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Similarr to the use of antibiotics, vaccination can impose a strong selective force on 
populationss of microorganisms. Bacterial adaptation to antibiotics is well-documented, 
alsoo for M. tuberculosis (49,99). Fewer studies have been conducted to study the 
adaptationn of microorganisms to vaccination. One study provided evidence that 
vaccinationn affected the population structure of measles virus and selected for strains 
thatt were antigenically distinct from the vaccine strain (105,119). In another study 
evidencee was provided for a modest increase in incidence of invasive disease by 
HaemophilusHaemophilus influenzae serotype f after introduction of H. influenzae serotype b 
vaccinationn (127). Further studies found differences between pre and post vaccination 
populationss of Bordetella pertussis reflected in the frequency of DNA types, number 
off  IS copies, genotypic diversity and antigenic make-up (54,87,88,130,134). Thus, 
DNAA fingerprint tools can be used to investigate changes in the population structure of 
microorganisms.. However, so far no studies have addressed the effect of vaccination 
onn the population structure of M. tuberculosis. 

Wee compared and evaluated the usefulness of genetic markers and used these DNA 
fingerprintt tools to study the population structure of M. tuberculosis. Our work 
indicatess that changes have occurred in the worldwide population of M. tuberculosis, 
possiblyy caused by selection of M. tuberculosis variants which better resist the BCG-
inducedd immunological defence and antituberculosis drug treatment than regular 
strains. . 

Comparisonn and evaluation of genetic markers 

Geneticc polymorphism among M. tuberculosis complex isolates can be used to study 
thee epidemiology of tuberculosis, and can also provide insight into the population 
structuree and phylogeny. Indirectly, these tools may contribute to studies on virulence 
andd pathogenesis of these isolates. The ability of the genetic markers used to 
geneticallyy characterize isolates varies. Their level of discrimination should be known 
andd the markers used should yield reproducible results. The level of discrimination 
requiredd depends on the research question. To determine these characteristics of DNA 
typingg methods we composed a set of coded Mycobacterium strains which included 90 
M.M. tuberculosis complex isolates, 10 non-M. tuberculosis complex isolates, and 31 
duplicatee samples. International laboratories specialized in the various techniques 
subjectedd this strain collection to a subset of 21 DNA typing methods and the results 
aree described in chapters 2 and 3. These studies provide an overview of the utility of 
DNAA typing methods for M. tuberculosis isolates. 

Reproducibilit yy of DNA typing methods 
Wee found that RFLP typing methods were highly reproducible. PCR-based methods 
thatt yielded highly reproducible results were MIRU VNTR typing, mixed-linker PCR, 
FLiPP analysis, and ETR VNTR typing, followed by first and second generation 
spoligotyping,, QUB VNTR typing, ligation-mediated PCR, and the Amadio speciation 
PCR.. Poorly reproducible methods were arbitrarily primed PCR, double repetitive 
elementt PCR, 1S6110 ampliprinting, IS6110 inverse PCR, and FAFLP typing. Our 
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findingg that FAFLP typing, performed by three different protocols at the same number 
off  laboratories, was poorly reproducible contrasts previous reports (2,3,9,10,110) and 
questionss the utility of a proposed international FAFLP pattern database and 
comparisonn of large multi-centre collections of FAFLP patterns (3,76). Application of 
poorlyy reproducible typing methods should be avoided as they fail to recognize strains 
withh identical DNA profiles and will thus underestimate clustering (transmission) of 
tuberculosis.. In some cases these methods may result in false-positive clustering and 
thuss over-estimate clustering. 

Loww discriminativ e markers 
Thee markers which yielded poor discrimination included RFLP typing with a 16S 
rRNAA gene, katG, mpb64, mtp40, or IS1081 probe and Amadio PCR. These methods 
differentiatedd only 5 to 13 types among the 90 M. tuberculosis complex strains 
(chapterss 2 and 3). The grouping of isolates observed with these markers was 
associatedd with groupings on basis of other genetic markers, mycobacterial species, or 
thee host the isolates were obtained from. Therefore, to some extent these markers are 
usefull  for studying the evolutionary relationships between strains. However, because 
mostt of these markers represent loci which are not selectively neutral they may 
generatee a false phylogeny. 

Spoligotypingg and other  moderately discriminativ e markers 
Thee reproducible DNA typing methods; (GTG)5 RFLP, DR RFLP, ETR VNTR, 
spoligotyping,, PGRS RFLP, and ligation-mediated PCR showed a moderate 
discriminativee power (ranging from 30 to 73 types). With the exception of ligation-
mediatedd PCR, these methods are useful in discriminating isolates that contain no or 
onlyy few copies of 1S61J0, such as most M. bovis isolates (chapter 2) 
(13,103,138,139).. Such isolates represent about 8.5% of the M. tuberculosis strains 
isolatedd in The Netherlands and are common in Asia (33,137,146). Furthermore, 
spoligotypingg and ETR VNTR typing are useful for recognition of certain sub-species 
andd genotypes of the M. tuberculosis complex, such as M. bovis, M. microti and 
Beijingg genotype isolates, which show characteristic genotype signatures (chapters 2, 
4,, 5 and 7)(8,60,92,103). 

Itt should be noted that PGRS RFLP typing was not performed in the most optimal 
way.. The discriminative power of this marker depends on the number of PGRS-
containingg restriction fragments that are detected. Simply using longer agarose gels 
couldd improve the discriminative power of this method. However, unless the probe 
usedd to detect the PGRS-containing fragments is also optimized, this method yields 
patternss that are difficult to analyze and compare. 

Spoligotypingg is a fast and easy to perform DNA typing method that was found to be 
reproduciblee (chapters 2). However, spoligotyping showed limited differentiation 
amongg M. tuberculosis isolates (chapter 2)(21,34,36,108,142) and was sometimes 
difficul tt to interpret. We therefore tried to improve this method in the study described 
inn chapter 5. First generation spoligotyping detects the presence of 43 spacer 
sequencess in the DR region (60). In 2000, van Embden et al. (133) identified 51 novel 
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spacerss in the direct repeat region of M. tuberculosis complex strains. In a collection of 
3144 M. tuberculosis complex strains isolated in a central part of The Netherlands, 
thesee novel spacers improved the discriminatory ability of spoligotyping from 160 to 
1744 types (chapter 5). However, the overall discriminatory power of second generation 
spoligotypingg for differentiating the 90 M. tuberculosis complex isolates did not 
improvee in comparison with the first generation spoligotyping (chapters 2, 3 and 5). 
Thee observed limited improvement in discriminatory power of spoligotyping may be 
beneficiall  for application in hospital settings to identify possible laboratory cross-
contamination,, transmission routes or for adjustment of adequate therapy, in case 
transmissionn of drug resistant isolates is suspected. If different patterns are observed 
thee isolates are not epidemiologically linked. However, if identical patterns are 
observed,, the isolates should be subjected to subtyping with another genetic marker 
suchh as 1S6110 or VNTRs. The improved spoligotyping is also suitable for 
evolutionaryy studies (111). It is useful in differentiating various lineages within the 
Beijingg and Haarlem genotype families (chapters 4 and 5) and within the M. africanum 
groupingg (23). 

Recently,, more novel spacers were detected in strains of M. canettii isolated in 
Djiboutii  (39). We suspect that, like the spacers identified by van Embden et al. (133), 
thesee spacers wil l not contribute significantly to the discriminatory power of 
spoligotypingg of isolates of M. tuberculosis, as M. canettii is only distantly related to 
M.M. tuberculosis. 

Highl yy discriminativ e markers; 1S6110 and VNTRs 
Amongg the reproducible DNA typing methods, the most discriminative methods are 
basedd on either IS6110 or VNTRs. MIRU VNTR typing, FLiP typing, mixed-linker 
PCR,, QUB VNTR, and IS6110 RFLP discriminated 78 to 84 types among the 90 M. 
tuberculosistuberculosis complex isolates (chapters 2 and 3). This level of discrimination supports 
thee use of these markers for epidemiological studies (53,101,104,107,136,137). 
However,, the limited use of mixed-linker PCR in published molecular epidemiological 
studiess suggests that this method is not easily adopted. 

Thee levels of discrimination of IS6110 RFLP typing and VNTR typing were 
investigatedd in detail in the study described in chapter 4. In this study, a more 
homogeneouss M. tuberculosis strain collection from Hong Kong, where 70% of the 
isolatess belong to the Beijing family, was investigated. Despite the use of the most 
variablee VNTR loci for Beijing family isolates, the discriminative power of RFLP 
typingg was superior to that of VNTR typing. We conclude that VNTR typing can be 
usedd for epidemiological studies of Beijing strains, but that VNTR clusters should be 
subb typed with IS6110 RFLP. 

IS6110IS6110 RFLP typing has been shown to be useful in studying the epidemiology of 
tuberculosiss when strains contain five or more copies of the IS element (chapter 
1.2)(136).. In contrast, the usefulness of VNTR typing for epidemiologic studies has 
nott yet been explored sufficiently. Most studies were limited in study design; VNTR 
typingg was either performed solely on isolates clustered by IS6110 RFLP (71,80,131), 
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orr by using a limited number of VNTR loci (12,17,19,32,37,48,55,74,84,113). 
Recently,, a population-based study was performed by Scott et al. (108) on the island of 
Montreal.. These authors found that the discriminative power of 1S6110 RFLP was far 
superiorr to that of VNTR typing using 12 MIRU loci. Clustering on basis of MIRU 
VNTRR analysis failed to identify already established risk factors of tuberculosis. 
Anotherr recent study of IS677Ö RFLP-defined clusters conducted in The Netherlands 
showedd that isolates clustered by RFLP typing were usually also clustered by VNTR 
typing.. In this case 12 VNTR loci were selected because of their high variability, 
includingg MIRU and QUB loci (131). Remarkably, 1S6110 RFLP clusters with 
epidemiologicallyy unlinked patients were subdivided by VNTR typing, emphasizing 
thee potential use of this method to refine DNA typing in order to better understand 
transmissionn routes and support contact tracing. In contrast, this study also showed the 
reversedd situation; some isolates exhibiting different RFLP patterns shared identical 
VNTRR patterns. In the study detailed in chapter 2 we also noticed that the relative 
discriminatoryy power of VNTR versus RFLP typing is sometimes higher or lower 
dependingg on the population studied. Strains of the Haarlem family, all showing 
uniquee RFLP patterns, nearly all belonged to the same ETR VNTR cluster, whereas 
ETRR VNTR typing discriminated all clustered low-copy isolates. Besides on the study 
population,, the relative discriminatory power of VNTR versus RFLP typing further 
dependss on the VNTR loci used (chapter 4). In the Netherlands, the absolute level of 
discriminationn of VNTR typing is currently further investigated. 

Loww intensity bands in IS6110 RFLP reflect genetic heterogeneity 
Loww intensity bands (LIBs) in IS6770 RFLP patterns hamper the interpretation of 
typingg results for epidemiological investigation, as the interpretation of LIBs is subject 
too variability. In the study described in chapter 6 we investigated the prevalence and 
naturee of LIBs. No RFLP patterns with low intensity background patterns indicative of 
multiplee strains of M. tuberculosis were found and we concluded that multiple 
infectionss of tuberculosis are rare. The only occasion in which mixed patterns with 
differentt intensities were observed was during an episode of laboratory cross-
contaminationn in a peripheral laboratory in The Netherlands (132). One or a few LIBs 
occurredd in 7.4% of the 1,277 investigated RFLP patterns. We found that the 
interpretationn of these LIBs was subjective and biased towards clustering, and we 
proposedd to standardize the interpretation of such bands. 

Withh single colony cultures we showed that LIBs mostly represent mixed bacterial 
populationss of the same strain with slightly different RFLP patterns (chapter 6). LIBs 
weree associated with a higher patient age and were present at preferential band 
positionss (81). It is possible that these LIBs reflect an IS6770-mediated genetic 
adaptationn of M. tuberculosis. Recently, it was suggested that the rate of IS 
transpositionn may be proportional to the growth rate of the bacteria, and/or be subject 
too selection after adaptation to a new host (38). If this is true, virtually no 
transpositionss should occur during latency. The association of LIBs with a higher 
patientt age may therefore be explained by a higher transposition rate during the 
reactivationn process, or by reactivation of independent granuloma, of which some 
alreadyy contained M. tuberculosis isolates with different RFLP patterns. It could be 
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thatt these IS transpositions have implications for the biology of the bacteria, such as 
interruptionn or differential expression of coding regions, which may explain the 
adaptationn of M. tuberculosis to particular conditions. A study of the genomic regions 
flankingg the 1S6110 insertions sites which are associated with LIBs may therefore be 
highlyy interesting. 

Futur ee of DNA typing 
Ass mentioned in the introduction, DNA typing methods should preferably be 
reproducible,, rapid, inexpensive, easy to perform, directly applicable to clinical 
material,, and have a degree of discrimination and stability appropriate to the research 
questionn to be addressed. The highly discriminative and reproducible markers based on 
1S6U01S6U0 and VNTRs have a level of discrimination that supports their use in 
epidemiologicall  studies (80,116)(chapters 2 to 4). The PCR-based methods have the 
advantagee of being rapid, which may facilitate prompt public health intervention. 
Amongg the highly discriminative PCR-based methods, VNTR typing has the 
advantagee over mixed-linker PCR and FLiP of exploiting multiple independent loci in 
thee genome with apparently different evolutionary rates. This implies that strains can 
bee identified at the evolutionary level and at the individual strain level simultaneously 
(116).. Furthermore, all strains can be typed because the target sequence is always 
present.. This method has been adapted to achieve a high throughput (64,109,116-118), 
thee results can be expressed in a numerical code which considerably facilitates the 
exchangee of results between laboratories (46,80,116), and can be applied to clinical 
materiall  (5). Although VNTR typing in the high-throughput format is somewhat more 
expensivee than mixed-linker PCR and FLiP, this method seems to be the method of 
choicee for fast and adequate epidemiological typing in the near future. 

Theree are, however, some 'buts' left before it can decided to switch from DNA 
fingerprintingg by IS6110 RFLP to VNTR typing for surveillance purposes in The 
Netherlands.. First, it is not completely clear what the absolute discriminatory power of 
VNTRR typing is on a population-based level. The few studies that have been 
performedd suggest that the level of discrimination of VNTR typing may be insufficient 
andd requires subtyping with an ISó/70-based method (108)(chapter 4). To obtain 
clarityy regarding this issue we propose to study the differentiation level of VNTR 
typingg among strains isolated in The Netherlands using a random sample or 
consecutivelyy isolated strains, which would ideally cover at least a four-year period 
(137).. Secondly, during the surveillance project over 12,000 \S6110 DNA fingerprints 
havee been generated in the past 12 years and the VNTR DNA fingerprints will not be 
comparablee to this dataset. To fully exploit the existing surveillance data after 
adoptionn of the new VNTR typing technique, all isolates should be re-typed with 
VNTRR typing. As this may not be feasible, this obstacle could be largely overcome by 
retypingg all the isolates with a unique RFLP pattern and at least two isolates per 
1S61101S6110 RFLP cluster by VNTR typing. Latter strategy would considerably reduce the 
numberr of isolates to be typed. However, it would probably not reflect the actual 
VNTRR type diversity in the population. Thirdly, VNTR typing has not yet been 
standardisedd internationally, which hampers the comparison of VNTR patterns 
betweenn laboratories. Finally, some VNTR loci may be homoplasic. As some loci may 
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bee encoding for membrane proteins, they are subject to selection and may converge. 
Thiss would hamper the usefulness of VNTR typing for both epidemiological and 
evolutionaryy studies. 

Wee envisage that a multiple step genotyping strategy wil l be applied in The 
Netherlandss in the near future; either with as a first step VNTR typing and as a 
subsequentt step IS6110 RFLP typing, or by first subjecting the isolates to FLiP typing 
followedd by VNTR typing. The advantage of the first strategy would be the 
compatibilityy with the already established \S6I10 RFLP pattern database. The 
advantagee of the second option is that more isolates would reach the final genotype 
faster.. Possibly, it should be decided to use certain VNTR loci for typing of certain 
genotypee families, and other loci for other genotype families to obtain maximum 
resolution.. Similar multiple step genotyping strategies have recently been adopted for 
typingg of M. tuberculosis isolates in Singapore (115) and the Unites States (24). 

Thee above mentioned options for genotyping of M. tuberculosis still lack two of the 
ideall  qualities of DNA typing methods which would make them also be applicable in 
thee settings with a high incidence of TB; they are neither very cheap nor very easy to 
perform.. Finally, genotyping should ideally be combined with drug susceptibility 
testingg and species identification in one assay. Such combined assays can be 
performedd by using DNA chips or microarrays (15,16,62,124,126,143). However, 
unlesss the latter methods and the equipment to use them are radically simplified and 
becomee much cheaper, their application in the clinical laboratory wil l remain a far 
futuree wish. 

Thee most excellent genotyping would be DNA sequencing of the entire chromosomes 
off  all M. tuberculosis isolates. This would provide indisputable evidence on where 
eachh isolate is placed in the phylogeny of the M. tuberculosis complex and supply 
unambiguouss identification. Furthermore, because subsequent mutations, duplications 
orr deletions in the genome wil l be detected, exact transmission routes discriminating 
primary,, secondary, etc. sources of infection could be determined, and subsequent 
adaptationss of the bacterium to the various antituberculosis drugs would be evident. 
However,, even more so than for the DNA chips and microarrays, systematic DNA 
sequencingg is technically too demanding and too expensive to even consider it. 
Perhapss this wil l be feasible in the future, when more and more M. tuberculosis 
complexx whole-chromosome DNA sequences are known and technology has improved 
further. . 

Contributio nn of the well-characterised strain collection 
Becausee the isolates of the strain collection we used to perform the comparative 
studiess in chapters 2 and 3 were investigated with many genetic markers in these and 
subsequentt studies (7,22,35,59,75,90,98,112,125,129)(unpublished data), they now 
representt the best characterised isolates of the M. tuberculosis complex worldwide, 
apartt from the few isolates that have had their chromosomes entirely sequenced 
(28,44,47,106,120).. However, this strain collection was not ideal because of various 
reasons.. First, the strains were selected on basis of their IS6110 RFLP pattern, which 
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mayy have led to a bias towards the discriminatory power of this method. Secondly, the 
strainss of the collection are not fully representative of the worldwide sample of Af 
tuberculosistuberculosis strains. Thirdly, the number of isolates included in the collection had to 
bee limited in order to obtain a manageable number of isolates. Finally, the number of 
strainss containing only a few copies of IS6110 and the number of isolates of other sub-
speciess within the M, tuberculosis complex was limited. This prevented us from 
investigatingg the discriminatory power of the typing methods within these groups of 
isolatess in detail. Despite these limitations, the collection did contain isolates of the 
mostt important M. tuberculosis genotype families currently known and isolates of all -
exceptt one (M. caprae)- of the currently known sub-species within the M. tuberculosis 
complex.. Further study of the isolates of this well-characterised strain collection 
facilitatedd research on the phylogeny of the M. tuberculosis complex and into 
genotype/phenotypee associations, as discussed below. 

Phylogenyy of the M. tuberculosis complex 

Improvedd identification 
Thee study of the 90 M. tuberculosis complex isolates with different genetic markers in 
chapterr 2 showed that the M. canettii isolate was the most distantly related species 
withinn the complex, confirming a previous study (141) and a more recent study (22). 
Inn particular, this isolate showed a unique IS/057 RFLP and spoligo pattern. Recently, 
moree M. canettii strains were isolated in Djibouti that showed a high degree of 
polymorphismm in the DR region, the hsp65 gene and in VNTR typing (39). It would be 
interestingg to see the polymorphism among these isolates with other genetic markers, 
too see if they fit into the same phylogenetic group as the M. canettii isolates from 
previouss studies (chapter 2)(22,95,141). Considering the extensive polymorphism 
observedd among the isolates described by Fabre et al. (39), we expect that these 
isolatess may represent divergent, not previously recognized, phylogenetic lineages. 

Ourr study included two isolates from humans that were identified as M. bovis on the 
basiss of biochemical characteristics. These isolates were exceptional in causing 
outbreakss of tuberculosis in The Netherlands, while M. bovis is normally not 
transmittedd between humans. They showed genetic characteristics in common with M. 
tuberculosis,tuberculosis, such as the presence of the mtp40 sequence and the spacers 40-43 in 
spoligotyping.. Recently, microarray analysis showed that these isolates are in fact M. 
africanumafricanum subtype I (90). Furthermore, in the study by Mostowy et al. (90) it was 
foundd that isolates from Guinea-Bissau -showing phenotypic characteristics from 
biovarr 1 (classical M, bovis) to bio var 5 (M, tuberculosis)- were all of the same M. 
africanumafricanum clade, based on genomic deletions. Thus, strains of the same genotype, 
sharingg large genomic deletions, can exhibit highly diverse phenotypic characteristics. 
Phenotypicc heterogeneity may therefore be the result of small deletions, SNPs, or re-
arrangements,, and not appropriate to use in studying the phylogeny of the M. 
tuberculosistuberculosis complex. 
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Similarr to the isolates described in the paragraph above, strains isolated from oryx also 
showedd biochemical features of M. bovis and genetic features of M. tuberculosis, 
includingg high numbers of IS6110 copies and M. tuberculosis-like spoligotypes, as 
welll  as genetic features of M. bovis, as visualized in mtp40 and mpb64 RFLP (chapter 
2).. In addition, one M. bovis and two M. africanum strains (identified biochemically) 
isolatedd from humans showed genetic resemblance with M. tuberculosis (chapter 2). 
Recently,, genomic deletion patterns confirmed this resemblance (90). The strains 
isolatedd from seals, initially characterized as M. bovis, showed a unique spoligotype, 
DR,, and mpb64 RFLP pattern, and the presence of mtp40 in common with M. 
tuberculosistuberculosis (chapter 2). Recently, such isolates were designated 'M. pinipedii by 
Cousinss et al. (31). In summary; it seems that particular M. tuberculosis complex 
genotypess or clades that are marked by specific molecular characteristics, have 
specificc host preferences (112). We therefore propose that the ecotype concept, 
recentlyy described by Cohan et al. (26,27) should be applied to the M. tuberculosis 
complex,, and that the M. tuberculosis complex may best be described as a series of 
host-adaptedd ecotypes. 

Cohann has suggested a theory-based approach to define groups of bacteria that have 
similarr properties to eukaryotic species (27). He suggested that the most common 
importantt characteristics of a species are: (i) that divergence within the species is 
limitedd by some cohesive force; (ii) that divergence between different species is 
irreversiblee and (iii ) that different species are ecologically distinct. Cohan argues that 
forr bacteria that do not have their diversity constrained by sexual reproduction, the 
cohesivee force limiting diversity within a group is periodic selection. He refers to these 
groupss as ecotypes rather than species (27). A new ecotype evolves when a strain 
adaptss to a new niche and becomes immune to periodic selection events in the 
ancestrall  population. Application of the ecotype concept generates new ideas for 
furtherr research, e.g. regarding differences between M. bovis and M. tuberculosis. M. 
bovisbovis has traditionally been regarded as an organism that can infect many hosts, with 
thee implication that there are genetic differences in M. tuberculosis that limit this 
pathogenn to its human host. If, however, the M. tuberculosis complex is a series of 
hostt adapted ecotypes then it is more relevant to identify the ecotypes and investigate 
thee genetic differences that control adaptation to each new host rather than looking for 
mechanismss that make M. bovis a generalist (112). 

Recognitionn of M. tuberculosis genotype families 
Threee major M. tuberculosis genotype families were identified in chapter 2. These 
genotypee families showed highly similar 1S6110 RFLP and spoligo patterns and also a 
highh degree of similarity on basis of other genetic markers. The most homogeneous 
groupp was the Beijing genotype family, which was recognized previously to be highly 
prevalentt in Southeast Asia (142). Two new genotype families were identified: the 
Haarlemm family, which was detected mainly in isolates from Europe and the Americas, 
andd the Africa family, represented by isolates from various African countries. On basis 
off  a large spoligotype database, the Haarlem family is now recognized as one of the 
majorr genotypes worldwide (next to Beijing) and various sub-clades of this family 
havee been described recently (42,43). The Beijing and the Haarlem genotype families 
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belongg to the 'modern' M. tuberculosis strains on basis of chromosomal deletions (22) 
andd may have selective advantages over other genotypes, as discussed below. 

Neww evolutionary scenario for  the M. tuberculosis complex 
Byy investigating the isolates of our strain collection for the presence of regions of 
difference,, a new evolutionary scenario was proposed for the M. tuberculosis complex 
(22).. This scenario proposed a common ancestor for the various sub-species of the M. 
tuberculosistuberculosis complex and roughly divided the M. tuberculosis isolates into two 
groups;; 'ancestral' M. tuberculosis which contain the TbDl region, and 'modern' M. 
tuberculosistuberculosis from which this region is deleted. Especially these 'modern' M. 
tuberculosistuberculosis isolates seem to play a major role in the current tuberculosis epidemic, 
suggestingg a higher evolutionary development of these bacteria. The RD9 deletion 
differentiatess most of the other sub-species (or ecotypes) of the complex from M. 
tuberculosis,tuberculosis, and M. canettii also exhibits a specific deletion. M. bovis isolates 
appearedd to have deleted several chromosomal regions in comparison to M. 
tuberculosistuberculosis and, hence, the long-believed hypothesis that M. tuberculosis evolved 
fromm M. bovis after the domestication of cattle (61) could be refuted. Later, another 
researchh group came to the same conclusion based on analysis of another set of M. 
tuberculosistuberculosis complex isolates (89). 

Futur ee work on the phylogeny of the isolates from the strain collection 
Thee phylogeny of an organism can reliably be determined by DNA sequence analysis, 
becausee this is the only technique by which loci can be identified which are selectively 
neutral;; the silent SNPs. Currently, over 12 kb is being sequenced of the isolates of the 
strainn collection described in chapter 2 in our laboratory. This effort should gain 
furtherr insight into the phylogeny of the M. tuberculosis complex. Previous studies 
havee also proposed phylogenies of the M. tuberculosis complex on the basis of DNA 
sequencingg (11,52,114), but these studies were restricted in the number of SNPs or the 
selectionn of isolates used. Gutacker et al. (52) used SNPs that were selected after 
genomee comparisons between only a few M. tuberculosis isolates and one M. bovis 
isolate,, which resulted in a bias in the SNPs used and therefore in a phylogeny in 
whichh M. bovis is most distantly related from M. tuberculosis. Sreevatsan et al. and 
Drobniewskii  et al. detected SNPs objectively, but these studies were limited in either 
thee number of silent SNPs detected (114) or the diversity of the strains analysed (11). 
Additionall  value of our strain collection is the inclusion of more sub-species of the M. 
tuberculosistuberculosis complex, especially of the most divergent member, M. canettii, and the 
informationn on the other genetic markers. Thus, we wil l be able to more properly root 
thee phylogenetic tree and determine the association of the other genetic markers with 
thee phylogeny and their relative molecular clock speeds. 

Phylogenyy of the M. tuberculosis Beijing clade 
Initially ,, M. tuberculosis Beijing genotype family strains were described to show 
highlyy similar multicopy 1S61J0 RFLP patterns and a typical nine spacer spoligotype 
(142).. Since then, various genetic markers have been used to identify and define M. 
tuberculosistuberculosis Beijing genotype strains. Furthermore, exceptional Beijing strains were 
reportedd (25,64,70,86,98). We investigated the correlation between these markers and 
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definedd the M. tuberculosis Beijing genotype as described in chapter 7. We found that, 
onn the basis of IS6110 RFLP pattern similarity, the M, tuberculosis Beijing clade 
consistss of at least two lineages; clade 47 and clade 61. Both lineages exhibit the 
insertionn of \S6110 in the dnaA-dnaN region and the specific spoligotype, and other, 
moree conserved characteristics (70). Because spoligotyping identified the Beijing 
cladee most unambiguously, Beijing clade strains were defined as those isolates lacking 
spacerss 1-34, with at least three of the spacers 35-43 present (chapter 7). In chapter 9, 
wee determined the distribution of ISO/10 insertions in the NTF region among Beijing 
cladee strains. The grouping observed with this marker was highly similar to the 
groupingg observed with IS67/0, but did not overlap completely. Isolates with a clade 
611 IS61J0 RFLP pattern and isolates that had less than 73.3% similarity to clade 47 
didd not contain an IS insertion in the NTF region; all other clade 47 isolates did. Thus, 
combiningg these studies the phylogeny of the Beijing clade can be deduced, with 
subsequentt deletion of spacers 1-34 in the DR region, insertion of IS61J0 in the dnaA-
dnaNdnaN region and insertion of IS6110 in the NTF region. This phylogeny can be 
combinedd with the phylogeny suggested by Rad et al. (98) on the basis of mutations in 
putativee mutator genes (see also below). The combined phylogeny shows at least two 
geneticc differences between typical Beijing family and atypical Beijing strains. 

Thee atypical Beijing strains share all the molecular characteristics of the Beijing clade, 
butt differ from the typical Beijing family strains at the NTF and mutT4 loci. At these 
locii  the atypical Beijing strains are more similar to the common ancestor of the Beijing 
cladee than strains of the Beijing family. Strains of the atypical Beijing group have 
IS6JJ0IS6JJ0 RFLP patterns that are distinct from the patterns of strains of the typical 
Beijingg family. The figure shows a schematic representation of the Beijing clade. 
Becausee both the typical Beijing family of strains and the atypical Beijing strains share 
thee same spoligotype, solely spoligotyping can not be used to recognize either 
subgroupp of the Beijing clade ((86), this thesis). 

Thee typical Beijing family of strains includes the W group of strains (70). Specifically 
thee W strains that caused large outbreaks of MDR TB in the USA, can be identified by 
ann additional IS6110 insertion in the NTF region and a rare polymorphism in katG 
(20,97).. We have investigated the occurrence of W strains among 1,023 Beijing clade 
isolatess from The Netherlands, Vietnam and Hong Kong in chapter 9 and found that 
onlyy 0.4% of these isolates represented the W strain. The typical Beijing family 
isolatess represented 80.3% and the atypical Beijing strains 19.7%. In other areas, such 
ass in Asia (18,70), Russia (18,79,85), Estonia (66,67), the Archangel Oblast (122), 
Capee Town (102,135), and Colombia (72), no W strains were encountered among the 
Beijingg family strains, as determined by absence of the specific additional IS insertion 
inn the NTF region (18,70,72,102) and the rare polymorphism in katG (79,85), or by 
evaluatingg the published IS6110 RFLP patterns (66,67,122,135). Only a few W strains 
weree observed in Latvia; where 3.7% of the MDR-TB cases contained the katG 
mutationn presumed to be specific for the W strain (123). Thus, the W strains 
presumablyy represent only a minor branch of the Beijing phylogenetic tree and do not 
seemm to play a major role in the worldwide tuberculosis epidemic. 
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Commonn ancestor to the Beijing clade 
PGG1,, characteristic spoligotype, X. 
IS6110IS6110 insertion in dnaA-dnaN, y ^ 

andd RD105 absent / \ 
// ^L RD 181 

// \ 1S6110 insertion in NTF 
// \ mutT448 CGG^GGG 

// ? \ 2ndIS6i70 insertion in NTF 
// / \katG315 AGC->ACA 

MDRW W 

Atypicall  Beijing strains Typical Beijing family strains 

Figure.. Schematic representation of the evolution of the Beijing clade. Members of the typical Beijing 
familyy include the isolates from China and many other Asian countries (142), and e.g. strains W4, 
W14,, W82 identified in the USA, strain W148 which is frequently observed in Russia, and the 
sequencedd strain 210 (18). Atypical Beijing isolates include strains 107(LB), 122(CI1), N16 and AM 
fromm the USA; strains IK, KY, LB2, DV, DU2, and HI from Russia (98); and the clade 61 isolates 
fromm The Netherlands identified in this thesis. PGG, principal genetic group (114); RD, region of 
differencee (125); MDR, multidrug resistant. 

Previously,, other studies also found atypical Beijing strains; in the Archangel Oblast 
1.9%,, and in Russia 4% of the Beijing clade isolates were of the atypical type 
(86,122).. These strains were also reported in the United States, but no estimate on 
prevalencee could be calculated from these reports (70,82). We conclude that especially 
thee typical Beijing family isolates are contributing to the current worldwide emergence 
off  the Beijing genotype. 

Recently,, Tsolaki et al. (125) identified large sequence polymorphisms among Beijing 
andd W strains. This study revealed that the Beijing genotype is a monophyletic clade, 
definedd by a specific deletion (RD105), and that this genotype consists of four 
monophyleticc subgroups, defined by three additional deletions. Because the typical 
Beijingg family isolates from the study in chapter 2 were also analyzed in the study of 
Tsolakii  et al. we were able to plot deletion RD181 on our phylogeny (Fig.). RD181 
(thoughtt to be involved in lipid metabolism and oxidoreduction) may be particularly 
interestingg because this region marks another significant difference between typical 
andd atypical Beijing strains, and might possibly explain the success of the typical 
Beijingg strains. Interestingly, the two other deletions distinguish between groupings in 
thee typical Beijing family isolates, raising the possibility that there are phenotypic 
differencess even within this homogeneous family. Future studies attributing 
phenotypess to the Beijing family should focus on functional differences between 
Beijingg bacteria with a distinct genetic profile. 
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Genotype/phenotypee associations 

Contributio nn of the genetic marker  strain collection to virulence studies 
Somee extensively characterized strains were used in virulence studies in the BALB/c 
mousee model (35,75). These studies showed a marked difference in pathogenesis and 
immunee response induced by different M. tuberculosis genotypes. For example, M. 
tuberculosistuberculosis reference strain H37Rv and M. canettii showed slight histopathology, low 
virulencee (death rate) and low replication of bacteria in the lungs, whereas strains of 
thee Beijing and Africa genotype families induced a severe pathology, had a high 
virulence,, and a high bacillary load. 

Too investigate the association between genotype and virulence in more detail the 
distributionn of certain virulence-related genes was investigated in the isolates of the 
strainn collection (7,98). It was found that polymorphism exists in putative mutator 
geness (98). Mutations in such genes are thought to enhance the bacterium's ability to 
adaptt to hostile environments, e.g. to the intracellular environment or to antitubercu-
losiss drugs (50,58,94). Mutations in putative mutator genes occurred in strains of the 
Beijingg family and in strains of the Haarlem family, but not in other strains of the M. 
tuberculosistuberculosis complex. 

Finally,, it was found that the pks/15-1 gene (encoding for a highly biologically active 
lipid,, polyketide synthesase-derived phenolic glycolipid (PGL), which is associated 
withh high virulence (100)), was present in only a sub-set of the M. tuberculosis isolates 
fromm our collection (7). The gene was present in M. tuberculosis Beijing family and 
otherr principal genetic group 1 isolates, but not in the other 'modern' M. tuberculosis 
isolates,, such as the Haarlem and Africa genotype families. Thus, the higher virulence 
off  M. tuberculosis Beijing family strains could be related to at least two genetic 
factors;; mutations in the mut genes and an intact pks/15-1 gene. 

Polymorphismm in association with drug resistance among Beijing genotype strains 
Inn the study of the worldwide distribution of the Beijing genotype of M. tuberculosis 
andd its association with drug resistance described in chapter 8, we found different 
associationss between resistance and the Beijing genotype. The Beijing genotype was 
nott associated with drug resistance in most of East Asia, Malawi, Argentina, and parts 
off  the United States. The Beijing genotype was strongly associated with drug 
resistancee in Cuba, the former Soviet Union, Vietnam, and South Africa, and, at a 
lowerr level, in parts of Western Europe. This suggests that even within the presumed 
clonall  and recently spread M. tuberculosis Beijing genotype perhaps different lineages 
withh different abilities to gain drug resistance exist. Different lineages of the Beijing 
cladee may have developed due to differences in intrinsic strain characteristics, 
differencess in antituberculosis drug regimen and BCG-vaccination strategies, by 
chance,, or by a combination of these. 

Inn the study detailed in chapter 9 we found remarkable differences in association with 
drugg resistance between sub-groups of the Beijing clade from various areas, suggesting 
thatt intrinsic strain characteristics indeed play a role. The atypical Beijing strains were 
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moree often INH resistant and MDR, whereas they were less likely to be streptomycin 
resistantt than the prevalent typical Beijing family strains. Previously, M. tuberculosis 
strainss with mutations in their mut genes were suggested to more easily gain drug 
resistancee (98). The results in our study contradict this idea, as particularly typical 
Beijingg family isolates have mutations in these mut genes and not the atypical Beijing 
strainss (chapter 9)(98). Another possible explanation for the observed differences in 
associationn with drug resistance could be that the different Beijing sub-groups use 
differentt mechanisms of drug resistance. However, the difference in association of the 
Beijingg sub-groups and INH resistance could not be explained by more frequent use of 
particularr mechanisms of INH resistance (chapter 9). Alternatively, because in most 
studiess of typical Beijing family strains MDR isolates were also resistant to 
streptomycinn (65,96,122), or resistance to rifampicin and INH was acquired only after 
acquisitionn of streptomycin resistance (17,19), a differential ability to gain strepto-
mycinn resistance may play a role. This idea was supported by our finding that typical 
Beijingg family isolates were associated with streptomycin resistance (chapter 9) and 
suggestss that typical Beijing family strains may gain streptomycin resistance more 
easily,, which in the end leads to the development of MDR TB. Our studies suggest 
thatt treatment of Beijing genotype tuberculosis may require adapted antituberculosis 
drugss treatment strategies. 

Typicall  Beijing family isolates are associated with BCG vaccination 
Itt was suggested previously, in a study that included mainly typical Beijing family 
isolates,, that BCG vaccination might be selecting in favour of the M. tuberculosis 
Beijingg genotype family (142). Findings of the study in chapter 9 are supportive of this 
hypothesis.. First, typical Beijing family isolates were significantly less frequently 
foundd among patients aged >75 years (54.5% versus 78.3% on average in all younger 
patients).. Considering that most of these older patients are suffering from a 
reactivationn of a latent infection, the strains isolated from patients in this age group are 
expectedd to represent the population structure of M. tuberculosis of about 50 years ago 
(beforee the start of mass BCG vaccination). Secondly, typical Beijing family isolates 
weree more often isolated from BCG-vaccinated individuals, and this association was 
significantt after the data were adjusted for age. These observations suggest that the 
moree prevalent typical Beijing family strains may have a higher ability to circumvent 
thee BCG-induced immunity. A reduced sensitivity to vaccine-induced immunity of the 
typicall  Beijing family strains also explains the significantly higher proportion of 
typicall  Beijing strains in Hong Kong, where mass BCG vaccination was started earlier 
thann in Vietnam. These data confirm previous findings in a mouse model, in which it 
wass demonstrated that the current BCG vaccine does not protect against typical 
Beijingg family strains (51,75). 

Besidess a shift in the bacterial population due to BCG vaccination, another possible 
explanationn for the higher frequency of atypical Beijing strains among patients aged 
overr 75 years may be that strains of the atypical Beijing sub-group have a different 
incubationn period from the typical Beijing family strains, with less primary 
progressionn to disease and more reactivation of the disease after longer time periods. 
Alternatively,, age-specific loss of immunity could be advantageous for specifically the 
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atypicall  Beijing strains. The complicated interplay between circulating atypical 
mycobacteriaa and the BCG-induced immunity may also facilitate selection of 
particularr genotypes. A higher death rate of typical Beijing family-infected individuals 
iss unlikely to explain this finding (chapter 9). 

Populationn structure of M. tuberculosis 

M.M. tuberculosis is a clonal organism 
Inn the study in chapter 2, 90 M. tuberculosis complex isolates and 10 non-tuberculous 
isolatess were investigated with 19 different genetic markers, including highly variable 
markerss and markers that are normally used for population genetic analysis. With 
latterr markers, littl e genetic diversity was observed among the isolates, which is in 
agreementt with previous observations (29,41,45,114). Because of this finding, together 
withh the association observed among the groupings of the isolates on the basis of the 
polymorphicc genetic markers, we concluded that the population structure of M. 
tuberculosistuberculosis must be clonal (chapter 2). Later, the same isolates were tested for 
chromosomall  deletions, which confirmed the associations observed in our initial study 
(22).. Recently, various studies were published that involved extensive DNA 
sequencingg or deletion analysis, which confirmed a clonal population structure of M. 
tuberculosistuberculosis and suggested no or minimal horizontal gene transfer (11,111,126). 

Thee conclusion of a clonal population structure for M. tuberculosis should be treated 
withh some caution. Hirsh et al. found that the association between M. tuberculosis 
strainss and their human populations is highly stable (57). They found that the host's 
geographicall  region of origin is predictive of the strain of M. tuberculosis he or she 
carries,, and this association remained strong even when transmission took place in a 
cosmopolitann urban center outside the region of origin. Before two strains are likely to 
bee able to recombine, they should infect the same host. Because particular hosts seem 
too be infected with strains of particular M. tuberculosis complex ecotypes (112) or M. 
tuberculosistuberculosis genotype families (57), strains are expected to recombine with strains 
withh a similar genetic make up. Thus, if horizontal gene transfer should occur there is 
aa slight chance that it would be noticed. The chance is highest in areas with a high 
incidencee of tuberculosis. Warren et al. (144) recently demonstrated that the number of 
patientss with multiple infections is surprisingly high in these areas. 

Dynamicss of the population structur e 
AA clonal population structure facilitates studying changes in the bacterial population, 
ass all strains with identical genetic features are descendant from a common ancestor. 
Possiblee changes can be identified by looking at the population structure either in 
sequentiall  time frames or among isolates from people of different ages. Old Dutch 
patientss are often infected with M. tuberculosis strains with unique DNA fingerprint 
patterns,, not encountered in young individuals today. The strains isolated from these 
patientss reflect the population structure of M. tuberculosis of about five decades ago, 
whenn these patients were most likely infected. Thus, looking at the genetic diversity of 
thee bacteria isolated from people of different ages may reveal possible shifts in the 
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bacteriall  population structure. In our worldwide survey on the spread of the M. 
tuberculosistuberculosis Beijing genotype, presented in chapter 8, we used both approaches to 
studyy the dynamics of the population structure of M. tuberculosis. 

Thee data in chapter 8 demonstrates that the population structure of M. tuberculosis is 
changingg in favour of the Beijing genotype in countries of the former Soviet Union, 
Westernn Europe, Cuba, Vietnam, Bangladesh, Iran, Malawi and South Africa. The data 
fromm these countries cover a period of 1 to 12 years, which shows that changes in the 
populationn structure occur relatively fast. In nearly all areas the emergence of the Beijing 
genotypee was associated with drug resistance. This is in agreement with the many 
publicationss on outbreaks of MDR Beijing strains (1,14,18,19,30,91,121) and suggests a 
selectivee advantage of these bacteria to resist antituberculosis drugs. However, 
consideringg that drug susceptible strains of this genotype were emerging in Malawi and 
Argentina,, other selective advantages may also play a role, such as a higher ability to 
resistt the BCG-induced immunological defence (chapter 9)(75,142); higher virulence 
(75,78,128)) or transmissibility (18); the ability to induce a differential immune response 
(35,77);; or an enhanced capacity to grow in human macrophages and monocytes (73,147). 

Thee increase in prevalence of the M. tuberculosis Beijing family strains in certain 
countriess is dramatic (chapter 8)(6,122) and questions the relative age of the Beijing 
family.. For example in the Archangel Oblast in Russia, the proportion of TB isolates 
belongingg to the Beijing family increased from 8.1% to 46.1% in five years (122). 
Thus,, the TB epidemic evolves very rapidly in certain areas. The estimate of the age of 
thee Beijing clade by Hirsh et al. (57), based on chromosomal deletions, of 130-500 
yearss may therefore be more realistic than the estimate by Mokrousov et al. of 10,000-
30,0000 years (83), based on MIRU VNTR data. The estimate of Mokrousov 
approachess a previous estimate of the age of TB of 15,000 years (61), which would 
suggestt that the Beijing genotype is in evolutionary terms 'old'. The release of the 
wholee genome sequence of M. tuberculosis Beijing family strain 210 in the near future 
(120),, wil l provide further insight into the relative age of the Beijing family compared 
too other sequenced strains. Furthermore, extensive DNA sequencing and deletion 
analysiss of Beijing and other M. tuberculosis strains wil l provide further insight in the 
relativee ages of the various genotype families and their worldwide spread, as has been 
donee for Helicobacter pylori (22,40,57,126). 

Inn the study in chapter 9 we found that different lineages of the Beijing genotype are 
distributedd differently in various areas. Because in the worldwide survey described in 
chapterr 8 we did not distinguish between these different variants of the Beijing 
genotypee it could well be that we have even underestimated the extent to which the 
typicall  Beijing family is emerging, especially in Asia where Beijing clade strains were 
highlyy prevalent. Furthermore, by focussing on the Beijing genotype only a minor part 
off  the changes in the population structure of M. tuberculosis was detected. In some 
areas,, including some Western European, South American, and African countries, 
theree were no or very few Beijing genotype isolates, and consequently we could not 
observee any changes in the population structure in these areas. Considering the 
restrictedd DNA polymorphism observed in African and South American countries 
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(56,63,93,140),, it is possible that in these areas other 'escape variants' of BCG are 
emerging.. Furthermore, even though this study represents a meta-analysis containing 
isolatess of over 29,000 patients, some areas, such as Australasia and most of the 
Americas,, were not included in the study. 

Furtherr  research on the population structur e of M. tuberculosis. 
Ideally,, changes in the population structure should be investigated by looking at all 
circulatingg genotypes. We expect that, like with the Beijing genotype, other genotypes 
mayy be emerging. As most genotypes are not as well characterised as the Beijing 
genotype,, it may be worthwhile to start with mapping the occurrence of the Haarlem 
genotypee family. The Haarlem genotype family is widespread and has some genetic 
characteristicss in common with the Beijing genotype, which may make them 
successful,, such as being part of the 'modern' M. tuberculosis isolates, carrying 
mutationss in the mut genes, and capable of causing outbreaks of MDR TB (4,68,69). 

Neww TB vaccines should be tested for efficacy in protection against the M. 
tuberculosistuberculosis strains that cause the current TB epidemic. Because littl e is known about 
thee population structure of M. tuberculosis in most high-incidence areas, it is important 
too collect representative samples from these areas and determine their phylogenetic 
relationshipss using genetic markers. A standard set of strains of M. tuberculosis 
representativee for the current worldwide TB epidemic should be selected. Such a well 
characterisedd set of M. tuberculosis strains wil l provide a gold standard for the 
evaluationn of vaccine efficacy, as well as for pathogenetic and immunological studies. 

MDRR TB is a growing problem, particularly in countries of the former Soviet Union 
andd several provinces in China (145). The frequent isolation of Beijing genotype 
isolatess in these areas and the finding that in countries of the former Soviet Union the 
Beijingg genotype is strongly associated with drug resistance (chapter 8) (37,65,79, 
84,96,122,123,142),, suggests a significant role of the Beijing genotype in the MDR 
TBB epidemic in these areas. Unfortunately, our worldwide survey did not include data 
fromm most of the MDR 'hot spot' countries. To get an objective picture of the role the 
Beijingg genotype is playing in the MDR TB epidemic a similar survey should 
thereforee be conducted in these areas. 

Conclusion n 

Thiss work suggests that the measures used to fight the tuberculosis epidemic have 
selectedd for better adapted M. tuberculosis strains. It confirms the need to test the 
efficacyy of new tuberculosis vaccines against epidemic M. tuberculosis genotypes 
(75).. Furthermore, the worldwide population structure should be determined 
periodicallyy to monitor vaccine efficacy and detect possible 'escape variants'. It also 
suggestss that treatment of infections by different M. tuberculosis genotypes may 
requiree adapted antituberculosis drugs treatment strategies. Further research is needed 
too investigate the association of certain genotypes with drug resistance and to 
determinee the validity of the escape variant theory. 
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