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ChapterChapter 1.2 

Introductio n n 

Thee development of DNA fingerprinting techniques for typing Mycobacterium 
tuberculosistuberculosis isolates during the last decade has led to an increasing number of studies 
off  the molecular epidemiology of tuberculosis. Molecular typing techniques allow 
investigatorss to determine whether the strain causing disease in one case is identical to 
thatt causing disease in another case, and hence whether transmission could have 
occurred.. In addition, the level of genetic relatedness of M. tuberculosis isolates can be 
determined. . 

Thee advanced way transmission of M. tuberculosis is investigated has for example 
resultedd in improved detection of nosocomial and institutional outbreaks (28,33) and a 
betterr understanding of the role of laboratory cross-contaminations in the laboratory 
diagnosiss of tuberculosis (28). These advanced typing methods have also led to 
discoveryy that recent transmission, including reinfection, is more important in the 
epidemiologyy of tuberculosis than was assumed previously (39,61,115,133,134). This 
findingg has important implications for control of tuberculosis. 

Strainn typing in different geographic areas has revealed that the population structure of 
M.M. tuberculosis differs significantly between settings with a low- and a high incidence 
off  tuberculosis. This has led to extensive research on selective advantages of 
predominantt genotypes, such as the 'Beijing' genotype of M. tuberculosis, which is 
highlyy prevalent in Asia. Selection of predominant M. tuberculosis genotypes may 
havee implication for research on the development of new tuberculosis vaccines. 

DNAA fingerprinting techniques have also led to improvements in the identification and 
recognitionn of subspecies of the M. tuberculosis complex, such as Mycobacterium 
bovisbovis BCG and Mycobacterium microti (141,144), which were previously difficult to 
identifyy using biochemical procedures. Two new species have been identified within the 
complex,, namely Mycobacterium canettii (100,142) which is the most divergent 
subspeciess within the complex, exhibiting a smooth colony morphology and a rapid 
growthh in vitro, and M. tuberculosis subsp. caprae subsp. nov. which has been isolated 
mainlyy from goats (4). 

Thee recent introduction of whole genome analysis has provided possibilities to 
associatee the presence or absence of particular genes present in bacteria with 
pathogenicityy and transmissibility (74). This genetic marker, with a low turnover, wil l 
alsoo provide new insight in the evolutionary development of the M. tuberculosis 
complexx and offers possibilities for a renewed identification of taxons within the 
complex. . 

InIn this chapter, we review the currently most important methods for typing M. 
tuberculosistuberculosis complex isolates. The major conclusions for the epidemiology of 
tuberculosiss at the population-based and the global level are summarized. Furthermore, 
futuree prospects of typing methods at the genomic level are discussed. 
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MolecularMolecular epidemiology of tuberculosis 

Methodss for typing M. tuberculosis complex isolates 

Standardd DNA typing method for  M. tuberculosis complex isolates 
Thee most widely applied and standardized molecular typing method for M. 
tuberculosistuberculosis complex isolates is 1S6110 restriction fragment length polymorphism 
(RFLP)) typing which is based on the detection of the insertion sequence IS6110 which 
cann be found in most isolates of the M. tuberculosis complex. (2,8,9,14,28,33, 
41,44,46,64,69,70,87,101,115,125,126,130,131,134,136-138,140).. In low-incidence 
regionss like the Netherlands, Denmark, and Norway this typing methodology is 
appliedd to all M. tuberculosis complex isolates. In the USA, genotyping is performed 
onn large scale in more than 25 states. In other countries, such as Germany, Italy, Spain 
andd France, routine typing is mostly reserved for resistant isolates. 

Ann update of the detailed protocol on the use of IS6110 RFLP typing has been 
publishedd recently (138). To generate IS6110 RFLP patterns, a well-grown M. 
tuberculosistuberculosis complex isolate is required. DNA is extracted, purified and digested with 
thee restriction enzyme Pvull. This restriction enzyme cleaves the IS6110 element at a 
singlee site. The Pvull restriction fragments are separated overnight on an agarose gel 
andd subsequently transferred to a DNA membrane. IS6770-containing restriction 
fragmentss are visualized by adding a peroxidase labeled probe with a DNA sequence 
complementaryy to the right-hand part of the IS6110 sequence in a hybridisation buffer 
ontoo the DNA membrane. The hybridizing restriction fragments are detected by a 
chemiluminescencee reaction initiated by two substrates and the RFLP patterns are 
detectedd on a light-sensitive film. Figure 1 shows typical IS6110 RFLP patterns of M. 
tuberculosistuberculosis complex strains. 

IS6770RFLPP MIRU PGRS RFLP Spoligotyping IS7087 RFLP Grouping 
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Figuree 1. DNA fingerprint patterns of representative strains of six subspecies of the M. tuberculosis 
complex.. These DNA fingerprint patterns were prepared by 1S6110, PGRS, and IS1081 RFLP typing, 
andd spoligotyping. From left to right, bands in the respective RFLP patterns are displayed from high to 
loww molecular weight and the spoligo patterns from spacer 1 to spacer 43. The MIRU typing patterns 
aree represented by numbers, each digit represents the number of repetitive units at a different locus. 
Thee dendrogram was prepared using the Dice-UPGMA method and reflects the combined equal-
weightt similarity of the strains by the five methods displayed. The methods are depicted from most 
(left)) to least discriminative (right). 
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Too facilitate the inter-laboratory comparability of 1S6110 RFLP patterns, the most 
criticall  aspects of this procedure, the restriction enzyme, the probe and the markers 
havee been standardized (131). Standardization of the internal and external molecular 
weightss has facilitated accurate computer-assisted comparison of RFLP patterns. The 
computer-assistedd analysis of DNA fingerprints has been described extensively 
elsewheree (66). 
M.M. tuberculosis complex strains differ in the number of IS6110 copies present in their 
genome,, ranging from 0 to 25, and also in the genomic positions where these elements 
aree inserted (25,34,42,69,86,88,135,140,156). By mapping IS677Ö insertion sequen-
ces,, Warren et al (149) recently demonstrated three mutational mechanisms underlying 
IS67/0-associatedd RFLP: IS6110 insertion, chromosomal mutation and deletion. 

Forr M. tuberculosis complex isolates with a small number or no IS6110 copies, 
IS67700 RFLP typing is insufficiently discriminative (29,135,136). The DNA of strains 
withh less than five copies of IS6110 is therefore digested with restriction enzyme Alu\ 
and,, after electrophoreses and Southern blotting, subjected to hybridization to a 
polymorphicc GC-rich sequence (PGRS) probe (136). In figure 1 the discriminatory 
powerr of PGRS RFLP is illustrated for the M. bovis and the M. bovis BCG strain with 
identicall  single-copy IS6110 RFLP patterns. There are several typing methods 
(describedd elsewhere in this chapter) for strains with fewer than five IS6110 copies, 
suchh as spoligotyping (73), variable numbers of tandem repeats (VNTR) typing (54), 
andd fluorescent-amplified fragment length polymorphism (FAFLP) typing (63). 

Soonn after the introduction of IS6110 RFLP in the early 1990s it was noticed that 
randomm transpositions of IS6110 result in band shifts in the 1S6110 RFLP patterns of 
isolatess from epidemiologically linked cases (26,140). This led to concern about the 
usee of 1S6110 RFLP for identifying the spread of strains, given that the marker needs 
too evolve fast enough to create distinct patterns among non-epidemiologically related 
isolates,, and yet slowly enough to yield identical RFLP patterns for strains of 
epidemiologicallyy related cases. Three studies have since estimated the stability of this 
geneticc marker using serial isolates from tuberculosis patients (36,92,94,155). In one 
study,, 29% of the paired isolates from 49 patients, taken at least 90 days apart, showed 
onlyy minor alterations in the IS6110 RFLP patterns (155). In contrast, 544 serial 
isolatess from patients in the Dutch study were found to be more stable and the half-life 
wass estimated to be 3.2 years (36). This means that on average half of the strains 
exhibitt a band shift in their 1S6110 RFLP patterns in a period of 3-4 years 
(36,92,94,155).. This interval is sufficient for distinguishing epidemiologically related 
andd unrelated isolates and therefore supports the use of IS6110 typing in 
epidemiologicall  studies of recent transmission of tuberculosis. 

Presentlyy it is unclear what factors influence the stability of IS6110 RFLP. In one 
studyy of drug-resistant isolates instability in \S6110 RFLP was significantly correlated 
withh increased time intervals between isolates though changes in IS6110 RFLP were 
nott related to changes in the resistance profiles of isolates (92). In another study, 
instabilityy of IS6710 RFLP was found in some multidrug-resistant strains, but not in 
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otherss (1), suggesting that the pace of the molecular clock of \S6U0 RFLP may be 
strain-dependentt and indirectly linked to resistance. 

Spoligotyping g 
Spacerr oligonucleotide typing or 'spoligotyping' is based on the detection of DNA 
polymorphismm in the direct repeat (DR) region in the genome of M. tuberculosis 
complexx (73). This M. tuberculosis complex-specific genomic region contains 36 bp 
DRs,, interspersed by unique DNA spacers of 35-41 bp in length. The numbers of DRs 
perr strain and thereby the presence of particular spacer sequences differs significantly 
betweenn strains. To visualize the DNA polymorphism in the DR region of M. 
tuberculosistuberculosis complex, the spacer sequences are initially amplified by PCR, using 
primerss based on the DR sequence. The reverse primer is biotin-labelled and, hence, 
alsoo the PCR product. In the first generation spoligotyping, 43 oligonucleotides are 
used,, based on the DNA sequence of spacers in M. tuberculosis strain H37Rv and 
BCGG vaccine strain P3. These oligonucleotides are covalently linked to a Biodyne C 
membranee in parallel lines. The denatured PCR products are allowed to hybridize 
perpendicularr to the oligo lines in the reversed line blot hybridization (75). The 
hybridizationn is detected by adding streptavidine-peroxidase conjugate and a substrate, 
whichh results in a chemiluminescence reaction that is detected on film. 

Spoligotypingg is relatively easy to perform, cheap, rapid and reproducible (73,77). 
However,, although strains with less than five 1S6110 copies can often be further 
subdividedd by this technique, it is far less discriminating for other strains than is 
1S61101S6110 RFLP typing. Particular predominant spoligo patterns are shared by strains 
withh totally different IS6710 RFLP patterns (42). In any case, spoligotyping can be 
usedd as a screening method to differentiate between strains since differences in spoligo 
patternss are almost always indicative of differences on the basis of other genetic 
markers. . 

Spoligotypingg can be directly applied to clinical material thus allowing 
epidemiologicall  typing of bacteria from stored clinical specimens (105) and even 
paraffin-embeddedd samples (129). Spoligotyping can simultaneously detect and type 
thee bacteria: M. bovis (73), M. microti (78,144), M. canettii (142), and M. caprae (4) 
cann be readily recognised by distinct characteristic patterns. In figure 1 characteristic 
spoligoo patterns of M. tuberculosis complex subspecies are shown. 
Spoligotypingg can also be applied to M. tuberculosis DNA from naturally mummified 
tissue,, as shown recently by Donoghue et al. (43), who obtained samples from 168 18th 

centuryy mummies and were able to generate spoligo patterns for a part of them. 
Interestingly,, almost all spacers in the panel of 43, but spacers 33-36, gave a positive 
signall  in the spoligotyping of the mummy samples, resembling the present M. 
tuberculosistuberculosis patterns. 
Similarly,, spoligotyping has been successfully applied to a 17,000-year-old skeletal 
specimenn of a bison, originating in North America. The spoligotype pattern revealed 
thatt the respective bacteria were probably not related to the modern M. bovis or M. 
microti,microti, as indicated by the presence of spacers 39, 40, 41 and 43. The bison spoligo 
patternn fitted best to Mycobacterium africanum and M. tuberculosis patterns (108). 
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Thee existence of an M. tuberculosis complex-specific DR locus offers the possibility 
too study the evolution and the world-wide spread of these bacteria. Sola et al. (117) 
recentlyy described a nomenclature and a phylogenetic reconstruction of the 259 shared 
typess (clustered patterns) found among the spoligo patterns of 3,319 isolates from 47 
countries.. Among the shared types, which represented 84% of the total number of 
patternss analysed, seven major genetic groups represented 37% of all clustered strains. 
Off  the 259 shared types, 59 were exclusively found in the USA, whereas 50 were 
uniquee for Europe. The differences in distribution between the continents of 14 other 
sharedd types were also significant. The Beijing genotype, with a characteristic nine-
spacerr pattern, represented 18% of the isolates and constituted a separate branch in the 
phylogeneticc tree constructed by pairwise comparison of patterns (117). 
Standardizationn of the description of spoligo patterns has been recently recommended, 
whichh should facilitate comparison of results from different laboratories (32). It is 
recommendedd that all patterns receive an arbitrary number after submission to an 
existingg database, and either an octal or hexadecimal code. 

Neww molecular  typing techniques 
Severall  typing methods have been introduced in recent years that are less technically 
demandingg than IS6770-based RFLP typing. Those specifically developed to type M. 
tuberculosistuberculosis complex are spoligotyping (73), the mycobacterial interspersed repetitive 
unitt (MIRU) typing (121), Fast Ligation-mediated PCR (FLiP) (23), VNTR typing 
(54),, mixed-linker PCR (65), double repetitive element PCR (53), heminested inversed 
PCRR (98), \S6110 ampliprinting (103), IS6110 inverse PCR (95) and ligation mediated 
PCRR (104). More broadly applicable methods that were used to type M. tuberculosis 
complexx isolates are arbitrarily primed PCR (96), pulsed field gel electrophoresis (79), 
enterobacteriall  repetitive intergenic consensus sequences PCR (113), and FAFLP 
typingg (63). 

Inn the whole-genome fingerprinting technique FAFLP typing (63), two restriction 
enzymess -EcoRl and Msel- are used to digest DNA of M. tuberculosis isolates. EcoRl 
andd Msel adapters are ligated to the double-digested DNA. The fragments are 
amplifiedd in PCR by using a non-selective forward primer for the Msel adapter and an 
A-,, G-, C-, or T-selective reverse primer for the EcoRl adaptor site. Latter selective 
primerss are labelled with different fluorescent dyes. The amplification products are 
separatedd on a 5% denaturing polyacrylamide gel, e.g. on an automated DNA 
sequencer,, and the sizes of the fragments are determined directly with reference to 
internall  lane standards. 

FLiPP is an optimized variant of the mixed-linker PCR using fluorescent detection of 
PCRR products and automated detection of the fingerprint patterns (23,106). In this 
methodd mycobacterial DNA is digested with Hhal, and subsequently a double-
strandedd oligonucleotide, designated mixed-linker, is ligated to the outer ends of the 
fragments.. The mixed-linker contains a GC overhang at the 3'end compatible with the 
restrictionn fragments. One strand of the linker contains uracil instead of thymidine and 
iss subsequently removed by uracil N-glycosylase treatment. Restriction fragments 
containingg the 1S6110 sequence are amplified by PCR with a linker- and an IS primer, 
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followedd by a nested PCR with fluorescently labelled primers. The detection of PCR 
productss is similar to that of FAFLP typing, allowing three different samples to be run 
inn one lane if these samples are labelled with different dyes (23). 

Anotherr new, automated high-throughput genotyping technique is the MIRU typing 
(121).. This typing method is actually based on the variability in the numbers of 
tandemm repeats and another group has earlier described the similar VNTR typing (54). 
MIRUss are 40-100 bp elements often organized as tandem repeats and dispersed in 
intergenicc regions of M. tuberculosis complex strains. Twelve out of 41 MIRU loci in 
M.M. tuberculosis strain H37Rv were found to be variable (122). In MIRU typing, these 
locii  are multiplied in a multiplex PCR using sets of primers of which one of each is 
labelledd with a different fluorescent dye. The PCR products are analysed on an 
automatedd sequencer, on basis of internal molecular weight standards, with software 
programss for automated genotyping, allele calling and database construction. An 
advantagee of the MIRU and VNTR typing methods is that the results can be displayed 
byy a number, which facilitates inter-laboratory comparison of the patterns (see figure 
1).. Each digit of the number represents the number of repetitive units at a particular 
locus. . 

Epidemiologicall  applications of RFLP typing 

Quantifyin gg the extent of recent transmission in a population 
Sincee the early 1990s, many studies have used DNA fingerprinting techniques to 
calculatee the proportion of all cases in a population who share identical isolates (are 
'clustered').. High (30-40%) levels of clustering have been found even in some low 
incidencee settings (8,115,134), suggesting that the proportion of disease attributable to 
recentt transmission is far higher than previously thought. This finding has important 
implications,, especially for control of tuberculosis: it is easier to control tuberculosis 
byy interrupting transmission if much of the morbidity is attributable to recent 
transmissionn than if it is mainly attributable to reactivation of an infection acquired 
manyy years ago. However, conclusions about the extent of recent transmission are 
complicated,, since several factors influence the amount of clustering in a population 
(59).. For example, the amount of clustering in any population increases both with the 
fractionn of the cases included (60) and study duration (134,146). Long studies are 
moree likely to identify transmission-linked cases than are those spanning only a few 
monthss or including a fraction of cases in the population. Clustering is also generally 
lesss common among old cases than young cases (42,134,146), given that old cases are 
moree likely to have been infected many years ago than are the young. Overall 
clusteringg estimates in a given population wil l therefore depend on its age distribution. 
Theyy wil l also depend on the molecular clock of the genetic marker used to define 
DNAA fingerprint patterns. In one rural area for example, clustering was found even 
amongg epidemiologically-unlinked cases, which has generated speculation that the rate 
off  change of DNA fingerprint patterns may be slower during latent infection than 
duringg ongoing transmission (18). Anecdotal evidence illustrating that DNA finger-
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printt patterns can remain unchanged even 33 years after an individual has been first 
infectedd has been published recently (82). 

Theree are several methods for estimating the amount of recent transmission from crude 
clusteringg statistics. The 'n-1' method is the most widely applied and assumes that 
eachh cluster includes one case attributable to reactivation, which leads in/directly to 
thee remaining cases in the cluster (115). Though easy to apply, this method is not 
ideal,, since cases can be misattributed to reactivation if they were infected just before 
thee start of the study. An alternative ('transmission index') method addresses this 
problemm and relies on incidence data to calculate the probability that a given case is a 
sourcee of infection of other cases in a cluster (14). This method has been successfully 
appliedd to calculate the extent of transmission within and between different 
nationalitiess in The Netherlands and to illustrate that younger individuals are more 
likelyy to lead to secondary cases than are old cases (14,16). Analyses of 'genetic 
distances'' between isolates may also provide reliable insight into the extent of recent 
transmissionn in a population, though this approach has not yet been used extensively 
(109). . 

Despitee problems with accurately quantifying the extent of recent transmission, 
population-basedd DNA fingerprinting has nevertheless been helpful in identifying risk 
factorss for clustering and hence for recent transmission. Risk factors for clustering 
oftenn include young age (42), homelessness (134), incarceration (18) and previous 
hospitalisationn (115). HIV has been found to be a risk factor for clustering in some 
studiess (2,115) but not in others (110,134,152). To facilitate comparison between 
differentt studies on the molecular epidemiology of tuberculosis, and to improve the 
understandingg of the factors influencing clustering, the European Concerted Action 
Programmee on the Molecular Epidemiology of Tuberculosis has developed a set of 
guideliness for the minimum amount of data which should be provided when designing 
orr writing up molecular epidemiological studies (59). These include details of case 
ascertainment,, case definition, geographical area from which the isolates were 
collected,, study period, definition of clustering, and the cluster size distribution; at the 
veryy least, data need to be broken down by age, sex and immigration status. 

Estimatess of the relative importance of reactivation and reinfection 
Thoughh it is recognised that reinfection with M. tuberculosis can occur in HIV-
positivee individuals, its contribution to morbidity among HIV negative individuals is 
oftenn disputed. To date, several studies have applied DNA fingerprinting techniques to 
elucidatee this question (6,24,118,133) by calculating the proportion of cases whose 
isolatess from second or subsequent disease episodes differed from the isolate from 
theirr initial (cured) episode. A very high (75%) proportion of disease was attributed to 
reinfectionn in a 6-year study in a high-incidence area in Cape Town, where the isolates 
fromm the recurrent and previous disease episode differed for 12 out of 16 HIV-negative 
casess (133). A similarly high (46%) proportion of disease was attributed to reinfection 
amongg HIV-negative cases identified between 1991 and 1996 in the Canary Islands 
(24),, which is considered to have a moderate disease incidence. In contrast, only 1 of 
188 recurrent episodes (6%) during the period 1995-1998 among HIV-negative South 
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Africann goldminers, where the prevalence of tuberculosis (1,536/100,000) is perhaps 
higherr than in any other setting today, were attributed to reinfection (118). 

Theree are probably several reasons for the different findings in these settings, 
includingg chance and differences in study duration. For example, a 6-year study such 
ass that in Cape Town is more likely to identify cases experiencing reinfection than e.g. 
aa study lasting 3 years. Laboratory contamination does not appear to have contributed 
too the findings in any of the studies (6,24,118,133). 

Duu Plessis et al. (45) examined intra-patient strain diversity in autopsied, HIV-
negativee individuals resident in a high-incidence community. They performed RFLP 
typingg using 1S6110, DR and MTB484 as probes on 6-15 samples of 12 autopsy cases 
andd 1 pneumonectomy case. In 2 cases, pulmonary infection by two distinct strains 
suggestedd dual infection. In another case, identical strains were isolated from primary 
andd secondary lesions, suggesting reinfection of the primary infection. In the 
remainingg cases, all isolates were identical, suggesting reactivation, but in these cases 
thee primary lesions could not be identified with certainty. 
Twoo recent studies (37,67) have estimated the contribution of reinfection by 
calculatingg the amount of clustering among cases who experienced disease many years 
agoo (e.g. before 1980 and before DNA fingerprinting techniques were available). 
Overall,, 16% of Dutch cases who had onset between 1994 and 1997 and who had had 
onsett before 1980, were clustered with other cases during the 1990s (37).These 
findingss are consistent with those from Norway, where about 13% of cases who 
experiencedd recurrent disease in 1995 were in a cluster (67). 

Al ll  of the above studies (excepting that in the goldmines (118)) suggest that the 
proportionn of disease attributable to reinfection, at least among recurrent cases, is 
higherr than previously thought. However, it is presently unclear as to whether the 
contributionn of reinfection is similarly high among cases who have experienced 
previouss infection without disease. This question could ultimately be resolved by 
linkingg long-term molecular data to information on previous exposure, typically 
collectedd during contact tracing. 

Whilee several studies have applied DNA fingerprinting techniques to examine the 
contributionn of reinfection to tuberculosis morbidity, very few have analysed the 
relativee importance of multiple or simultaneous infections. The most detailed study 
foundd that none of the 1,277 IS6/70 patterns identified between June 1997 and May 
19988 had multiple low-intensity bands and concluded that multiple infections are rare, 
att least in The Netherlands (38). Other studies (17,99,154) have been based on very 
smalll  (<10) numbers of cases. Recently, Warren et al. (150) found that, in a high 
incidencee area, patients with active tuberculosis often have different strains in the 
samee sputum specimen. He used, for the first time, a PCR-based method that 
distinguishedd different genotypes to detect multiple infections. One study highlighted 
thatt simultaneous infection with more than one strain may account for conflicting 
drug-sensitivityy findings, identifying both drug-susceptible and -resistant colonies 
withinn an isolate having different RFLP patterns (17). 
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Otherr  epidemiological applications of DNA fingerprintin g techniques 
Thee availability of molecular data on isolates from all cases since the early 1990s in 
differentt settings, e.g. The Netherlands, Denmark, San Francisco and Cape Town, 
meanss that it is now possible to study several important aspects in the epidemiology of 
tuberculosis.. In The Netherlands, for example, these data have been used to study the 
seriall  interval (time interval between successive cases in a chain of transmission) and 
thee incubation period for tuberculosis (124). Considering clusters in which both the 
primaryy and secondary cases in a chain of transmission during the period 1993-1996 
hadd been confirmed through contact-tracing, the geometric mean serial interval and 
incubationn period was found to be about 30 and 21 weeks respectively; neither sex, 
age,, site of TB nor nationality were found to be risk factors for short serial intervals or 
incubationn periods. Given a longer study period, it is likely that the incubation periods 
andd serial intervals would have been even more consistent with those from early 
observationall  studies (123), which found that 80% of individuals who develop disease 
withinn 7 years after initial infection do so within 2 years after infection. 

Thee same Dutch data set has also been used to demonstrate, for the first time, that 
casess transmit preferentially to individuals similar in age (15). Considering Dutch 
casess who were clustered only with one other Dutch case during the period 1993-1996, 
forr example, the mean age difference of cases in the same cluster was found to be 
aboutt 13.9 years, as compared with the 25.5 years which might be expected in a 
randomm sample of all possible pairs in the data set. 
Thee large data set of isolates from patients collected since 1991 in San Francisco has 
beenn used to investigate the relative infectiousness of smear-negative and smear-
positivee cases (10). Approximately 17% of cases with onset between 1991 and 1996 
weree attributed to smear-negative sources of infection, which confirmed findings from 
previouss studies that smear-negative cases are less infectious than those who are 
smear-positive. . 

Transmissionn of drug-resistant strains 
DNAA fingerprinting techniques have also been helpful in identifying and tracing 
outbreakss of multidrug-resistant tuberculosis (2,51,52,89,114). 
Thee rapid detection of such outbreaks, especially if they involve HIV-positive 
individuals,, is important, given the potentially short time interval between infection, 
diseasee (and, sometimes, death) among HIV-positive individuals. The largest 
outbreakss involved the W strain in New York, where it accounted for 22% of 
multidrug-resistantt tuberculosis cases in 1992, 82% of whom were HIV-positive (90). 
Largee multidrug-resistant tuberculosis outbreaks involving HIV-positive cases have 
beenn reported in several European countries, the largest of which appears to have been 
inn Milan between 1991 and 1995, in which 82/92 of the strains available for typing 
weree in the same cluster (89). 

Despitee these large outbreaks, it is still unclear as to whether drug-resistant strains are 
ass transmissible as those which are drug-sensitive. According to a large population-
basedd study in The Netherlands, patients with isoniazid resistance were significantly 
lesss likely to be in a cluster as compared with cases diseased with isoniazid-sensitive 
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strains,, though the finding was not significant when the analyses were restricted just to 
Dutchh cases (134). 

Anotherr factor associated with the transmissibility/pathogenicity of resistant variants is 
thee type of mutation underlying especially isoniazid (INH) resistance. From guinea pig 
experimentss in the 1950s it is known strains that have become INH-resistant, and 
therebyy also catalase-negative, are less virulent than susceptible isotypes. Using a 
PCR-basedd method, it was investigated to what extent a mutation at amino acid 
positionn 315 (AA315) in the katG gene of M. tuberculosis is associated with the level 
off  INH resistance, the resistance profile, and tuberculosis transmission (139). Of 4,288 
M.M. tuberculosis isolates, 295 (7%) exhibited INH resistance, 278 of whom (94%) were 
studiedd for the AA315 mutation. Of 148 AA315 mutants, 89% had minimum 
inhibitoryy concentrations (MIC) of 5-10 g/ml, while 75% of the other 130 INH 
resistantt strains had MICs of 0.5-1 g/ml. Of the AA315 mutants, 33% had mono-
resistancee compared with 69% of the other INH resistant strains (P<0.0001). 
Multidrugg resistance was found among 14% of the AA315 mutants and 7% of the 
otherr strains (/>>0.05). The probability of being in a RFLP cluster was similar in 
AA A315 mutants and INH-susceptible strains, but - as stated above - was reduced in the 
otherr INH-resistant strains. This means the AA315 mutation is associated with poly-
resistancee and appears to lead to secondary cases as often as INH-susceptible strains. 

AA recent study in a high-incidence community of Cape Town used DNA fingerprinting 
techniquess to investigate the validity of clinical criteria for defining primary and 
acquiredd drug-resistant tuberculosis (132). Overall, 29% (18/63) of cases identified 
betweenn 1992 and 1997 were defined, by clinical criteria, as having primary drug-
resistantt tuberculosis, which implies recent transmission. In contrast, a larger 
proportion,, 52% (33/63) of cases were attributed to recent re/infection by 'n-1' rule 
andd overall 25/45 cases appeared to have been incorrectly classified as having acquired 
drug-resistantt tuberculosis. 

Identificatio nn of laboratory cross-contamination 
Laboratoryy cross-contamination can result in incorrect diagnosis of patients and 
unnecessaryy long-term treatment (21). The introduction of DNA fingerprinting 
techniquess has led to the recognition that sampling and laboratory errors occur more 
frequentlyy than previously suspected (7,116). Laboratory cross-contaminations partly 
occurr because of the high viability of mycobacteria despite less optimal environmental 
conditionss (71), the complexity of the sampling procedures, batch processing (153), 
andd the use of liquid culture medium (22,116). 

Itt has been suggested to suspect a false-positive M. tuberculosis culture if the DNA 
fingerprintt of a culture, isolated from a patient without clear tuberculosis symptoms, is 
identicall  to the isolate of another patient, processed within a 1-week period in the same 
laboratoryy (116). Using this criterion, in the Netherlands, 2.4% of the 8,889 positive 
culturess were confirmed as false-positive cultures in the period 1993-2000 (35). 

42 2 



ChapterChapter 1.2 

Contributio nn of molecular  techniques to our  understanding of the 
populationn structure of M. tuberculosis complex strains 

Improvedd identification of M. tuberculosis complex isolates 
Severall  of the methods for typing M. tuberculosis, such as RFLP typing (31,135), 
VNTRR typing (54), spoligotyping (5,29,73), and PFGE (49) can also be applied to 
studyy transmission of M. bovis, the causative agent of bovine tuberculosis. This 
diseasee is uncommon in humans in industrialized countries, largely as a result of the 
introductionn of the pasteurisation of milk in the early 1950s According to 
IS6770/PGRSS RFLP typing studies, human-human transmission of M. bovis is rare 
(unpublishedd observation from the Dutch RFLP database since 1993), though 
outbreakss of M. bovis among HIV-positive individuals can occur (111). The size of the 
problemm of bovine tuberculosis in developing countries is presently unknown due to 
thee lack of well-funded and representative studies. It is also widely recognised that the 
presencee of M. bovis in wildlif e reservoirs like the possum (Trichosurus vulpecula) in 
Neww Zealand, and the badger (Meles meles) in the UK makes bovine tuberculosis 
difficultt to control in cattle populations. 

Thee application of molecular typing methods has led to the recognition that some M. 
tuberculosistuberculosis complex isolates do not fit the previous classifications based on 
biochemicall  tests and growth characteristics. For example, strains, which are 
intermediatee between M. bovis and M. tuberculosis, have been isolated from wild seals 
strandedd off the coast of Argentina. These strains contain the so far M. tuberculosis-
specificspecific mtp40 sequence (40), but cannot grow on glycerol-egg containing medium, 
whichh is characteristic of M. tuberculosis (107). Recently, the name Mycobacterium 
pinnipediipinnipedii was proposed for these seal isolates (30). In a study in Guinea-Bissau, 
Kalleniuss et al. (72) found that 140 out of 229 M. tuberculosis complex strains could 
bee allocated into one of three biovars, representing a spectrum between the classical 
bovine-- (biovar 1) and the human (biovar 5) tubercle bacilli, using biochemical 
criteria.. Although phenotypically heterogeneous these stains were genomically 
homogeneouss and it was proposed that these 'Guinea-Bissau family' strains constitute 
aa distinct branch of the M. tuberculosis complex tree (76). 

Somee of the strains observed in the study of Kallenius et al. (72) were M. africanum, 
whichh is a separate subspecies within the complex, but which is often hard to identify 
duee to its extensive phenotypic heterogeneity. The prevalence of M. africanum appears 
too be the highest in Africa, reaching e.g. 60% in Yaoundé, though the bacterium has 
alsoo been isolated from European patients without any links to Africa (145). 
Investigatorss have since used genotyping using IS6110 RFLP, VNTR typing and 
spoligotypingg to discriminate further groups within isolates, mainly from African 
countries,, that were identified as M. africanum using phenotypic methods (55,145). 
Thee majority of the isolates were characterized by a specific spoligotype pattern, that 
wass intermediate between M. bovis and M. tuberculosis, lacking hybridisation to 
spacerss 8,9 and 39 (145). In a collection of 105 phenotypically identified M. africanum 
isolates,, 24 proved to belong to other species of the complex when genotyping was 
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applied;; 19 were M. tuberculosis, 3 were M. bovis, and two were of the recently 
describedd species M. canettii (145). 

Throughh the application of molecular typing methods, M. canettii was described for 
thee first time as a separate species within the complex in 1997 (142). So far, it has only 
beenn detected in patients exposed in Africa (47,57,100). This species exhibits 
abnormall  smooth colony morphology and a shorter multiplication time than other 
memberss of the complex. It also has the highest degree of evolutionary divergence 
withinn the M. tuberculosis complex (142), with isolates typically containing only one 
IS/Ö877 element. This is exceptional: all of the 2,000 M. tuberculosis complex isolates 
testedd so far have contained 5-7 bands (100). It is likely that with the development of 
neww unidirectional evolutionary markers, based on genomic deletions, the grouping in 
thee M. tuberculosis complex wil l be better understood. 

Applicationn of IS61J0 RFLP typing has led to the recognition that M. microti, first 
identifiedd in 1937 (151), and since found to be common in voles, wood mice and 
shrews,, can cause disease in humans. In total, nine human cases of tuberculosis caused 
byy M. microti have been identified: 5 in the Netherlands ((144) and unpublished 
observation),, 2 in Germany (91) and 1 in Switzerland (100) and the UK (78). The two 
mostt frequently found types of M. microti can be distinguished using spoligotyping: 
onee type shows hybridization to only spacers 37 and 38 in the panel of spacers 
currentlyy used in spoligotyping (see fig. 1) and the other is a type most frequently 
foundd in cats in the UK, reacting with the spacers 4-7, 23, 24, 37 and 38 (78). It is 
possiblee that M. microti infections may be more common in humans than is implied by 
thesee studies, given that primary culture of M. microti from clinical material is difficult 
andd takes about 8-12 weeks and that no studies among humans have been carried out 
outsidee of Europe. 

Thee population structur e of M. tuberculosis 
Thee population structure of M. tuberculosis differs significantly by geographic area, as 
illustratedd by figure 2. IS6110 RFLP patterns typically show a high degree of 
polymorphismm in areas with a low incidence of tuberculosis (115,134). This may be 
partlyy attributable to the fact that immigration from countries with a high incidence of 
tuberculosiss has increased in the past decades, and thus new strains from many diverse 
settingss are being introduced. It is also influenced by the fact that much of the disease 
incidencee in the native population in low-incidence areas occurs among old individuals 
whoo are experiencing reactivation of an infection acquired many years ago. The 
diversityy of strains observed in the population thus depends on the on the diversity of 
strainss which existed many years ago, and, of course, the rate of change of DNA 
fingerprintt patterns during latent infection, which is presently unknown. 

Thee M. tuberculosis isolates found in most countries with a high incidence of 
tuberculosiss are genetically much more homogeneous, as compared with those in low-
incidencee settings, though exceptions have been reported (147). The 1S6110 RFLP 
patternss of isolates from the Central African Republic, Rwanda, and Burundi showed a 
highh degree of similarity (140). Studies have also demonstrated that the majority of the 

44 4 



ChapterChapter 7.2 

A B C C 
11 2 3 * 5 6 7 8 910111213141516171819202122 1 2 3 4 5 6 7 8 910111213141516171819202122 1 2 3 4 5 6 7 8 910111213141516171819202122 

Figuree 2. 1S6110 RFLP patterns of 22 representative M. tuberculosis strains isolated in The 
Netherlandss (A), Zambia (B) and China (C). Note the differences in similarity between the patterns of 
thee strains from these areas; the strain diversity is the highest amongst strains from The Netherlands 
andd the lowest among the strains from China. 

IS6110IS6110 RFLP patterns in Tunisia and Ethiopia belong to three and four genotype 
familiess sharing at least 65% similarity within a genotype, respectively (68). The most 
pronouncedd example of genetic conservation among M. tuberculosis isolates was 
foundd in the Beijing region, where more than 80% of the IS6110 RFLP patterns 
showedd a similarity of more than 80% (143). The strains were therefore designated the 
'Beijingg genotype' of M. tuberculosis. Al l of the Beijing genotype strains exhibited 
identicall  spoligo patterns consisting of a positive reaction on the last nine spacers in 
thee set of 43 used in the first generation spoligotyping (see figures 1 and 2). 

Beijingg genotype strains have also been found in other parts of Asia (3,97,128,143), 
Estoniaa (80), Russia (80,85,102), and elsewhere (42). In some studies (12,13,93), they 
havee been significantly more frequently resistant to tuberculostatics (3,42,85,93,102), 
ass compared with other strains. The W strain, a multidrug-resistant strain that caused a 
largee outbreak in North America in the early 1990s, constitutes an evolutionary branch 
off  the Beijing genotype (81). In Vietnam the occurrence of the Beijing genotype was 
significantlyy correlated with young age, suggesting that it has been introduced there 
onlyy recently (3). 

Thee evolutionary development of the M. tuberculosis complex 
Thee unusually high degree of sequence conservation in their housekeeping genes (119) 
suggestss that members of the M. tuberculosis complex underwent an evolutionary 
bottleneckk 15,000-20,000 years ago. In contrast, high degrees of polymorphism have 
beenn detected using numerous repetitive sequences, such as IS6110, DR, PGRS, and 
MIRUs.. Comparative genomics have revealed that there are several variable genomic 
regionss in the M. tuberculosis complex. In 1996, subtractive genomic hybridization 
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wass employed for comparing M. tuberculosis, M. bovis and BCG (84) and identified 
thatt three distinct regions (designated RD1-RD3), representing 23 kb in total, had been 
deletedd from M. bovis BCG. Seven additional deleted regions were identified when 
whole-genomee comparisons were undertaken using bacterial artificial libraries of M. 
tuberculosistuberculosis H37R.V and M. bovis BCG, together with the complete genome sequence 
off  H37Rv (62). In the same study, two M. tuberculosis H37Rv loci, RvDl and RvD2, 
weree found to have been deleted from the genome of M. tuberculosis relative to M. 
bovisbovis and M. bovis BCG. Comparison between the genomes of H37Rv and the 
attenuatedd H37Ra by PFGE techniques revealed three additional deleted regions in 
H37Rvv (20). A sixth deletion in M. tuberculosis was demonstrated in in silico 
comparisonss of the complete M. bovis genome sequence and the M. tuberculosis 
H37Rvv sequence (56). 

Behrr et al. (11) performed comparative hybridization experiments on a DNA micro-
array,, containing 4,896 spotted PCR products, representing 99.4% of the open reading 
framess (ORFs). They demonstrated that eleven regions of H37Rv were absent from 
onee or more virulent M. bovis strains and five additional regions were present in M. 
bovis,bovis, but absent from BCG. Furthermore, they demonstrated variability among BCG 
daughterr strains in the presence of four deleted regions. 

Inn another microarray experiment, a M. tuberculosis high-density oligonucelotide 
arrayy was used to detect small-scale genomic deletions among 19 clinically and 
epidemiologicallyy well-characterized isolates of M. tuberculosis. This yielded identical 
deletionn patterns in epidemiologically related isolates and different patterns for 
unrelatedd isolates, suggesting that deletion analysis can be useful in epidemiologic 
studiess (74). Among 16 unrelated isolates, 25 different deleted sequences were 
detected,, comprising in total 1.7% of the M. tuberculosis H37Rv genome. The spatial 
distributionn of these deletions was not random in the genome; in the region from 1.3 
Mbb to 2.7 Mb, deletions were more often present than expected if the deletions were 
distributedd randomly (74). Because IS6110 is thought to be an evolutionary driving 
force,, this is concordant with the absence of preferential insertion sites of IS6JJ0 in 
thee genome upstream of the origin of replication found by Sampson et al. (112), and 
suggestss that the genes in this region are relatively important. The microarray 
experimentt of Kato-Maeda et al. (74) demonstrated convincingly that as the amount of 
deletionss increased, the likelihood that bacteria wil l cause pulmonary cavitation 
decreased.. No correlation was found between the percentage of deletions and either 
thee transmission or pathogenicity indexes. 

Geneticc variabilit y of M. tuberculosis complex bacteria and pathogenicity 
Thee latest findings on major genomic deletions, already encompassing hundreds of 
ORFss indicate that the genome of the M. tuberculosis complex bacteria may be less 
conservedd than previously assumed (11). The evolutionary implications of this are 
presentlyy unclear. Some of these deletions may be explained by the fact that the 
genomess of these bacteria still contain a high number of redundant genes. On the other 
hand,, the study of Kato-Maeda's group (74) in San Francisco has found that loss of 
geness is associated with a lower degree of pathogenicity. This variability in pathogeni-
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cityy has been confirmed recently by testing the pathology and immune response of a 
panell  of different genotypes of M. tuberculosis in a mouse model. The survival of 
BALB/cc mice after infection with a M. tuberculosis strain of the Beijing genotype was 
significantlyy shorter than that of the reference strain Erdman and that of M. canettii 
(83).. It was also demonstrated that the Beijing genotype strain induced the most severe 
pathologyy in the lung of these mice together with a significantly reduced immune 
response. . 
Anotherr indication that genotypes of M. tuberculosis differ in their ability to induce 
immunee responses in humans was found in Indonesia, where patients infected with 
Beijingg genotype strains were two times more likely to exhibit a febrile response as 
comparedd with patients infected with strains of other genotypes (128). It is conceivable 
thiss implies that strains from different genotypes interact differently with the host 
defencee system, and thus immunological research is currently being conducted to 
exploree this in further detail. 

BCGG vaccination has been found to have an efficacy of 75% in countries such as the 
UK,, and appears to provide littl e protection in other settings, such as Malawi and 
Southh India (50). This variable efficacy has been attributed to many factors, however, 
too date, the contribution of genetic variability in M. tuberculosis strains has not yet 
beenn explored. Some investigators have proposed that BCG-induced protection may 
differr according to genotype and the introduction of BCG could have resulted in shifts 
inn the population structure of M. tuberculosis in Asia (143) and Central Africa (68). It 
wil ll  be impossible to find conclusive evidence to support this hypothesis using only 
molecularr epidemiology. 

AA new evolutionary scenario for  the M. tuberculosis complex. 
Broschh et al. (19) have proposed a new evolutionary scenario for the M. tuberculosis 
complex,, based on the distribution of 20 variable regions from insertion-deletion 
eventss in 100 strains comprising the various species of the complex. It was shown that 
mostt of the polymorphisms did not occur independently, but rather result from ancient, 
irreversiblee genetic events in common progenitor strains. M. tuberculosis strains could 
bee subdived into two groups - the 'old' and the 'modern' tuberculosis, on basis of the 
absencee or presence of a particular deletion, designated TbDl. The Beijing-, Haarlem-, 
andd African family described previously (77) represent modern branches of the 
evolutionaryy tree of M. tuberculosis. Successive loss of RD9 and other subsequent 
deletionss was identified for an evolutionary lineage consisting of M. africanum, M. 
microtimicroti and M. bovis. This evolutionary lineage must have diverged from the common 
progenitorr before TbDl occurred. M. canettii and the 'old' tuberculosis show no 
deletedd regions and therefore appear to be direct descendants of the progenitor strain. 
Thee common ancestor could therefore have been a human pathogen. The proposed 
evolutionaryy scenario is supported by spoligotyping of samples of a 17,000-year-old 
bison,, which revealed a M. tuberculosis/M. africanum-like spoligo pattern rather than 
aa M. bovis characteristic pattern (108). The new evolutionary scenario contradicts the 
conventionall  hypothesis that M. tuberculosis has evolved from M. bovis, by the 
adaptationn of M. bovis to the human host after the domestication of bovines (120). 
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Futur ee approaches for  the identification and typing of M. tuberculosis complex 
isolates s 
Simultaneouss species identification and resistance testing have already been 
successfullyy combined in different high-density DNA probe microarrays (58,127). 
Ideally,, these methods should be combined with molecular strain typing at various 
evolutionaryy levels, using markers with different molecular clock speeds. The 'slow' 
evolutionayy markers could be used to distinguish broad taxons within the complex, 
whereass fast genetic markers could be used to identify the representative genotype 
familyy to which the isolate belongs. In principle, the fastest evolutionary marker could 
alsoo be used to identify successive cases in a chain of transmission, provided that the 
timee interval between these cases is short. Given the long-term interval required to 
culturee the necessary quantity of bacilli for each multiple genetic marker assay, these 
techniquess at present may be unpractical for answering urgent questions regarding e.g. 
nosocomiall  transmission. 

Ideally,, the whole genome of each isolate should be visualized to facilitate a broad 
characterization,, but it may take some time before this wil l be possible. However, a 
combinationn of genetic markers useful to examine the epidemiology of tuberculosis at 
differentt levels at once is in reach. Genomic deletions as unidirectional evolutionary 
markerss appear able to broadly distinguish different taxons in the complex. Depending 
onn the techniques used for such a multiple molecular marker assay, MIRUs (122) and 
spacerss from the DR region (73) could serve as the next tools used in the molecular 
characterizationn of M. tuberculosis complex isolates. The polymorphism associated 
withh one of the most discriminative markers -IS6770- should also be included, 
especiallyy in combination with the above-described genetic markers. The use of 
IS67100 as an evolutionary marker is restricted by the fact that some 1S6110 elements 
havee been found at preferential insertion sites (112). For example, Fang et al. (48) 
havee found independent occurrence of IS6770 insertions at the same sites in the 
genomee of epidemiologically unrelated M. tuberculosis isolates and this has been 
supportedd by the demonstration of convergent evolution on the basis of mutational 
eventss of IS677Ü (148,149). Given the rapidly improving possibilities for developing 
ann efficient multiple molecular marker assay for M. tuberculosis complex isolates, this 
doess not seem to be a problem. 

Conclusions s 

InIn the last decade, an unprecedented level of genetic polymorphism has been identified 
amongg M. tuberculosis complex bacteria. Our ideas on the structure of the M. 
tuberculosistuberculosis genome have evolved greatly: whereas we previously believed that the M. 
tuberculosistuberculosis complex was genetically highly conserved, as demonstrated by the 
pioneerss of the restriction enzyme analysis technique (27), we have since recognised 
tenss of thousands of different M. tuberculosis strains on basis of DNA polymorphism. 
Thiss has contributed significantly to an improved description of subspecies in the 
complexx and has also provided the basis of the development of molecular 
epidemiologicall  typing methods, which have altered the way we study transmission of 
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M.M. tuberculosis. In the long run this should lead to both an improved understanding of 
thee natural history of tuberculosis and control of this 'global emergency'. 
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