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Yeah, well, that’s just, like, your opinion, man. 
 
- Jeffrey "The Dude" Lebowski 
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In many regions of the world the resurgence of TB has coincided with the emergence 

and spread of drug-resistant forms of the disease. Until barely two decades ago, drug-

resistant TB was considered a problem for the patient and not for the population, due to 

great underestimation of the ability of (M)DR-TB to disseminate. However, detailed 

(cluster) analysis of drug-resistant strains isolated from patients who have never 

received anti-TB treatment, shows that primary infection with and therefore 

transmission of drug-resistant TB has occurred [1–4]. In fact, the transmission of drug-

resistant TB appears to be rather common in areas where (quality of) treatment, patient 

adherence and control measures are suboptimal and thereby promote the emergence of 

drug resistance [3–5].  

 

Currently the impact and importance of drug-resistant forms of TB are duly recognized, 

but still 17% of new cases and 35% of previously treated cases involve some level of 

drug resistance according to the latest estimates [6]. Globally, the total TB incidence 

and mortality are going down, but the numbers of MDR- and even XDR-TB are rapidly 

increasing in some areas [5]. Therefore proper treatment and rapid and accurate 

detection of these drug-resistant forms of TB are currently the most important public 

health challenges in many endemic regions.  

The level of dissemination of these rapidly evolved (evolving?) strains has puzzled 

biologists and leaves clinicians unsure of which control measures are most appropriate. 

Even though new treatment regimens, aimed to make the most of existing and new 

anti-TB drugs, are evaluated and about to be introduced [7–12], the evidence for the 

long-term success of these interventions is still lacking. It is particularly unsure how 

patients infected with MDR-, pre-XDR or XDR-TB will respond to these new treatments, 

not in the least because there is much uncertainty about the biological processes that 

have led to the success of these strains. 

 

With the research presented in this thesis I have focused on unraveling some of these 

processes as well as on the possibility to timely detect drug-resistant and/or otherwise 

notable M. tuberculosis strains. In chapters 2 and 6 I have presented and discussed our 

in vitro studies on the influence of the genetic background (i.e. particular pre-existing 

mutations) of selected strains on subsequent population dynamics. The results of our 

investigation on the increased potential to acquire mutations and the possible 

mechanisms that may be at the basis of this adaptive ability are presented in chapters 

3, 5 and 6. Chapters 4 and 8 discuss our endeavors to develop a tool that enables 

detection of multiple genetic markers simultaneously, with the ability to deliver 

information on characteristics or strains of interest more rapidly. Last, but not least, we 

have studied the level of heterogeneity in samples isolated from the same patient 

(chapter 7), revealing the within-host evolution and population dynamics of M. 

tuberculosis strains over the course of antibiotic treatment. 
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Here, I will discuss the major findings of my research as well as the potential 

implications these findings could have for diagnosis, detection of drug resistance and 

effective TB control in general. 

Influence of mutations on adaptive strategies 

Numerous previous reports [1,13–23] have debunked the myth that drug-resistant TB is 

too unfit to be transmitted and consequently become a serious public health problem. 

Probably, for most strains the acquisition of drug resistance will indeed mean an 

evolutionary dead end, but some strains are able to effectively restore their fitness and 

continue to evolve to increasing levels of drug resistance, like XDR. The apparent 

selective advantage experienced by this group of strains raises the question if they 

share one or more characteristics that are at the basis of their increased adaptability. 

In this thesis I have focused on studying the influence of the genetic background of 

representative strains on their adaptive ability, as measured by the mutation frequency 

or rate (chapters 2, 5 and 6), the spectrum of acquired drug resistance mutations 

(chapter 6) and dnaE2-mediated stress responses (chapter 3).  

 

It has been suggested that strains of the Beijing genotypic family, which are often 

associated with secondary disease and MDR-TB, have a higher intrinsic mutation rate. 

Mutations in genes associated with DNA repair [24,25], which are found in the genomes 

of some Beijing subtypes as well as other virulent genotypes, are thought to be 

responsible for the increased mutation rates. 

In the study described in chapter 6 fluctuation assays were performed with M. 

tuberculosis strains of various representative genotypic families, including Beijing 

subtypes, in order to determine the baseline mutation rate. We did not find any 

evidence that any of the selected strains, including those carrying mutations in DNA 

repair genes, was able to acquire drug resistance to rifampicin at a substantially higher 

rate than the other strains. In contrast, Steenwinkel and colleagues recently found that 

Beijing strains were able to acquire drug resistance at significantly higher rates than 

other genotypes [26]. When we looked at the distribution of RIF resistance mutations 

among different genotypic strains, we did not observe a genotype-specific spectrum. 

However two strains, one belonging to the Beijing family, the other a LAM strain, 

showed a propensity to mutations outside of the rifampicin-resistance determining 

region of rpoB (chapter 6), but this was not representative for all strains belonging to 

these genotypes. 

 

Taken together, these data suggest that certain characteristics are specific to a single 

strain or clone, rather than a whole genotypic family. This hypothesis is supported by 

the fact that only two strains, responsible for the two largest European clusters, account 

for more than 75% of MDR-TB in Europe [19]. Less focus on genotypic groups and more 
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on particular strains could allow more careful monitoring of epidemic strains. Strains 

belonging to the two largest European clusters have been extensively screened by 

whole genome sequencing and characteristic mutations have been identified for each 

cluster (de Beer et al, manuscript in preparation). Inclusion of these mutations in a 

tailored MLPA panel will allow tracking and identification of these clusters in clinical 

samples and would be a more practical alternative to whole genome sequencing. 

 

Although we did not observe a characteristic spectrum of mutations for the different 

genotypes, we did find that pre-existing drug resistance can significantly influence the 

subsequent evolutionary pathways that can lead to viable bacteria (chapters 2 and 6). A 

synergistic or antagonistic effect of various (de novo) mutations on M. tuberculosis 

fitness or viability has also been proposed and observed by others [23,27–29]. 

Moreover, we found that certain drug resistance mutations that are less commonly 

found in resistant clinical isolates, elicit a moderate stress response (chapter 3), which 

could indicate a lower initial fitness of these mutants or perhaps even an increased 

adaptive potential. Interestingly enough, genomic analysis of RIF-resistant clinical 

strains carrying the rpoB-S531L mutation, which is most often found in resistant 

isolates and associated with the lowest fitness cost [30–32], led to the identification of 

additional mutations in rpoA and rpoC [33,34]. Some of these mutations are thought to 

compensate for the fitness deficit caused by the rpoB mutations and are perhaps 

responsible for the high prevalence of the rpoB-S531L mutation in epidemic MDR-TB 

strains. 

 

Many bacterial pathogens have been shown to owe their success to distinct biological 

mechanisms, such as quorum sensing [35], phase variation [36,37] and hypermutation 

due to impaired DNA repair genes [38–43]. Keeping this in mind, it seems plausible that 

M. tuberculosis strains can also adopt strategies to (temporarily) increase their adaptive 

potential. The moderate dnaE2 expression we observed in rpoB mutants (chapter 3) is 

suggestive of a role in adaptation, but we did not find conclusive evidence for an 

increased mutation rate in any of our studies (chapters 5 and 6). Unfortunately, not 

much research has been performed in recent years to investigate these phenomena, 

probably due to the lack of strong evidence for the occurrence of hypermutation in M. 

tuberculosis. The data that will become available from genomic studies and the 

possibilities it brings will hopefully spark a new interest in research on the driving 

forces behind mycobacterial evolution. 
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Importance of rapid detection by molecular tools 

Determining the genetic diversity between two or more M. tuberculosis strains can be 

informative for phylogenetic studies, but also to map transmission chains, to assess the 

fitness and evolution of strains of interest, to monitor treatment and to determine the 

robustness of genetic markers for typing purposes. The level of detail needed from the 

applied method is dependent on the purpose, but this can be difficult to determine; a 

study from 2009 [44] showed that there was still remarkable genetic diversity between 

strains that were identical by RFLP and MIRU-VNTR. When assessing the evolution of a 

particular strain or trying to locate robust genetic markers whole genome sequencing 

(WGS) can provide important information that would otherwise be missed by traditional 

typing methods. However, for contact tracing, determining transmission chains or 

clusters and mapping the geographical prevalence of M. tuberculosis strains, this 

information may be too detailed.  

 

Even the information obtained with WGS may be inconclusive or difficult to interpret; a 

high level of within-host evolution of M. tuberculosis strains was recently found [45], 

although others who performed deep sequencing of sequential isolates concluded that 

the M. tuberculosis genome during infection is in fact rather stable [46]. When focusing 

on a single locus, under strong selection, we showed that during treatment the strains 

that were isolated from a single patient over time displayed a considerable level of 

heterogeneity (chapter 7). This suggests that for optimal treatment it is crucial to 

carefully monitor the infecting strains in order to quickly identify any development of 

drug resistance or other characteristics that may influence the treatment outcomes.  

 

The M. tuberculosis-specific MLPA assay (chapters 4 and 8) was designed to target 

genomic mutations with a relatively low turnover. As such the resolving power of the 

assay is relatively low and therefore not suitable to distinguish closely related strains 

with only few (random and thus untargeted) genetic differences, for instance sequential 

isolates in a transmission chain or cluster. However, in chapters 5, 6, 7 and 8 we have 

shown that MLPA has the ability to detect heterogeneous bacterial populations when 

different targeted alleles are present in a sample. This ability is due to the inclusion of 

mutually exclusive genotypic markers as well as the strong selection pressure exerted 

on drug resistance mutations. Most currently available typing methods (spoligotyping, 

RFLP, MIRU-VNTR) are less suited to detect mixed samples. The results presented in 

chapter 7 as well as by others [45–47] have illustrated the need for any diagnostic or 

screening method to be able to detect mixed infections. 

 

It is recommended that screening for drug resistance is ideally performed at diagnosis, 

but in certain groups of high risk patients it may also be beneficial to monitor 

subsequent samples during treatment, as in chapter 7 we have shown that the first 
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isolates may show very different resistance profiles than monitoring samples. Also, 

there is emperical evidence [12,48] that inclusion of five or more effective drugs in the 

intensive phase of treatment of MDR (XDR?) has a higher succes rate. To ensure that 

effective drugs are administered it is of the utmost importance that resistance to any of 

the included drugs is excluded, either by DST or, preferentially, a single, rapid molecular 

test, such as MLPA 

 

Another argument for routine screening for drug resistance with molecular tools is that 

it can significantly reduce the time to start of (customized) treatment, as was recently 

demonstrated with the use of line-probe assays [49]. This indicates that there is 

potential to reduce the diagnostic delay for M/XDR-TB [50] as well as the duration of 

emperical treatment with rapid molecular tests like MLPA. Ultimately, this could reduce 

the emergence and potentially the spread of drug-resistant TB. For the information 

provided by molecular tests to have impact on clinical outcome and perhaps treatment 

costs, there should be a change in treatment protocols accordingly.  

According to a recent report [51] rifamycin resistance is the most important predictor of 

treatment outcome, although other studies suggest that also second-line drug 

resistance is associated with poor clinical outcomes [12,48,52]. These studies suggest 

that combined detection of first-line and second-line drug resistance, as can be realized 

with MLPA, would allow appropriate adjustment of treatment to ensure a favorable 

outcome for the infected patient.  

 

Studies are now ongoing to determine the most appropriate and effective clinical 

response to different resistance profiles [48,52]. These studies will ideally also include 

attempts to determine any clinical and biological impact of certain M. tuberculosis 

characteristics such as genotypic family or specifc drug resistance profiles. This is 

feasible as more whole genome data from clinical samples will become available in the 

very near future. Since MLPA combines the detection of multiple genetic markers, it 

allows “tracking” of strains that carry particular combinations of alleles with the 

ultimate goal of linking a phenotype to or even predicting clinical outcomes with 

identified genotypes. 

 

 

The relevance of in vitro experiments 

To answer the scientific questions put forward in chapters 2, 3, 5 and 6, we have chosen 

to make use of an in vitro model of M. tuberculosis growth under non-selective 

conditions and when antibiotic pressure is exerted. This simplification allowed us to 

study particular biological details in a controlled and reproducible manner, without 

having to take into account host factors or other environmental aspects that might 

influence the bacterial responses. However, as with all models, there are limitations to 
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this approach; one must always consider the usefulness of the results and the level of 

extrapolation to the real situation. Laboratory conditions are most likely much more 

stable and permissive than the conditions mycobacteria encounter in the host and this 

probably causes many more genetic variants in the bacterial offspring to survive for a 

much longer period of time [53]. 

We observed this phenomenon when studying the in vitro rate of INH resistance 

(chapter 5) and found that the majority of laboratory generated INH-resistant mutants 

were unlikely to survive in vivo, particularly the katG deletion mutants. This led us to 

conclude that the rate of INH resistance in the patient is likely to be at least two logs 

lower than was previously believed on the basis of the in vitro rate of INH resistance 

[54].  

 

An apparent lack of selective sweeps in vitro was also observed when we tried to 

determine the difference in the spectrum of RIF mutations in selected representative 

genotypic families of M. tuberculosis (chapter 6). Our experimental approach resulted in 

a much higher genetic diversity for each strain than we hypothesized on the basis of the 

prevalence of mutants in clinical isolates and many clinical studies [55–60]. In addition, 

we did not observe a reproducible genotype-specific spectrum of mutations, which may 

indicate that more diverse mutants are able to survive in vitro than in vivo. This may 

have implications for the in vitro mutation rate; the data we obtained from fluctuation 

assays (chapters 5 and 6) may be either an over- or underrepresentation of the true 

adaptive ability of bacteria in the host and are therefore informative only if we compare 

the values to a validated baseline. It is possible that the methods we used may not be 

suitable to detect or measure hypermutation in M. tuberculosis, an alternative 

explanation for why we were unable to show a significant, reproducible difference in the 

mutation rates of representative strains under selected conditions.   

 

Nonetheless, the results presented in this thesis indicate that strong (chapters 2, 5 and 

6) and, to some extent, moderate effects (chapter 3) of certain biological mechanisms 

can be detected and even measured in vitro. In chapters 2 and 6 we showed that the 

presence of pre-existing drug resistance mutations shifted the spectrum of subsequent 

RIF-resistance mutations, probably because certain combinations of mutations are 

lethal, non-viable, or carry a too great a fitness cost, even in vitro. These studies add 

weight to the restricted adaptive pathways ([27], others) and epistasis theories [29,61] 

and show that, although not applicable for all studies, in vitro experiments can provide 

valuable information on biological mechanisms and phenomena and can oftentimes be 

the starting point for more elaborate studies. 
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Interpreting and using genomic information 

For a genetically stable organism such as M. tuberculosis it is likely that most de novo 

mutations will have a considerable impact on the fitness and/or the phenotype of the 

bacteria in question. In this thesis I have described the studies we performed on the 

biological relevance of specific drug resistance and genotypic mutations (chapters 2, 3, 

5, 6 and 7). Furthermore, for the purposes of intensifying TB control and molecular 

epidemiology it is useful to get insight into which genetic changes against which 

genetic background have the biggest impact on public health and should therefore be 

monitored more carefully. Chapters 4 and 8 report the development and improvement 

of a TB-specific MLPA, a molecular tool that in its current format allows the detection of 

up to 47 genetic markers simultaneously. The multiplexing ability of MLPA allows 

determination of the dynamics, turnover and linkage of targeted genetic markers of M. 

tuberculosis isolates from a single patient or within a human population. In addition, it 

provides a tool for the (long-term) monitoring of characteristic strains that are 

epidemically of particular concern.  

 

Over the next few decades it is expected that genomic information from TB isolates 

worldwide will accumulate exponentially. These data have the ability to aid 

investigations on the evolution and (within-host) population dynamics [62], but can 

also be essential in designing tools that can predict treatment outcome, development 

of disease or even the extent of transmission. For this purpose, it is of importance to 

know what the biological implications are of newly identified (combinations of) genetic 

changes (e.g. drug resistance, adaptive mutations, virulence, genetic drift, 

pathogenicity). Selected annotated markers can then be included in screening or 

diagnostic assays to inform health care workers about the most appropriate control 

measures. 

 

The decreasing costs for sequencing a complete mycobacterial genome make it feasible 

that whole genome sequencing will become the new standard in TB diagnostics. 

However, without extensive annotation, one might question how valuable this will be. 

For a diagnostic or even a screening method, the information provided should be 

interpretable by a wide range of end-users and not only by a handful of trained 

personnel, such as is currently the case for WGS data. Additionally, only a small 

percentage of the identified mutations will be of clinical relevance; a clinician will only 

be interested in how best to treat the patient, which will most likely depend only on the 

resistance profile and perhaps if the infecting strain belongs to a cluster or outbreak. A 

recent study claims even that testing for rifampicin resistance alone can significantly 

influence clinical outcome [51]. These issues argue against implementation of WGS as a 

routine diagnostic tool, but in favor of molecular tools such a line probe assays, 

GeneXpert and MLPA. 
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Regardless, the whole genome data will undoubtedly enter the public domain on a 

substantial scale and, together with the recent explosion of M. tuberculosis “-omics” 

studies, calls for a more interdisciplinary and holistic approach in research, such as 

systems epidemiology or systems biology [63,64], to interpret the data. This concerted 

approach will hopefully lead to more focus on the biological principles that have 

promoted and continue to promote this successful pathogen, such as bacterial 

communication, phase variation, small RNAs, methylation, silencing and epigenetics. In 

particular, this could support the design of appropriate drugs and treatment regimens 

[65] or even new ways of structurally and successfully eliminating TB. 
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