if the 

genotyping patterns were identical, strains were considered to be clustered, whereas if the 

patterns were different, strains were considered to be unrelated (Article VIII). 

 

4.4.1. IS6110 restriction fragment length polymorphism (RFLP) 

IS6110-RFLP was performed by southern blot as previously described [107]. Briefly, the 

procedure consists on digestion of the M. tuberculosis genomic DNA with the restriction 

endonuclease PvuII, separation of the fragments by agarose gel electrophoresis overnight, 

transference of the fragments from the gel to a positively charged nylon membrane, 

hybridization with an IS6110 probe overnight, and development by autoradiography (Figure 

14). The IS6110-RFLP result consists on a pattern of bands representing the copy number and 

location of the IS6110 copies in the genome of the studied strain. 
 

 
 

Figure 14. Procedure for RFLP analysis. Culture of the strains on solid media (A), DNA 

extraction and digestion (B), agarose gel electrophoresis (C), transference of the DNA to a 

membrane (D), hybridization with an IS6110 probe (E), and development by autoradiography 

(F). Provided by Samper S et al (personal communication). 
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4.4.2. Spoligotyping 

Spoligotyping was performed using the spoligokit (Ocimum Biosolutions, Hyderabad, India) 

following the adapted manufacturer’s instructions. Briefly, the CRISPR locus was amplified by 

PCR (Figure 15). The PCR reaction was prepared with 10 µl of ReadyMix™ Taq PCR Reaction 

Mix with MgCl2 (Sigma Aldrich, USA), 2 µl of each Dra and Drb primers, 10 µl of DNase-free 

water, and 1 µl of DNA template. PCR amplification conditions were the following: 96ºC for 3 

min; 20 cycles of 96ºC for 1 min, 55ºC for 1 min, and 72ºC for 30 s; and 72ºC for 5 min. After, 

PCR product was heat-denaturated and hybridized to a membrane at 60ºC for 60 min, 

streptavidin-peroxidase was bound to the biotinylated PCR product at 42ºC for 45 min, and 

the hybridization spots were detected by chemiluminescence. The spoligotyping result 

consists on a pattern of spots representing the presence or absence of the 43 spacers in the 

genome of the studied strain. Spoligotyping patterns were compared with those in the 

International Spoligotyping Database (SITVITWEB) (Articles VII and VIII).  
 

 

Figure 15. Principle of PCR amplification of the CRISPR locus with the use of primers Dra and 

Drb. (Spoligotyping kit manual, Isogen Lifescience). 
(http://mycobactoscana.it/Manuale/PDF/Alleg12.1.pdf) 

 

4.4.3. Microbead-based spoligotyping (TB-SPRINT) 

The microbead-based hybridization assay evaluated (TB-SPRINT, Beamedex, France) is based 

on multiplex PCR using the dual priming oligonucleotide technology, followed by hybridization 

and detection by flow cytometry. This assay is aimed to perform spoligotyping, and to 

simultaneously detect mutations in rpoB, katG, and inhA promoter associated with resistance 

to RIF and INH (Article VII). 
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Briefly, the PCR reaction was prepared following the previously described specifications [108], 

in a total volume of 25 µl, with PCR buffer, 0.2 mM each dNTP, 1µM each primer, 1.0U of Taq 

polymerase, and 2 µl or 5 µl of DNA template (if the DNA concentration was superior or 

inferior to 10 ng/µl, respectively). PCR amplification conditions were the following: 95ºC for 3 

min; 25 cycles of 95ºC for 30 s, 65ºC for 30 s, and 72ºC for 30 s; and 72ºC for 5 min.  

 

Subsequently, PCR product was mixed with individually labelled microbeads with attached 

probes, and DNA denaturation and hybridization to the probes were performed at 95ºC for 

10 min followed by 50°C for 20 min. Finally, streptavidin-phycoerythrin was added, and 

samples were loaded in the flow cytometry-based Luminex 200 system (Luminex Corp, USA) 

or BioPlex200 (Biorad, USA), where individual microbeads were identified and fluorescence 

was measured (Article VII). 

 

Results obtained consisted on the value of relative fluorescence intensity for each probe. Raw 

values for spoligotyping and mutations associated with drug resistance were interpreted as 

previously described (Article VII) [108,109]. Spoligotyping patterns obtained with TB-SPRINT 

were compared with those in SITVITWEB, and a dendrogram was built with BioNumerics 

(Applied Maths, Belgium) (Article VII). 

 

4.4.4. Pyrosequencing-based genotyping (PyroTyping) 

PyroTyping is a genotyping method based on the polymorphism of the IS6110 insertion site. 

It consisted on digestion of the M. tuberculosis genomic DNA with TaqI restriction enzyme, 

which cuts on a target located within the IS6110 and in a target located in the 5’ flanking region 

of the IS6110, followed by ligation of adaptors, touchdown PCR for amplification of the 5’ 

IS6110-flanking region of all the IS6110 copies present in the genome, and simultaneous 

pyrosequencing of the amplified fragments (Figure 16) (Article VIII). 
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Figure 16. Procedure of the PyroTyping assay. Digestion of genomic DNA (A), ligation of 

adaptors (B), amplification by touchdown PCR (C), and pyrosequencing (D). 

 

A first genomic digestion was performed in a final volume of 20 µl containing 5U Tru1I (MseI) 

(Thermo Fisher Scientific, , USA), 1X Tru1I buffer R (Thermo Fisher Scientific, USA), 0.1 mg/mL 

bovine serum albumin (BSA) (Hoffmann-La Roche, Switzerland), 0.5 mg/mL DNase-free RNase 

A (Hoffmann-La Roche, Switzerland), and 500 ng of genomic DNA. The Tru1I (MseI) digestion 

was carried out at 37ºC for at least 2 h. A second digestion was performed by addition of 10U 

TaqI (Thermo Fisher Scientific, USA), and incubation at 65ºC for 3 h, and 80ºC for 2 min. 

Subsequently, a 24.6 µl ligation mix containing 40U of T4 DNA ligase (New England Biolabs, 

USA), 2X T4 ligase buffer (Hoffmann-La Roche, Switzerland), and 0.2 µM of each adaptor (5’-

CGGTCAGGACTCAT-3’, 5’-CGATGAGTCCTGAC-3’) (TIB MOLBIOL, Germany) was added to the 

digestion product. Ligation was carried out at 12ºC for 17 h, and 65ºC for 10 min. 

 

Touchdown PCR [110] was performed in a final volume of 25 µl containing 1X HotStarTaq 

Master Mix (Qiagen, The Netherlands), 1 µM each primer (forward 5’biotin-

ATGAGTCCTGACCGA-3, reverse 5’-CTGACATGACCCCATCCTTT-3’) (TIB MOLBIOL, Germany), 

1M betaine PCR reagent (Sigma-Aldrich, USA), and 2.5 µl of ligation product. Touchdown PCR 

was carried out with the Veriti thermal cycler (Applied Biosystems, USA) and the following 

amplification conditions: 94°C for 15 min; 10 cycles of 94°C for 20 s, 66-56ºC for 30 s 

(temperature decreasing 1°C every cycle from 66°C to 56ºC), and 72ºC for 2 min; 20 cycles of 

94°C for 20 s, 56ºC for 30 s, and 72ºC for 2 min; and 72°C for 7 min. Finally, pyrosequencing of 
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the PCR product was performed using a pyrosequencing primer (5’-GGACATGCCGGGGCGGTT-

3’) (TIB MOLBIOL, Germany), and the nucleotide dispensation order 7x(ACTG). 

 

The result for each strain consisted on a single pyrogram combining the simultaneous 

pyrosequencing of the 5’ flanking regions of all the IS6110 copies present in the genome 

(Article VIII). 
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5. RESULTS AND DISCUSSION 

 

5.1. Development, optimization, and evaluation of molecular methods for 

detecting drug resistance in Mycobacterium tuberculosis 

 

5.1.1. Usefulness of molecular methods for detecting resistance to first- and second-line 

drugs (Articles I, II, III, and IV) 

 

The usefulness of different molecular methods for detecting resistance to first- and second-

line anti-TB drugs in M. tuberculosis clinical strains and patient specimens was assessed by 

comparing the results of different molecular methods with the phenotypic results: 

 A reverse hybridization array was evaluated to detect mutations in rpoB, katG, and 

inhA promoter associated with resistance to RIF and INH in clinical strains and 

specimens (Article I). 

 A multiplex PCR was evaluated to detect mutations in rpoB, katG, inhA promoter, gyrA, 

rrs, and eis promoter associated with resistance to RIF, INH, FLQ, KAN, AMK, and CAP 

in clinical strains and specimens (Article II). 

 A reverse hybridization LPA was evaluated to detect mutations in rpoB, katG, inhA 

promoter, gyrA, embB, rrs, and rpsL associated with resistance to RIF, INH, FLQ, EMB, 

KAN, AMK, CAP, and STR in patient specimens (Article III). 

 A pyrosequencing assay was developed and used to detect mutations in gyrA, rrs, eis 

promoter, and embB associated with resistance to FLQ, KAN, AMK, CAP, and EMB in 

clinical strains (Article IV). 

 

A critical aspect of any molecular method is the sensitivity and specificity for detecting 

resistance, which can vary according to the drug considered. Sensitivity and specificity values 

of the molecular methods evaluated in comparison with the phenotypic reference standard 

methods are shown in Table 3.  
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Table 3. Summary of the sensitivity and specificity values of the different molecular methods 

used to detect resistance to first- and second-line drugs in clinical strains and patient 

specimens (Articles I, II, III, and IV). 
 

 

Reverse hybridization 
arraya 

Multiplex PCRb 
Reverse hybridization 
LPAa 

Pyrosequencing 

Se (%) Sp (%) Se (%) Sp (%) Se (%) Sp (%) Se (%) Sp (%) 

RIF 

Strains 
22/23 
(95.7) 

47/47   
(100) 

35/36 
(97.2) 

24/25 
(96.0) 

- - - - 

Specimens 
35/37 
(94.6) 

11/12 
(91.7) 

14/14 
(100) 

15/15 
(100) 

43/43 
(100) 

17/17   
(100) 

- - 

INH 

Strains 
41/59 
(69.5) 

11/11   
(100) 

39/51 
(76.5) 

10/10 
(100) 

- - - - 

Specimens 
38/39 
(97.4) 

10/10   
(100) 

14/15 
(93.3) 

14/14 
(100) 

45/46 
(97.8) 

14/14   
(100) 

- - 

FLQ 

Strains - - 
19/27 
(70.4) 

29/33 
(87.9) 

- - 
24/34 
(70.6) 

70/70 
(100) 

Specimens - - 
  2/4 
(50.0) 

19/19 
(100) 

  2/6 
(33.3) 

52/53 
(98.1) 

- - 

KAN 

Strains - - 
22/27 
(81.5) 

28/33 
(84.8) 

- - 
28/30 
(93.3) 

58/71 
(81.7) 

Specimens - - 
  5/5 
(100) 

17/18 
(94.4) 

17/17 
(100) 

34/34   
(100) 

- - 

AMK 
Strains - - 

12/12 
(100) 

15/25 
(60.0) 

- - 
16/17 
(94.1) 

71/74 
(95.9) 

Specimens - - - - - - - - 

CAP 

Strains - - 
  7/7 
(100) 

33/53 
(62.3) 

- - 
 9/10 
(90.0) 

91/91 
(100) 

Specimens - - 
  5/5 
(100) 

17/18 
(94.4) 

17/17 
(100) 

34/34   
(100) 

- - 

STR 

Strains - - - - - - - - 

Specimens - - - - 
22/22 
(100) 

28/29 
(96.6) 

- - 

EMB 

Strains - - - - - - 
35/54 
(64.8) 

43/49 
(87.8) 

Specimens - - - - 
21/35 
(60.0) 

22/24 
(91.7) 

- - 

 

Se: sensitivity; Sp: specificity. 
a Sensitivity and specificity calculations were performed considering all the specimens 

included in the study. 
b Sensitivity and specificity calculations were performed considering one specimen per 

patient. 
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The sensitivity of a molecular method depends mainly on the genes and mutations targeted 

by the assay, which in turn depends on the knowledge on the mechanisms of drug resistance 

and on the prevalence of each mutation in the different geographical settings. For some drugs, 

not all the mechanisms of resistance and mutations involved have been identified. On the 

contrary, the specificity of molecular methods is usually high, thus, when a mutation is 

detected the strain can be reported as drug-resistant. However, an important exception are 

mutations in embB, which have been detected in EMB-resistant strains and in EMB-

susceptible strains as well. Therefore, the accuracy of detection of molecular resistance 

depends mostly on the strength of the association between the genetic mutation and the 

phenotypic drug susceptibility result. 

 

In general, molecular methods explore the same most common genes associated with drug 

resistance, with some exceptions, such as the multiplex PCR (Article II) and the 

pyrosequencing assay (Article IV) that include the eis promoter, and the LPA that includes rpsL 

and rrs. Overall, the results of the different molecular methods were highly comparable. In 

fact, when a strain/specimen was analysed with different molecular methods, the results were 

concordant in most of the cases. 

 

The sensitivity can also be affected by heteroresistance, defined as the presence of both drug-

susceptible and drug-resistant subpopulations in a single strain or specimen. Heteroresistance 

may be due to the emergence and selection of a mutant subpopulation, or to a mixed infection 

of both wild-type and mutant populations [29]. Thus, heteroresistance is identified by 

molecular methods by simultaneous detection of wild-type and mutation sequences. Among 

the molecular methods evaluated, the reverse hybridization array and LPA and the 

pyrosequencing assay are able to detect heteroresistance, whereas the multiplex PCR is not, 

a drawback that may lead to a false drug susceptibility result. It is of note that in order to 

detect heteroresistance it is necessary to select more than one colony, in the case of cultures 

in solid media. The limit of detection of mutant DNA in heteroresistant samples has been 

studied: different LPAs detected of 5-50% mutant DNA, DNA sequencing detected 10-50% of 

mutant DNA, and pyrosequencing detected 35-50% of mutant DNA [111-113]. 

Heteroresistance occurs most commonly for FLQ, and it is identified in up to one-third of 

strains resistant to this drug [114]. Therefore, detection of heteroresistance is essential to 
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exclude the drug from the treatment and prevent the selection of further resistant bacilli. 

Furthermore, when molecular methods are performed with DNA from patient specimens, the 

sensitivity of detection is affected by the bacillary load. Several paucibacillary specimens 

(smear negative and smear 1+) were included for evaluating the reverse hybridization array 

and LPA and the multiplex PCR, and a variable number of invalid results were obtained with 

each method (Articles I, II, and III). 

 

Given the limited sensitivity of molecular methods for detecting resistance to certain drugs 

and the impact of heteroresistance and the bacillary load, culture and subsequent phenotypic 

DST must be performed in order to confirm the molecular results, especially when wild-type 

patterns indicating drug susceptibility are obtained. The main advantage of all the molecular 

methods evaluated is that the drug susceptibility result can be obtained in one working day, 

although the exact turnaround time may vary from 3.5 h for multiplex PCR, to 5 h for the LPA. 

Also, the cost per sample analysed varies for each method, but is generally similar between 

them and significantly more expensive than the phenotypic methods. An important difference 

between the molecular methods evaluated is their throughput capacity: 16 reactions can be 

performed with the reverse hybridization array in each run, 30 reactions with the LPA, and 96 

reactions with the multiplex PCR and pyrosequencing assays. Despite these differences in the 

throughput capacity, a lesser number of samples can be analysed, although the cost per 

sample might increase. Moreover, some methods are technically simple, such as the multiplex 

PCR, which only requires the preparation of the PCR mix, whereas the other methods, reverse 

hybridization array and LPA, and pyrosequencing, require a minimal training. This is basically 

due to the post-PCR steps, which also increase the assay time and the risk of cross-

contamination, compared to the multiplex PCR that performs the detection in a closed system. 

The risk of cross-contamination has an important role in some settings, especially in low-

income countries, where the volume of samples is higher and the laboratory capacity for 

molecular techniques is limited [115]. Another difference between the molecular methods is 

the requirement of specific equipment. In this sense, the reverse hybridization array must be 

performed in the FT-PRO device, which in turn shortened the hybridization time in comparison 

with the LPA, which can be performed either manually or with an automated washing and 

shaking device. In addition, the multiplex PCR evaluated requires a specific real-time PCR 

device, and for the pyrosequencing assay a pyrosequencer is necessary. 



 

75 
 

 Results and Discussion 

Moreover, the distinct molecular methods differed in the interpretation of the results. For the 

reverse hybridization array and LPA, the purple spots (Figure 17) or bands developed (Figure 

18) show the presence of the wild-type sequences or the mutations according to the specific 

probes of each test. According to the presence and/or absence of the bands, the sample is 

reported as resistant or susceptible to the considered drug. It is of note that the array test 

included a software for the interpretation, report, and storage of results images. With the 

array test it is possible to identify the exact mutation (for example rpoB H526D), whereas with 

the LPA it is only possible to know the location of the mutation (rpoB 526).  
 

 

 

Figure 17. Examples of results obtained by the reverse hybridization GenoFlow DR-MTB Array. 

Location of the different probes corresponding to controls, wild-type sequences, and 

mutations in the array (A). Strain RIFR/INHR with mutations rpoB H526D and inhA C-15T (B). 

Strain RIFR/INHS with mutation rpoB S531W (C). Strain RIFR/INHS by absence of hybridization 

to the probe targeting rpoB codon 516 wild-type (D). Strain RIFS/INHR with mutation katG 

S315T1 (E). Strain RIFS/INHS (F). Invalid result due to the absence of inhA control (G). IAC: 

internal amplification control; CTL: rpoB, katG and inhA control; WT: wild-type; MUT: 

mutation; HC: hybridization control. 
 
 

 

Figure 18. Examples of results obtained by the reverse hybridization LPA AID TB Resistance 

(Article III). Results obtained for INH/RIF module (A). Results obtained for FQ/EMB module (B). 

Results obtained for AG module (C). 
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Results for the multiplex PCR consist on the presence or absence of melting curves (Figure 19) 

and are interpreted by a software, which reports any drug resistance detected and the 

location (genomic region) of the mutation, but it is not possible to identify the exact sequence. 

Furthermore, a drawback of this method is that the melting curve is present when a mutation 

is detected and absent when the sequence is wild-type. In addition, this multiplex PCR assay 

does not discriminate resistance among the second-line injectable drugs KAN, AMK, and CAP.  

 

 

Figure 19. Examples of results obtained by the multiplex PCR Anyplex II MTB/MDR/XDR 

(Article II). Example of an excluded result due to absence of MTB melting curve (A). Example 

of a strain sensitive to both INH and RIF (B). Example of a strain resistant to INH and sensitive 

to RIF (C). Example of a strain resistant to both INH and RIF (D). Example of a strain resistant 

to both FLQ and injectable drugs (E). Example of a strain sensitive to FLQ and resistant to 

injectable drugs (F). 

 

Finally, interpretation of pyrosequencing results relies on the pyrogram and the sequence 

generated (Figure 20), hence, the exact mutation can be identified. In addition, it is possible 

to detect missense mutations, silent mutations, and new mutations in the targeted regions. 
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Figure 20. Examples of pyrograms: gyrA codon 94 GAC (wild-type) (A), gyrA codon 94 GGC 

(mutation) (B), rrs 1401 A (wild-type) (C), rrs 1401 G (mutation) (D), embB codon 306 ATG 

(wild-type) (E), and embB codon 306 GTG (mutation) (F). 

 

The potential of a molecular method to identify a specific mutation is essential in order to 

tailor an adequate treatment regimen, and thus reduce the risk of selecting drug resistance 

and increase the rates of treatment success [116,117]. In addition, although standard 

treatment regimens can be useful in some settings, specific criteria to prescribe them may not 

be met by patients from other settings. This is the case of the short-course MDR-TB treatment 

regimen [15]: in the European region of the WHO, only 4% of the MDR-TB cases could benefit 

from this regimen [37]. Therefore, it is of outmost importance to perform DST for first- and 

second-line drugs. Furthermore, the timely detection of any resistance by molecular methods 

can guide the prescription of a tailored treatment regimen. In this line, a recent study 

compared GeneXpert MTB/RIF, LPA, and WGS with phenotypic DST, assessing the treatment 

regimen that would be prescribed according to the results obtained with each method (C 

Lange, personal communication). The highest concordance regarding the predictable 

treatment prescription was found between LPA and DST. In contrast, the lowest concordance 

was obtained for GeneXpert, which only reports RIF resistance and does not give enough 

detailed information about the specific mutations detected.  

 

Molecular detection of resistance to first-line drugs, especially RIF and INH, should be 

performed for patients with suspicion of MDR-TB. In addition, it is recommended over 

conventional testing or no testing at the time of diagnosis of TB, and it also allows the early 

identification of patients on inappropriate first-line treatment regimens [48]. Subsequently, 

when a mutation in rpoB has been detected or MDR-TB has been phenotypically confirmed, 
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molecular detection of resistance to second-line drugs, especially FLQ and injectable agents, 

is recommended (Article VI) [15]. Initial treatment should be guided by molecular results while 

phenotypic DST results are pending (Article VI). 

 

Despite all the advantages that molecular methods can offer, conventional cultures and 

phenotypic DST are still needed. Due to the limitations of molecular methods for detecting 

resistance to some drugs, molecular results should be confirmed by phenotypic DST. 

Moreover, DST may also be necessary to assess the level of resistance, for example, high-level 

or low-level resistance to INH, and thus, consider if the drug may be still used for treatment 

or not. Finally, commercially available molecular methods do not detect resistance to all drugs 

available for treatment of drug-resistant TB. In view of this, despite the relationship between 

phenotypic DST results and clinical outcomes is not always clear, phenotypic methods are to 

date considered the gold standard for DST (Article VI) [48]. Nevertheless, results of molecular 

methods can help design an initial tailored treatment. 
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5.2. Review of the molecular methods used for tuberculosis management and 

impact on the clinical practice 

 

Different methods commercially available can be used for diagnosing active TB, identifying 

strains, detecting drug resistance, and studying the molecular epidemiology. The knowledge 

of the relationships between molecular and phenotypic drug resistance and clinical outcomes 

for the most important drugs used for the treatment of drug-susceptible and drug-resistant 

TB is reviewed in the following section. 

 

5.2.1. New molecular methods for diagnosis, identification, detection of drug resistance, 

and epidemiology of tuberculosis (Article V) 

 

Several real-time PCR tests that can be used to detect M. tuberculosis DNA and diagnose active 

TB are GeneXpert MTB/RIF (Cepheid, USA), FluoroType MTB (Hain Lifescience, Germany), and 

Genedrive (Epistem, United Kingdom), which present similar performance characteristics 

[81,118-120]. Another method is loop-mediated isothermal amplification (TB-LAMP, Eiken 

Chemical, Japan) [121]. In addition, GeneXpert MTB/RIF and Genedrive can be also used to 

detect RIF resistance. 

 

Moreover, several LPA kits can be used to diagnose the disease (GenoType Mycobacteria 

Direct and GenoQuick MTB (Hain Lifescience, Germany), identify the species of mycobacteria 

(Genotype MTBC and GenoType CM/AS, Hain Lifescience, Germany; INNO-LiPA Mycobacteria, 

Fujirebio, Belgium), and detect drug resistance (GenoType MTBDRplus and GenoType 

MTBDRsl, Hain Lifescience, Germany; INNO LiPA Rif.TB, Fujirebio, Belgium). 

 

Multiplex real-time PCR assays have been applied for diagnosis of active TB, identification of 

the species, and detection of drug resistance. Pyrosequencing has also been used to identify 

the species, detect mutations associated with drug resistance, and detect specific single 

nucleotide polymorphisms for molecular epidemiological purposes. Mass spectrometry has 

been adapted for identification of strains [122] and detection of drug resistance [123,124]. 

Hybridization on microbeads has also been used to identify the species, detect resistance, and 
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study the molecular epidemiology. Finally, the ultimate methodology is WGS, which has been 

used to detect drug resistance and perform molecular epidemiological investigations [84]. 

However, the technology and expertise to analyse the results are not widely available, 

therefore, the impact in the clinical practice is still limited.   

 

5.2.2. Relationship between molecular and phenotypic drug resistance and clinical 

outcomes (Article VI) 

 

5.2.2.1. First-line drugs 

5.2.2.1.1. Isoniazid 

The mutations targeted by commercial methods, mainly LPAs, for detecting INH resistance are 

katG S315T and inhA promoter A-16G, C-15T, and T-8C/A. Mutations in katG315 are present 

in a highly variable percentage of INH-resistant clinical strains, from 5 to 95%, depending on 

the setting (Article VI) [4,125]. Mutations in katG315 result in a very high level of resistance 

(minimum inhibitory concentrations higher than 1µg/ml), and indirect evidence strongly 

suggests that high-level resistance affects clinical outcomes. Limited data on direct association 

between katG S315T and clinical outcome suggest increased risk of first-line treatment failure, 

relapse, and death. In addition, katG S315T is associated with multidrug resistance. Hence, if 

this mutation is detected by any molecular method, INH should be excluded from the 

treatment (Figure 21).  

 

Mutations in inhA promoter are present in 10–42% of INH-resistant clinical strains, depending 

on the setting, and are usually associated with low-level resistance (minimum inhibitory 

concentrations of 0.2–1 µg/ml) (Figure 21) [4]. However, additional mutations in the coding 

region of inhA, together with promoter mutations, result in minimum inhibitory 

concentrations higher than 1 µg/ml. Limited direct and indirect data suggest no effect of inhA 

mutations on cure rates for standard first-line treatment. In case of detecting an inhA 

mutation, the level of resistance should be confirmed by phenotypic methods, but a higher 

dose of INH may be administered in combination with other drugs. Conversely to katG S315T, 

inhA promoter mutations have not been associated with MDR-TB, but with XDR-TB in South 

Africa [126]. Since mutations in inhA confer cross-resistance between INH and ETO/PTO, low-

level INH resistant strains with inhA mutations are usually resistant to ETO, but susceptible to 
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high doses of INH [7]. Finally, mutations associated with INH resistance have been identified 

with WGS in more than 40 genes [19], but more studies are needed to assess their effect on 

the clinical outcome. 

 

5.2.2.1.2. Rifampicin 

The specific mutations targeted for detecting RIF resistance are located in rpoB codons 516, 

526, and 531. Mutations in codons 531 and 526 are present in 40-65% and 10-40% of RIF-

resistant strains, respectively [58,127,128]. Mutations S531L and H526Y/D confer high-level 

resistance to all rifamycins [4], whereas H526L (and possibly H526N/S) confer low-level RIF 

resistance. There is a strong direct and indirect evidence of association of these mutations 

with clinical resistance (Figure 21). Mutations in codon 516 are present in 5–32% of RIF-

resistant strains. Different mutations in codon 516, along with F514F, and S522L, are 

associated with resistance to RIF but susceptibility to RBT [4]. Nevertheless, the relationship 

between RBT phenotypic susceptibility and clinical outcomes of patients with RIF-resistant TB 

has not been studied [7]. Different mutations in L533 have been detected in 2–5% of RIF-

resistant strains, and have a slight effect on susceptibility to all rifamycins. Mutation I572F, 

despite being outside the rpoB RIF resistance-determining region, has been described in 

strains resistant to RIF and RBT, and may have a role in RIF resistance. Finally, some mutations 

in rpoB, such as E510H, L511P, D516Y, N518D, H526N and L533P, are found in strains detected 

as RIF-susceptible by some phenotypic methods, but they can cause treatment failure [4]. 

 

5.2.2.1.3. Pyrazinamide 

Most of the mutations associated with PZA resistance are scattered along the pncA gene, but 

non-synonymous mutations have also been detected in some PZA-susceptible strains [4]. The 

only commercially available method is an LPA (Nipro Corporation, Japan) that covers a long 

region of the pncA gene, which had a sensitivity of 89.7-100% and a specificity of 96-100% 

[67]. In addition, mutations in rpsA are usually associated with low-level PZA resistance [4], 

and mutations in panD have been detected in PZA-resistant MDR-TB strains [4].  

 

Some studies show a very high agreement between genotypic and phenotypic PZA resistance 

[4], whereas others do not. It is of note that PZA phenotypic DST is technically difficult and 
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unreliable: mycobacterial growth leading to false resistance results [4] may be due to the 

difficulty in achieving the low pH required for drug activity, whereas growth inhibition leading 

to false susceptibility results may also be due to the low pH. In addition, the critical 

concentration recommended may not be appropriate. As for the clinical resistance, patients 

with PZA-resistant TB or MDR-TB have worse outcomes than those with PZA-susceptible 

disease [4]. 

 

5.2.2.1.4. Ethambutol  

The most common mutations targeted for detecting EMB resistance are located in embB 

codon 306, which are present in 20-88% of EMB-resistant strains [4]. The different amino acid 

substitutions described cause different levels of phenotypic EMB resistance, from low to 

moderate [4]. However, these mutations have been also detected in EMB-susceptible MDR-

TB strains. Finally, mutations in ubiA in conjunction with embB cause high-level EMB resistance 

[4,26]. Nevertheless, there is uncertain reliability of the EMB phenotypic DST, since results 

using current critical concentrations are poorly accurate and reproducible [7]. In addition, the 

clinical implications of phenotypic and genotypic EMB resistance are unclear (Figure 21).  

 

5.2.2.2. Second-line drugs 

5.2.2.2.1. Fluoroquinolones 

Among FLQ-resistant strains, 64% and 3% of strains have mutations in gyrA and gyrB, 

respectively [28]. Among the gyrA mutations, 81% are inside the quinolone-resistance-

determining region (codons 85 to 96) and 19% are outside [28]. Commercial assays usually 

target gyrA codons 88 to 94, and more specifically mutations in codons 90, 91, and 94, which 

are present in 54% of the FLQ-resistant strains [28]. Mutations in codon 94 have been detected 

in 40-58% of FLQ-resistant strains, and confer clinical resistance to ofloxacin (Figure 21). 

Mutations in codon 90 have been detected in 20-30% of FLQ-resistant strains. Mutations in 

codons 90 and 91 are discussed controversially, available data is limited, and the clinical 

implications are thus unclear. Mutations in codons 74 and 88 are less frequent [4]. Mutations 

in codons 94, 90 and 88 confer high-level FLQ resistance, but those in codon 80 might not 

confer FLQ resistance [4]. 
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Among the gyrB mutations, 44% are detected inside the quinolone-resistance-determining 

region (codons 500 to 540) and 56% are detected outside [28]. Mutations in gyrB are generally 

associated with lower levels of FLQ resistance [4]; however, a combination of gyrA and gyrB 

mutations could result in a higher level of resistance, and cross-resistance between FLQs [4]. 

The recently available GenoType MTBDRsl version 2.0 (Hain Lifescience, Germany) targets 

gyrB wild-type codons 536 to 541 and the mutations N538D and E540V. However, given that 

these mutations have a low prevalence and that other mutations are not targeted by the 

assay, detection of gyrB mutations may have limited utility [129,130].  

 

5.2.2.2.2. Injectable drugs 

Regarding STR resistance, the main mutations are rpsL K43R and rpsL K88Q/R, and rrs A523C 

and C526T, which are found in 75-90% of STR-resistant strains and are very specific of STR 

resistance (Article VI). Prevalence of mutations varies according to the geographical setting: 

24-89% of STR-resistant strains have rpsL43 mutations (Article VI), 5-27% have rpsL88 

mutations (Article VI), and 20% have rrs mutations [4]. These mutations confer moderate- to 

high-level phenotypic STR resistance (Figure 21) (Article VI). Conversely, mutations in gidB 

confer low-level STR resistance (Article VI) [4]. In addition, mutations in the promoter region 

of whiB7, which lead to an increased expression of the tap efflux gene and eis, have been 

detected in strains presenting cross-resistance between STR and KAN [4,7]. Nevertheless, 

studies assessing the direct effects of any of these mutations on clinical resistance to STR have 

not been performed yet (Article VI). 

 

Regarding KAN, AMK, and CAP, different mutations in rrs are associated with partial cross-

resistance between these drugs (Figure 21) (Article VI) [4]. The rrs A1401G mutation is the 

most frequent one, and confers high-level resistance to both KAN and AMK, but only low-level 

to CAP (Article VI) [4]. In a systematic review, the A1401G mutation was present in 56% of 

KAN-resistant strains, 78% of AMK-resistant strains, and in 76% of CAP-resistant strains [32]. 

It is of note that 7% of CAP-susceptible strains carried the A1401G mutation [32]. The rrs 

A1401G mutation is associated with clinical resistance to KAN (Article VI). The rrs C1402T 

mutation confers high-level CAP resistance and low- to intermediate-level KAN resistance, but 

it slightly affects AMK susceptibility (Article VI). The rrs G1484C/T mutations confer high-level 

KAN, AMK, and CAP resistance (Article VI). The mutations rrs C1402T and G1484T were rare 
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(0-2% each) among strains resistant to any of the injectable drugs [32]. Nevertheless, studies 

assessing the direct effects of rrs mutations on clinical outcomes have not been performed 

yet (Article VI).  

 

In addition, mutations in the promoter region of eis confer low-level KAN resistance [31]. The 

most common mutations are G-37T, C-14T, C-12T, and G-10A, which were detected in 5%, 

11%, 3%, and 22% of KAN-resistant strains, respectively [32]. In addition, some mutations may 

also confer low-level resistance to AMK (Article VI). Mutations G-37T, C-14T, and C-12T were 

detected in 2%, 9%, and 6% of AMK-resistant strains, respectively, whereas G-10A was 

detected also in AMK-susceptible strains [32]. Nevertheless, studies assessing the direct 

effects of eis mutations on clinical outcomes have not been performed yet (Article VI). 
 

 

Figure 21. TBnet Card of mutations and drug resistance, aimed to help in the design of a 

tailored regimen (Article VI). 
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5.3. Development, optimization, and evaluation of molecular methods for 

genotyping Mycobacterium tuberculosis 

 

5.3.1. Usefulness of a microbead-based spoligotyping method, TB-SPRINT (Article VII), and 

a pyrosequencing-based genotyping method, PyroTyping (Article VIII) 

 

The usefulness of TB-SPRINT and PyroTyping was assessed by comparing the results of 

clustering or discrimination of strains obtained with these two methods with the results 

obtained with membrane-based spoligotyping and IS6110-RFLP. 

 

For the evaluation of TB-SPRINT, 67 strains were included, and an interpretable result was 

obtained for 65 of them. The concordance between membrane-based and microbead-based 

spoligotyping was 99.6% (2785/2795 spoligotype data points). Both spoligotyping methods 

assigned the same lineage for 63 of the 65 strains (96.9%). For one of the two remaining 

strains, typing of lineage-specific single nucleotide polymorphisms (SNP typing) was in 

agreement with microbead-based spoligotyping. For the other strain, no result was obtained 

by SNP typing (Article VII). According to microbead-based spoligotyping, the strains were 

classified as Haarlem, Latin-America and Mediterranean, T, Africanum, East African Indian, X, 

Beijing, Bovis, Central Asian, or the family could not be assigned (Article VII). Interestingly, for 

one strain the microbead-based spoligotyping result suggested the presence of two different 

populations, which was confirmed by MIRU analysis. The TB-SPRINT assay was also evaluated 

for detecting mutations in rpoB, katG, and inhA. TB-SPRINT was highly sensitive and specific 

in comparison with phenotypic DST and DNA sequencing/pyrosequencing, although the 

number of drug-resistant strains was low to draw a robust conclusion (Article VII). 

 

The concordance between PyroTyping, IS6110-RFLP, and spoligotyping was 100% for the 94 

strains analysed: all three methods agreed on clustering and discriminating the strains. 

According to spoligotyping, the strains were classified as Latin-America and Mediterranean, T, 

Haarlem, Africanum, or the family could not be assigned (Article VIII). 
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Among the genotyping methods studied, spoligotyping (either the membrane- or the 

microbead-based method), is the one regarded as the least discriminatory [131]. In fact, 

among the strains analysed in the evaluation of TB-SPRINT, the six spoligotyping clusters 

detected were discriminated by IS6110-RFLP. On the contrary, in the set of strains analysed 

with PyroTyping, results of clustering and discrimination of IS6110-RFLP, spoligotyping, and 

PyroTyping were concordant in all the cases. On the other hand, IS6110-RFLP is less 

discriminatory than spoligotyping for low IS6110 copy number strains (considered as six or 

few bands in the RFLP pattern [88]) [132]. In this line, among the nine low IS6110 copy number 

strains analysed with TB-SPRINT, two IS6110-RFLP clusters were detected, but the nine strains 

were discriminated by spoligotyping. Conversely, among the 11 low IS6110 copy number 

strains analysed with PyroTyping, different IS6110-RFLP clusters were detected, but results of 

IS6110-RFLP, spoligotyping, and PyroTyping were concordant (Article VIII).  

 

As previously mentioned, the selection of the genotyping method depends on the objective 

of the investigation [88,89]. Methods based on the polymorphism of the IS6110 insertion site 

(i.e. IS6110-RFLP and PyroTyping), which are highly discriminatory, may serve to assess the 

genetic relatedness and the epidemiological links among TB cases, detect outbreaks, 

investigate possible laboratory cross-contaminations, and differentiate relapses from new 

infections. On the contrary, spoligotyping, which is based on a phylogenetically robust marker 

may serve to characterize the evolution and global phylogeny of M. tuberculosis, to define the 

phylogeographic specificity of circulating clades in population-based studies, and to screen 

epidemiological links as a first-line method [87]. 

 

TB-SPRINT and PyroTyping are rapid methods, with a turnaround time of one and two days, 

respectively, and they are easier to perform and less labour-intensive than IS6110-RFLP 

genotyping. However, both methods require specific equipment: the Luminex analyser for TB-

SPRINT, and a pyrosequencer for PyroTyping. Also, both methods can be performed in 96-well 

plates for high-throughput analysis. Although interpretation of the results by TB-SPRINT and 

PyroTyping is completely different (Articles VII and VIII), it does not require a complex 

bioinformatics analysis. In addition, both technologies, microbead-based hybridization and 

pyrosequencing, have been used for detecting mutations associated with drug resistance 

[109,133,134] (Article IV). Thus, genotyping and detection of drug resistance performed in a 
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single combined assay further increases the clinical value of the technologies for patient 

management. It is of note that for the time being, WGS is the ultimate method for 

discrimination of isolates and simultaneous determination of the drug resistance profile 

[86,135]. Nevertheless, given the still high cost, and the complexity of the analysis, many 

laboratories are not yet able to carry out WGS. In addition, for optimal cost-effectiveness, it 

may be necessary to analyse a relatively high number of strains at the same time, which may 

not be readily available in low incidence settings, thus delaying the results. In these cases, TB-

SPRINT or PyroTyping combined with detection of drug resistance by pyrosequencing may be 

more affordable and rapid local solutions. 
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6. CONCLUSIONS 

 

Development, optimization, and evaluation of molecular methods for detecting first- and 

second-line drug resistance in Mycobacterium tuberculosis clinical strains and patient 

specimens. 

 

1. The molecular methods evaluated present variable sensitivity and specificity, 

depending on the drug considered, when compared with phenotypic drug 

susceptibility testing. The sensitivity and specificity values of these molecular methods 

are comparable between them. 

2. Sensitivity is high for detecting resistance to rifampicin, amikacin, capreomycin, and 

streptomycin. Hence, detection of wild-type sequences indicative of susceptibility is 

valuable to rule in the corresponding drug for treatment until phenotypic drug 

susceptibility testing results are available. 

3. Sensitivity is moderate or low for detecting resistance to isoniazid, fluoroquinolones, 

kanamycin, and ethambutol. Hence, a susceptibility result should be considered with 

caution and phenotypic resistance should not be ruled out until it is confirmed by 

phenotypic methods. 

4. Specificity is high for most of the drugs, hence, detection of mutations indicative of 

resistance is valuable to rule out the corresponding drug for treatment until 

phenotypic drug susceptibility testing results are available. 

5. In general, the different molecular methods evaluated show good results when tested 

either on clinical strains or patient specimens. Nevertheless, sensitivity of detection of 

molecular methods can be affected by the bacillary load of the patient specimen. 

6. The main advantage of all these molecular methods is the short turnaround time of 

less than one working day. Nevertheless, due to particular differences between them 

in terms of throughput capacity, equipment and training required, and interpretation 

of the results, a specific method may be more convenient in a given setting.  
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Review of new molecular methods for diagnosis, identification, detection of drug resistance, 

and epidemiology studies of tuberculosis. Relationship between molecular and phenotypic 

drug resistance and clinical outcomes. 

 

1. Several molecular methods are commercially available for tuberculosis management, 

and each methodology can be aimed for more than one objective. 

2. Current available methods vary in terms of throughput capacity, equipment and 

training required. In addition, interpretation of the results differs considerably 

between methods. 

3. Current knowledge on the genes and mutations involved in resistance varies 

depending on the drug considered. The molecular mechanisms of resistance are 

known for rifampicin, and, to a lesser extent, for the injectable drugs. On the contrary, 

the molecular mechanisms of resistance for isoniazid, fluoroquinolones, and 

ethambutol remain to be completely elucidated. 

4. The relationship between mutations, phenotypic drug susceptibility testing, and 

clinical outcomes has been studied for some of the most common mutations in rpoB 

for rifampicin resistance, katG and inhA for isoniazid resistance, gyrA for ofloxacin, and 

rrs for kanamycin. However, studies assessing the effect of other mutations for these 

and other drugs on clinical outcomes have not been performed yet. 

5. Large studies are needed to establish these relationships and to identify the subset of 

mutations predictive of treatment failure. Once these mutations have been identified, 

results of molecular methods can be used to design a tailored treatment, in order to 

use the limited drugs available adequately. In this line, the effective drugs can be used, 

and non-effective drugs that in turn cause adverse effects can be ruled out, improving 

the management of TB patients. 
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Development, optimization, and evaluation of a microbead-based spoligotyping method 

and a pyrosequencing-based method for genotyping Mycobacterium tuberculosis strains. 

 

1. TB-SPRINT and PyroTyping present differences in terms of discriminatory power, 

hence, the selection of the genotyping method depends on the objective of the 

investigation.  

2. These methods are rapid and easy to perform, have high-throughput capacity, and 

interpretation of the results does not require a complex bioinformatics analysis, but 

they require specific equipment. 

3. Microbead-based hybridization and pyrosequencing can be also used for detecting 

drug resistance simultaneously, increasing the clinical value for patient management. 
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7. FUTURE PERSPECTIVES 

Despite the availability of several molecular methods for TB diagnosis, identification of the 

Mycobacterium species, detection of drug resistance, and epidemiology studies of M. 

tuberculosis, TB remains one of the major infectious diseases worldwide. In order to improve 

TB control, rapid diagnosis of the disease, determination of the susceptibility pattern for an 

adequate treatment, and detection of epidemiological links among TB cases can be potentially 

accomplished by molecular methods. Ideally, a single method could be developed for all these 

objectives, but it has to be highly sensitive and specific, to be able to detect M. tuberculosis in 

patient specimens with low bacillary load, high discriminatory for molecular epidemiology 

studies, high-throughput, easy to perform, and affordable for low-income countries. 

Moreover, in order to determine the susceptibility pattern of the strain with molecular 

methods, it is essential to have complete knowledge on the molecular mechanisms involved 

in drug resistance, and the mutations conferring drug resistance and drug susceptibility as 

well. These mutations will have to be correlated with both phenotypic drug resistance in the 

M. tuberculosis strains and the clinical outcome. 

 

In addition, several new or repurposed anti-TB drugs are in advanced phases of clinical 

development. Ideally, a new drug should have a validated safety profile, be more potent than 

existing drugs to reduce the treatment duration, have new targets in order to treat multidrug 

and extensively drug-resistant TB, and be compatible with anti-retroviral therapy. 

Furthermore, drugs that can eliminate M. tuberculosis bacilli in different replication states are 

needed. Ideally, three new drugs with no antagonism between them should be available, in 

order to design a new regimen and increase the probability of treatment success and prevent 

selection of additional drug resistance. Moreover, in order to guarantee a successful 

treatment, adherence, adequate follow-up, and support of patients should be assured. 

 

In conclusion, although the diagnosis and treatment of TB has significantly improved in the 

last years, new diagnostics, drugs, and knowledge on the M. tuberculosis resistance 

mechanisms, among other TB control strategies, are needed to achieve TB elimination. 
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