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Aimss of this thesis 

Tuberculosiss (TB) remains a major public health threat, still emerging in some areas of 
thee world. The highest increase is found in Africa and Eastern Europe. The major tools 
too control the TB epidemic are worldwide implementation of the directly observed 
therapyy short course (DOTS) programme and BCG vaccination. However, these 
methodss to control TB are not ideal. The efficacy of BCG vaccination is doubtful and 
significantt problems with resistance against antituberculosis drugs have emerged. 
Thesee problems could be fuelled by the selection of more adapted variants of 
MycobacteriumMycobacterium tuberculosis. 
Thee studies described in this thesis contribute to the investigation of these possible 
selectionn mechanisms by the evaluation and development of DNA fingerprint tools to 
investigatee the population structure of M. tuberculosis. 

Geneticc markers for  M. tuberculosis 
Beforee the DNA era, phage typing and drug susceptibility patterns were used to 
differentiatee between strains. Both methods provided only limited discrimination 
amongg M. tuberculosis isolates. In many areas the majority of the M. tuberculosis 
isolatess are fully susceptible and one of the few phage types distinguished among M. 
tuberculosistuberculosis isolates predominate in most areas. Moreover, the drug susceptibility 
profiless of M. tuberculosis are highly unstable features, because strains frequently gain 
resistancee to antituberculosis drugs during treatment. 
Inn the initial phase of the DNA era, DNA-DNA hybridizations showed that the 
memberss of the M. tuberculosis complex are extremely conserved; 99.9% of their 
DNAA was homologue. Since the early 1990s, various genetic markers were identified 
inn the genome of M. tuberculosis. These markers, with different levels of strain 
discrimination,, included various short repetitive sequences and insertion sequences 
(IS),, of which 1S6110 is the most commonly used for strain typing. Tandem repeats 
suchh as the polymorphic GC-rich sequence (PGRS), the major polymorphic tandem 
repeatt (MPTR), the triplet GTG, various exact tandem repeats, direct repeats (DRs) 
andd Mycobacterial interspersed repetitive units have also been used for several 
applicationss of strain typing. The DNA polymorphism associated with these genetic 
markerss can be visualised by a variety of methods, such as restriction fragment length 
polymorphismm (RFLP) typing, polymerase chain reaction (PCR), DNA hybridization, 
sequencing,, or a combination of these methods. Nowadays, tens of thousands M. 
tuberculosistuberculosis strains with different 1S6110 RFLP patterns have been identified. 

Inn recent years many DNA typing methods have become available to type M 
tuberculosistuberculosis strains. The choice between the typing methods available strongly 
dependss on several considerations; typing methods should preferably be reproducible, 
rapid,, inexpensive, easy to perform and directly applicable to clinical material. 
Furthermore,, the degree of discrimination and stability should be appropriate to the 
researchh question to be addressed. For determination of the evolutionary relatedness 
betweenn bacteria other genetic markers are required than for outbreak management. 
Synonymouss single nucleotide polymorphisms and many of the chromosomal 
deletionss mark unique events in evolution and these genetic markers are therefore 
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appropriatee for studying the phylogeny of strains of the M. tuberculosis complex. For 
studyingg transmission of tuberculosis, markers with a higher turn-over are required, 
suchh as \S6110 RFLP, spoligotyping, or variable numbers of tandem repeats (VNTR) 
typing.. Ideally, a typing method should depend on various genetic markers with 
differentt molecular clock speeds, so that evolutionary and epidemiological information 
cann be obtained from one experiment. The reproducibility and specificity of DNA 
typingg methods for M. tuberculosis are usually not thoroughly investigated or not 
documentedd at all. Comparative studies to evaluate the discriminatory power of typing 
methodss were usually limited to only a few methods or restricted to a narrow study 
populationn (such as 'low IS677ö-copy strains') (2,4,6,10,18,19,21,27,34,35,37,51, 
52,54,56,57).. No study has been undertaken to evaluate DNA typing methods in a 
systematicc way. Thus, it is not clear which DNA typing methods are reproducible, 
whichh are specific to detect members of the M. tuberculosis complex, and which are 
appropriatee to study the epidemiology of M. tuberculosis. To gain insight in the 
reliabilityy of typing methods and to compare their level of discrimination they should 
ideallyy be subjected to the same set of strains, an approach that was used in this thesis. 

Importanc ee of genetic markers for  strain identification 
Applicationn of DNA fingerprinting has facilitated the development of the molecular 
epidemiologyy of tuberculosis, and many applications have been described in the 
previouss section. DNA fingerprinting can be used to trace outbreaks of tuberculosis 
andd transmission within institutions, and for detection of laboratory cross-
contaminations.. Population-based studies have provided insight on the risk factors for 
transmissionn of tuberculosis, the relative contribution of reactivation of disease 
comparedd with reinfection, and transmission between ethnic groups. Strain typing in 
differentt areas has revealed that the population structure of M. tuberculosis differs 
significantlyy between high and low incidence settings, and led to the recognition of 
variouss M. tuberculosis genotype families. DNA fingerprinting also facilitated the 
distinctionn between various members of the M. tuberculosis complex that were 
previouslyy difficult to identify by using biochemical procedures. Furthermore, new 
sub-speciess within the complex were identified. Thus, DNA fingerprinting has 
significantlyy increased our understanding of the epidemiology of tuberculosis. 

Importancee of genomic variation in M. tuberculosis to study its virulence and pathogenesis 
Variationn in the genome may influence the bacterium's virulence or pathogenesis. 
Polymorphismm in the multiple repeats of PGRSs and MPTRs, which often represent 
so-calledd Pro-Glu and Pro-Pro-Glu multigene families, respectively, are thought to 
resultt in antigenic variation (16). Insertion of IS elements in specific genomic sites 
mayy interfere with the regulation of certain genes and thus the production of proteins, 
orr disrupt a gene completely. Furthermore, IS elements are thought to be the main 
drivingg force in creating large genomic deletions (12,30). Recently, it was found that 
thee genomic variability, as measured by large sequence polymorphisms (LSPs), 
betweenn M. tuberculosis isolates accounted to 5.5%, and that M. tuberculosis genomes 
mayy vary in the presence of 40 to 100 genes (59). A relatively high rate of deletion of 
geness involved in intermediary metabolism and respiration was observed (59). It could 
bee that deletion of some of those genes, as well as a number of the cell wall and cell 
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processess genes, which are potential antigens, are positively selected for by the host 
immunee system. Other deletions have specific effects on the isolates phenotype, e.g. 
leadingg to drug resistance. Furthermore, a number of genes involved in the hypoxia-
inducedd regulon were deleted (59). It is conceivable that disruption of this regulon 
hinderss latency, making active disease and transmission more likely. In conclusion, 
althoughh a single amino acid substitution may already have a phenotypic effect, the 
effectt of deleting a gene altogether is expected to be substantially greater. Thus, LSPs 
aree likely to represent the most important source of phenotypic variability. 

Somee of the LSPs may be important for the development of new antituberculosis 
vacciness and for the development of new tests for detecting infections with tubercu-
losis.. Research on this topic has been focussed on region of difference (RD) 1 (3,46). 
Thiss region is missing in the strains used as vaccines, M. bovis BCG and M. microti, 
andd present in most M. tuberculosis isolates (41). RD1 encodes for antigens such as 
earlyy secretory antigen target 6 and culture filtrate protein 10, which appear to have a 
rolee in virulence and immunogenicity (41,48). Finally, LSPs and single nucleotide 
polymorphismss can also facilitate diagnostics in the clinics. Brosch et al. (13) 
comparedd RD regions in various species of the M. tuberculosis complex and found that 
deletionn of some RDs is species-specific. 

Importancee of genomic variation to study the phylogeny and population structur e 
off  the M. tuberculosis complex 
Thee relatedness between strains on the basis of various genetic markers facilitated the 
recognitionn of M. tuberculosis genotype families (29,32,62). In Tunisia it was 
describedd that 62% of the M. tuberculosis isolates belong to three major genotype 
familiess that share at least 65% similarity in their 1S6U0 RFLP patterns. In Ethiopia 
52%% of the M. tuberculosis isolates belong to four genotype families (28). In the 
Beijingg area of China more than 85% of the M. tuberculosis isolates shared over 66% 
similarityy among their multibanded 1S6110 RFLP patterns and had identical spoligo 
patterns,, and these isolates were designated 'the Beijing genotype family' (65). As 
strainss belonging to such genotype families share a recent common ancestor with 
particularr genotypic characteristics it is likely that all descendants of this ancestor 
(thuss the members of the genotype family) share the same characteristics. Because the 
genotypess differ in their genetic make up, it is conceivable that they may also differ in 
phenotypicc characteristics, such as virulence, transmissibility or drug resistance. Some 
M.M. tuberculosis genotype families may therefore have selective advantages over other 
genotypes. . 

Thee amount of genetic diversity in the bacterial population might reflect the phase of 
thee epidemic. In high incidence areas, such as in African countries, China, and South 
Americann countries, the population structure of M. tuberculosis is highly homo-
geneouss (31,45,64,65), reflecting the importance of ongoing transmission. In the 
Netherlands,, where tuberculosis is nearly eliminated, the population structure of M. 
tuberculosistuberculosis is highly heterogeneous (63), reflecting the relative importance of 
reactivationn of disease and immigration of TB cases into this country. Studying 
changess in the population structure of M. tuberculosis is important to understand the 

63 3 



AimsAims and contents of this thesis 

adaptationn of infectious agents to control measures. Comparing isolates of older 
patientss (endogenous re-activations of remote infections) with those of young patients 
(recentt infections) is especially relevant because the isolates from the older patients in 
generall  reflect the bacterial make-up in the era before the introduction of antitubercu-
losiss drugs and BCG vaccination. It is conceivable that these measures may be 
responsiblee for the selection of strains which are better adapted to resist these 
measures.. If so, it is important to test the efficacy of candidate vaccines against the 
successfull  genotypes fuelling the current epidemic. So far, changes in the population 
structuree of M. tuberculosis were only investigated to a very limited extend, but indeed 
inn Vietnam, the Archangel Oblast, and Indonesia changes were observed in the 
populationn structure within a few years time (l,58)(unpublished data). 

Thee aim of this thesis was to investigate changes in the population structure of M. 
tuberculosistuberculosis and to identify possible selective advantages by investigating the spread 
off  M. tuberculosis Beijing genotype strains and their association with drug resistance 
andd BCG vaccination. In order to be sure that the genetic markers we used for this 
studyy were reproducible and had an appropriate level of strain differentiation we first 
evaluatedd and compared the usefulness of genetic markers for discriminating M. 
tuberculosistuberculosis isolates. 

Evaluationn and comparison of genetic markers for  M. tuberculosis 

Too obtain an overview of the utility of DNA typing methods we performed a multi-
centerr study. Twenty-one DNA typing methods were compared with regard to their 
reproducibility,, discriminative power, and specificity by using a set of mainly M. 
tuberculosistuberculosis complex isolates originating from 38 countries, including duplicate DNA 
samples,, in chapters 2 and 3. To obtain insight in the population structure of M. 
tuberculosistuberculosis we also investigated these isolates with methods that are generally used in 
populationn genetic analysis. This study also shows the correlation between the various 
geneticc markers. 

DNAA typing methods which differentiate heterogeneous M. tuberculosis isolates 
originatingg from various countries well may differ in their ability to differentiate 
betweenn more homogeneous isolates from a localized area. Thus, some methods may 
bee better at typing for epidemiological purposes than others. Therefore, the discrimina-
tivee abilities of spoligotyping, IS6110 RFLP and VNTR typing were also assessed on 
aa more homogeneous, random, M. tuberculosis population from Hong Kong, where 
70%% of the isolates belong to the Beijing genotype, in chapter  4. PCR-based methods, 
suchh as VNTR and spoligotyping, have the advantage over the currently most widely 
usedd epidemiological typing method, IS67/0 RFLP typing, of being fast and 
applicablee to clinical material. Quick strain identification is especially of importance 
becausee of the slow growth of isolates of the M. tuberculosis complex. Therefore, if 
wee would find that these methods are as useful in discriminating M. tuberculosis 
isolatess this wil l enhance the application of DNA typing for identifying possible 
laboratoryy cross-contaminations, transmission routs, for adjustment of adequate 
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therapy,, or contact tracing. Rapid simultaneous identification and differentiation of 
Beijingg genotype isolates is of particular importance because these isolates have been 
associatedd with emergence and drug resistance (26). 

Thee use of spoligotyping in epidemiological investigations is limited by its low ability 
too differentiate M. tuberculosis strains and because spoligotype patterns are sometimes 
difficultt to interpret (10,21,24,53,65). We investigated whether we could improve this 
methodd by addition of novel spacers (61) and optimization of spaceroligonucleotides 
inn chapter  5. If the discriminatory power would improve much, population-based 
epidemiologicall  studies which are now conducted by using the time consuming and 
labourr intensive IS6110 RFLP typing, might be feasible by using spoligotyping. A 
limitedd improvement of the method will already contribute to the study of the evolu-
tionaryy relatedness between strains. 

Althoughh IS6110 RFLP has contributed significantly to the understanding of the 
epidemiologyy of tuberculosis, the interpretation of IS6110 RFLP patterns is sometimes 
ambiguouss because of the occurrence of low-intensity bands (LIBs). The nature of 
thesee LIBs is not clear; they could reflect mixed infections, mixed bacterial popula-
tionss with slightly different RFLP patterns, truncated 1S6110 elements, or other 
geneticc elements with a partial homology to IS6110. The presence of multiple LIBs 
couldd reflect multiple infections. If multiple infections occur this would have 
consequencess for vaccine development. The occurrence of one or a few LIBs might 
influencee the clustering; depending on how such a band would be interpreted a pattern 
mayy or may not be clustered (identical to another pattern) in the database of RFLP 
patterns.. This might lead to an under or overestimation of clustering, and could have 
consequencess for the source case finding or contact tracing. The occurrence of 
multiplee infections of tuberculosis in The Netherlands, the nature of LIBs, and the 
consequencess of the interpretation of these bands are assessed in chapter  6. 

Characterizationn and spread of the Beijing genotype 

Thee M. tuberculosis Beijing genotype family constitutes a homogeneous group of 
strains,, presumably due to recent clonal spread (65). This genotype family is globally 
widespreadd with the highest frequency in the Beijing area of China (49,65), and other 
Asiann countries (1,15,26,26,47,60). It has been suggested that the M. tuberculosis 
Beijingg family is emerging and associated with drug resistance, and a number of 
selectivee advantages have been associated with the success of the Beijing family, 
includingg a lower efficacy of BCG for Beijing strains (38,65); higher virulence 
(38,40,60);; ability to induce a differential immune response (23,39); higher transmissi-
bilityy (7); enhanced capacity to grow in human macrophages and monocytes (36,66), 
andd an enhanced capacity to acquire drug resistance (50). However, this data is 
sometimess contradictory and there is evidence that even with strains identified as 
'Beijing'' there may be polymorphism in the response to drug treatment. If Beijing 
genotypee strains are indeed better capable to escape the BCG-induced immunological 
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defencee or to resist antituberculosis drugs and emerging this may have serious 
implicationss for TB control in the near future. 

Needd for  a definition of the Beijing genotype 
Variouss genetic markers have been used to identify M. tuberculosis Beijing genotype 
strains,, and exceptional strains were reported (15,32,33,43,65). It is not clear how 
thesee markers used to recognize Beijing genotype strains correlate and which method 
bestt identifies them. Before any study of genotype/phenotype relationships among this 
groupp of strains can be carried out successfully it is vital that a coherent definition of a 
Beijingg genotype strain is presented. Such a definition would facilitate a structured 
surveyy to map the presence, spread, and possible association with drug resistance of 
thiss M. tuberculosis genotype. In addition, it would facilitate further research on the 
virulencee of Beijing genotype strains and the interaction with their host. Therefore, the 
studiess in chapters 4 and 7 were designed to characterize and define strains of the 
Beijingg genotype. 

Thee possible emergence of the Beijing genotype 
Theree is concern that the Beijing genotype of M. tuberculosis is emerging. Large 
outbreakss of Beijing family strains, often associated with drug resistance, were 
reportedd in many parts of the world (5,8,9,14,17,20,22,25,42,44,55). Two studies in 
Europee found an increase in prevalence (11,14). In Vietnam and Indonesia, the 
proportionn of Beijing genotype strains compared with non-Beijing strains decreased 
withh the age of the patient, suggesting an increase of Beijing genotype strains over 
timee in this area (1) (unpublished data). This association was not found in other areas 
studied,, but only a few studies allowed an estimate of the trend in prevalence of 
Beijingg genotype strains (26). Moreover, many of the published studies did not allow 
ann accurate estimate of the prevalence because of restrictions in study design (26). To 
obtainn an objective picture on the spread of the M. tuberculosis Beijing genotype a 
structuredd survey is needed including non-biased samples, such as randomly selected 
orr consecutively collected isolates. Furthermore, sufficient information should be 
availablee on these isolates to assess possible associations with drug resistance or the 
patient'ss age or BCG status. Such a structured and standardized approach was used in 
thee worldwide survey on the spread of the Beijing clade and its possible association 
withh drug resistance presented in chapter  8 to determine the exact status of Beijing 
genotypee strains and the extent to which they are emerging. 

Ar ee there important phenotypic differences among Beijing genotype strains? 
Itt  has not been investigated why in some areas strains of the M. tuberculosis Beijing 
genotypee are associated with drug resistance and/or large outbreaks of tuberculosis and 
inn other areas apparently not. This could be caused by intrinsic strain factors, 
differencess in TB control programmes, or a combination of these. Another possible 
explanationn could be the existence of different lineages of the Beijing clade with 
differentt abilities to gain drug resistance. In Russia, it was found that 4% of the 
Beijingg clade strains did not show the characteristic multicopy RFLP patterns, but did 
sharee the typical spoligotype pattern consisting of the last nine spacers (43). It was 
suggestedd that these 'atypical' Beijing strains are more similar to the common ancestor 
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off  the Beijing clade (43). It could be that these atypical Beijing strains have a different 
abilityy to gain resistance, cause disease, or escape the BCG-induced immunological 
defencee than the typical Beijing family strains. However, no data is available on the 
distributionn of typical and atypical Beijing strains in other areas to test this hypothesis. 
Thee presence of mutations in putative mutator genes in typical Beijing family, but not 
inn atypical Beijing strains, might provide these strains with a higher adaptability (50). 
Thee study of Dormans et al. (23) in the B ALB/c mouse model further supports the idea 
thatt various strains of the Beijing clade have different mechanisms to cause disease. 
Thiss study showed large differences in histophathology, virulence and bacillary load 
betweenn Beijing clade strains. No studies have been undertaken to investigate whether 
similarr differences are caused by these strains in humans. Thus, the study in chapter  9 
wass focussed on investigating the distribution of typical and atypical Beijing clade 
strainss in various areas, and on investigating whether strains of different sub-groups of 
thee Beijing clade have different levels of association with drug resistance or BCG 
vaccination. . 

Iff  differences in susceptibility between M. tuberculosis strains to BCG induced 
immunityy would be found this would emphasize that new anti-TB vaccines should be 
testedd for efficacy against a variety of circulating M. tuberculosis strains. If different 
levelss of association with drug resistance or BCG vaccination exist between the 
closelyy related strains of the Beijing genotype this may accelerate the research on the 
developmentt of drug resistance and the preparation of a new anti-TB vaccine, by 
studyingg the (limited) genetic differences between these strains. The study of 
geneticallyy closely related, more and less successful Beijing genotype strains may thus 
indirectlyy aid the development of an effective anti-TB vaccine. 
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