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Abstract Abstract 

MycobacteriumMycobacterium tuberculosis Beijing genotype strains are highly prevalent in Asian 
countriess and in the territory of the former Soviet Union. They are increasingly 
reportedd in other areas of the world and are frequently associated with tuberculosis 
outbreakss and drug resistance. Beijing genotype strains, including W strains, have 
beenn characterized by their highly similar multicopy IS6110 restriction fragment 
lengthh polymorphism (RFLP) patterns, deletion of spacers 1 to 34 in the direct repeat 
regionn (Beijing spoligotype), and insertion of IS6110 in the genomic dnaA-dnaN 
locus.. In this study the suitability and comparability of these three genetic markers to 
identifyy members of the Beijing lineage were evaluated. 
InIn a well-characterized collection of 1,020 M. tuberculosis isolates representative of 
thee 1S6110 RFLP genotypes found in The Netherlands, strains of two clades had 
spoligotypess characteristic of the Beijing lineage. A set of 19 Beijing reference RFLP 
patternss was selected to retrieve all Beijing strains from the Dutch database. These 
referencee patterns gave a sensitivity of 98.1% and a specificity of 99.7% for identi-
fyingg Beijing strains (defined by spoligotyping) in an international database of 1,084 
strains.. The usefulness of the reference patterns was also assessed with large DNA 
fingerprintt databases in two other European countries and for identification of strains 
fromm the W lineage found in the Unites States. 
AA standardized definition for the identification of M. tuberculosis strains belonging to 
thee Beijing/W lineage, as described in this work, wil l facilitate further studies on the 
spreadd and characterization of this widespread genotype family of M. tuberculosis 
strains. . 

Introductio n n 

Despitee mass Mycobacterium bovis BCG vaccination and antituberculosis drugs, 
tuberculosiss is one of the major killers among infectious diseases, causing about eight 
millionn cases and two to three million deaths annually (10). Current trends suggest that 
thesee numbers could rise to 12 million and four million, respectively, by the year 2010 
(17).. DNA fingerprinting of the causative agent, Mycobacterium tuberculosis, has 
revealedd that in high incidence areas, where more than 97% of these tuberculosis 
deathss occur, particular M. tuberculosis genotypes predominate, suggesting selective 
advantagess of these strains (15,19,36,37). It has been hypothesized that the BCG-
inducedd immunological defense may protect against most M. tuberculosis strains but 
nott against selected genotypes (called escape variants), such as M. tuberculosis Beijing 
isolatess (15,23,37). Recent studies in a BALB/c mouse model demonstrated differen-
tiall  interaction of various M. tuberculosis strains with the host immune system and 
suggestedd a lower efficacy of BCG vaccination against infections by Beijing genotype 
strainss (reference 23 and unpublished data). 

Inn 1995, the genetically highly conserved Beijing family of M. tuberculosis strains was 
described.. Isolates assigned to this genotype family had highly similar multibanded 
IS6110IS6110 restriction fragment length polymorphism (RFLP) patterns and identical 
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spoligoo patterns. This family of strains was designated the Beijing family because the 
highestt density of this group of M. tuberculosis strains was found in the Beijing, 
China,, area, where more than 85% of the M. tuberculosis isolates belonged to this 
family.. Subsequently, this family has been shown to be highly prevalent in other Asian 
countriess (2,37). In Vietnam the occurrence of Beijing family strains was significantly 
correlatedd with young tuberculosis patients, suggesting recent transmission (1). In 
somee areas, such as Vietnam, Cuba, and Estonia, Beijing strains were found to be 
stronglyy associated with drug resistance (1,4,7,20). This is consistent with the prolific 
spreadd of (multidrug)-resistant variants of the W strain in the early 1990s in Northern 
Americaa (3). W strains exhibit highly similar IS6110 RFLP patterns and identical, 
characteristicc spoligo patterns. The multidrug-resistant W strains have two copies of 
IS61WIS61W in the NTF region of the genome and can therefore be easily identified by a 
multiplexx PCR (27). It is now known that the W family and the Beijing family strains 
representt the same genotype family of M. tuberculosis which was concurrently 
identifiedd in the American (4) and Asian (37) continents. In this study we wil l refer to 
bothh groups of strains as the Beijing family (2,21). A second group of clinical isolates 
withh distantly related ISO/70 RFLP profiles have been determined to belong to the 
Beijing/WW lineage by other molecular techniques and are referred to as 'ancestral' 
isolatess (25; P.J. Bifani et al. unpublished data). The 'ancestral' isolates share a 
commonn predecessor with Beijing family strains, as illustrated by the extensive shared 
molecularr characteristics, including chromosomal insertions and deletions, and single 
nucleotidee polymorphisms (28). However, the 'ancestral' isolates differ in IS6110 
RFLPP pattern from the Beijing family strains, given that they have diverged early 
duringg the course of evolution. 

Thee widely distributed (but not universal) association of drug resistance and the 
Beijingg genotype suggests that these strains may have a particular propensity for 
acquiringg drug resistance (13). Recently, it was reported that Beijing strains carry 
mutationss in putative mutator genes, and this may explain a higher adaptability of 
thesee bacteria to stress conditions such as exposure to antituberculosis drugs and the 
hostilee intracellular environment (28). 
AA recent systematic review of the published literature demonstrated the worldwide 
ubiquityy of the Beijing strains and their frequent association with outbreaks and drug 
resistance.. Definite conclusions on the extent of spread and associations with drug 
resistance,, however, could not yet be drawn. This was due to the limited amount of 
informationn available from most areas of the world, the possible biases in many of the 
publishedd reports, and the absence of standard definitions and study designs (13). It is 
thereforee our objective to propose a working definition for the standardized 
identificationn of members of the Beijing/W lineage. 

M.M. tuberculosis Beijing family strains can be recognized by the combination of two 
geneticc markers in addition to closely related IS6110 RFLP patterns containing a high 
numberr of bands (19,26,29,37): i) identical spoligo patterns showing hybridization to 
spacerss 35 to 43 (5,19,26,29,37) and ii) a specific A l insertion of an IS6110 element in 
thee origin of replication (intergenic dnaA-dnaN region) (21). A few outliers that do not 
meett all of the above-suggested criteria for identification have also been described, 
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suchh as strains with "Beijing-like" spoligo patterns (5) (lacking one or more of the last 
ninee spacers) and strains that harbor the Beijing spoligotype and the Al insertion but 
whichh differ significantly in their IS6110 banding patterns from regular Beijing strains 

Wee investigated the utility of the above-described molecular markers for identification 
off  Beijing family strains, and we propose a definition for the identification of members 
off  the Beijing lineage in international databases using IS6110 RFLP genotyping and 
spoligotyping. . 

Materia ll  and methods 

Thee specificities of three molecular markers described for the identification of isolates 
belongingg to the Beijing family were evaluated by using the M. tuberculosis strain 
collectionn maintained at the National Institute of Public Health and the Environment 
(RIVM) ,, Bilthoven, The Netherlands. Based on this evaluation, a working definition 
off  the Beijing lineage was established. This definition was subsequently assessed 
throughh analysis of an international database, a Danish database and a German data-
base.. The results of molecular typing of Beijing lineage strains from this study were 
comparedd with those obtained from the database of the Public Health Research 
Institutee (PHRI) Tuberculosis Center, Newark, N.J. 

Studyy populations 

(i)(i)  The Netherlands 
Thee study population consisted of M. tuberculosis strains isolated from all culture-
positivee tuberculosis cases in The Netherlands during the period spanning January 
19933 through December 1999. For the purpose of this study, a single sample from each 
off  the IS6110 RFLP clusters was included. All M. tuberculosis complex isolates 
showingg a unique combination of IS6110 RFLP and spoligo pattern were included in 
thee study, resulting in 2,345 strains. Table 1 shows an overview of the tests that were 
performedd on these 2,345 strains. In The Netherlands more than 55% of diagnosed 
tuberculosiss cases are diagnosed in foreign-born individuals (33). 

(ii)(ii)  W lineage isolates from PHRI collection 
Twelvee representative samples of the Beijing/W lineage (3,21) were included in this 
studyy as references. These samples were chosen from the PHRI strain collection as the 
mostt distantly related Beijing strains (with 50 to 60% similarity on basis of IS6110 
RFLP)) sharing Beijing spoligotype and Al insertion in the dnaA-dnaN region. They 
weree selected from the PHRI database which contains 770 distinct IS6/7Ö variants of 
thee W strains. One group of isolates includes diverse 'ancestral' members of the 
Beijing/WW phylogenetic lineage (25; Bifani et al., unpublished data). These isolates 
exhibitt spoligo patterns characteristic of the Beijing family and contain the Al IS6770 
insertion,, but their ISO/70 RFLP patterns are different from those of the Beijing family 
(37)) and the W family, as previously discussed (2). This set of 'ancestral' isolates 
included:: TN5195-001, TN11265-LB, TN8222-HD6, TN4948-AM, TN10545-KY, 
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TN4862-CI1,, TN6595-CK, TN12766-N4 and 14439-N4. In contrast, the second group 
off  strains, including Wl , W6, and W13, share high similarities in their \S6110 RFLP 
patternss with other, regular Beijing family isolates. 

(Hi)(Hi) International database 
Thee international database held at the RIVM contains both IS6110 RFLP and spoligo 
patternss of 1,084 M. tuberculosis complex isolates. These isolates originated from 40 
differentt countries covering all continents except Australasia. Most isolates originated 
fromm Asia (n=682; 62.9%), where the Beijing family is most prevalent (13). Many of 
thesee isolates have been described in previous studies (7,8,19,26,29,31,37). 

(iv)(iv) German database 
Thee German database consisted of 452 IS61J0 RFLP patterns of multidrug resistant 
M.M. tuberculosis strains isolated from an equal number of patients in Germany in the 
periodd between 1995 and 2001 (T. Kubica et al., submitted for publication). Nineteen 
percentt of the isolates were from Germans, and 65% originated from foreign-born 
individuals,, while no data was available for the remaining 16%. Twenty of the 452 
isolatess contained fewer than five IS6110 copies. The remaining isolates exhibited 263 
distinctt IS6110 RFLP types, and 240 isolates were representatives of 47 different 
IS6/ /00 clusters. 

(v)(v) Danish database 
Thee Danish database contained 4,102 IS6110 RFLP patterns retrieved from 3,936 
tuberculosiss patients who were notified as having tuberculosis in the period from 1992 
throughh 2001, representing 97% of all M. tuberculosis complex-positive patients in 
Denmark.. Fifty-seven percent of the patterns (2,334 of 4,102) originated from foreign-
bornn patients from 90 different nations: 1,285 (31.3%) from African-born patients, 651 
(15.9%)) from Asian-born patients, and 183 (4.5%) from patients born in the former 
USSR.. Fifty-eight percent of the RFLP patterns were grouped in 336 DNA fingerprint 
clusters. . 

DNAA fingerprinting 
IS6110-IS6110- and polymorphic GC-rich sequence-based RFLP genotyping was performed 
byy the standardized methods described previously (30,34,35). Membranes containing 
PvullPvull restriction fragments were rehybridized using the region A targeting probe 
describedd by Kurepina et al. (21) by using the Alk-Phos kit (Amersham Pharmacia 
Biotech,, Littl e Chalfont, United Kingdom) according to the instructions of the manu-
facturer.. Re-hybridization with this probe was done to check for Beijing-specific Al 
insertionss of 1S6110 in the dnaA-dnaN locus. 

Thee presence of 43 known spacer sequences in the direct repeat (DR) region was 
determinedd by spoligotyping (18,37). 
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Tablee 1. Tests performed or 

Groupp (n) 

Alll  (2,345) 

Clade47(124) ) 

Cladee 47 related (35) 
52%% similarity 
>60%% similarity 

Non-cladee isolates (640) 

Non-cladee 47 clade 
isolatess (1,530) 

Cladee 61 related (16) 

ii  the dataa set from The Netherlands. 

Spoligotyping g 

No.. tested/ 
total l 

1,020/2,345 5 

124/124 4 

16/16 6 
19/19 9 

551/640 0 

294/1,530 0 

16/16 6 

Resultss (n) 

B(142) ) 
B-like(14) ) 
Non-BB (864) 
Nott done (1,236) 

B(120) ) 
B-likee (4) 

Non-BB (16) 
B(12) ) 
B-likee (6) 
Non-BB (1) 

Non-BB (551) 

B,, clade 61 (7) 
B-like,, clade 61 (1) 
Non-BB (286) 
Nott done (1,236) 

B(3) ) 
B-likee (3) 
Non-BB (10) 

Regionn A RFLP 

No.. tested/ 
total l 

68/142 2 
14/14 4 
356/864 4 
422/1,236 6 

52/120 0 
4/4 4 

3/16 6 
6/12 2 
6/6 6 
1/1 1 

254/551 1 

7/7 7 
1/1 1 
88/286 6 
422/1,236 6 

3/3 3 
3/3 3 
10/10 0 

No.. Beijing/ 
no.. tested 

64/68 8 
14/14 4 
14/356 6 
0/422 2 

48/52 2 
4/4 4 

0/3 3 
6/6 6 
6/6 6 
0/1 1 

5/254 4 

7/7 7 
1/1 1 
9/88 8 
0/422 2 

3/3 3 
3/3 3 
0/10 0 

Nott all of the samples in the German and Danish database were subjected to both 
spoligotypingg and IS6110 RFLP. Spoligotyping was used to confirm all 1S6110 
patternss likely to be from the Beijing lineage but was only done for a sample of those 
thatt were not detected by IS6110. On the basis of these parameters, IS6//0-based 
definitionss will tend to underestimate the true specificity but may overestimate 
sensitivity,, in comparison with spoligotyping. 

Computer-assistedd analysis 
Too analyze IS6110 RFLP patterns and to define clades GelCompar software version 
4.00 (Applied Maths, Ghent, Belgium) was used as described previously (14). Simi-
laritiess were calculated using the Dice coefficient, allowing 1.0% position tolerance. 
Thee Dice coefficient adds weight to the bands that are in common between two 
patternss and is calculated by the following formula: Sab = 2 *  Nab / (Na + Nb), where S 
iss the similarity between banding patterns a and b, Nab is the number of bands patterns 
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aa and b have in common; Na is the number of bands in pattern a, and Nb is the number 
off  bands in pattern b. The unweighted pair group method with arithmetic averages was 
usedd for cluster analysis. Clades were defined as groups of five strains or more with 
relatedd \S61J0 patterns with at least 70% mutual similarity. Clusters were defined as 
groupss of strains with 100% identical IS6110 RFLP patterns. 

Bionumericss software (Applied Maths) was used to analyze both spoligo and RFLP 
patterns.. IS61W, PGRS and spoligo patterns were analyzed as fingerprint types. The 
resultss of the region A probe hybridizations were divided into three groups: wild-type 
(noo IS61J0 insertion and therefore a single band), Beijing-type (two bands of 8.55 kb 
andd 3.36 kb, characteristic of the Beijing phylogenetic lineage), and other (two bands 
off  other molecular sizes or three bands if more than one IS67/0 insertion is present). 
Thee similarity among 1S61I0 RFLP patterns was determined by using the 
identificationn tool of the Bionumerics software, by which each isolate in turn is 
comparedd with all others in the database, using 1.0% band position tolerance, 1.0% 
optimization,, and the Dice coefficient. 

Results s 

Recognitionn of Beijing family strains by 1S6110 RFLP 
Too determine if members of the Beijing family could be identified by a unique set of 
IS6110IS6110 RFLP patterns, we first used the unweighted pair group method with 
arithmeticc averages to cluster the 2,345 different \S6110 RFLP patterns identified in 
thee Dutch database. We identified 93 clades, each comprising at least five strains and 
sharingg over 70% pattern similarity. Six hundred forty patterns were not assigned to 
clades. . 
Initiall yy only clade 47, consisting of 124 isolates, was identified as the Beijing 
genotypee family on the basis of the characteristic multibanded IS6J10 RFLP (37). 
Ninety-sevenn percent (120/124) of the isolates in clade 47 had the nine-spacer spoligo 
pattern,, consisting of spacers 35 to 43, characteristic of the Beijing family 
(5,26,29,37).. The identification of these 120 strains as members of the Beijing lineage 
wass confirmed by analysis of 1S6110 insertion in the dnaA-dnaN region, the Al 
insertionn (21). Fifty-two strains representing all different branches from clade 47 were 
subjectedd to region A RFLP. Forty-eight of these strains had an RFLP pattern that is 
characteristicc of Beijing strains (Table 2). The other four strains showed three bands in 
thee region A RFLP pattern, indicative of two insertions of IS6110 in the dnaA-dnaN 
region;; this polymorphism at region A has previously been reported for Beijing strains 
(21). . 
Thee remaining four of the 124 clade 47 isolates had a Beijing-like spoligo pattern (5), 
i.e.,, a spoligo pattern closely related to the nine-spacer spoligo pattern, and a charac-
teristicc insertion in the dnaA-dnaN region (see Table 2). We concluded that all clade 
477 isolates belonged to the Beijing family. 
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Tablee 2. Correlation between Spoligotype, IS6110 RFLP and region A RFLP patterns among 1,442 
differentt M. tuberculosis complex strains representing the breadth of M. tuberculosis genotypes in The 
Netherlands. . 

Spoligotype e 
spacers s 
355 to 43 

No.. of strains with the following 
IS6110IS6110 RFLP type 

>60% % 
Cladee similarity Clade 

477 to clade 61 
47 7 

>47% % 
similarityy to Other 

cladee 61 

No.. of strains with the following 
regionregion A RFLP type/total 

Beijingg Regular Other 

 142 

 4 

 3 

 ] 

 ] 

II ] 

Q D D H D D HH 1 

 3 

Otherr 864 

Totall  1,020 

120 0 

2 2 

124 4 

122 7 

11 1 

3 3 

1 1 

1' ' 

19 9 

10" " 

16 6 

853 3 

853 3 

64/68" " 

4 4 

3 3 

1 1 

1 1 

1 1 

1 1 

3 3 

147356 6 

92/438 8 

332/356 6 

332/438 8 

10/356 6 

14/438 8 

aa The following strains were investigated: 52 strains of clade 47, six strains belonging to the group 
showingg >60% similarity to clade 47, and all strains belonging to clade 61 or showing >47% 
similarityy to clade 61. 

bb These four strains belonged to RFLP clade 47 and showed hybridization with the region A probe 
too three Pvull restriction fragments, indicating two insertions of \S6U0 in the dnaA- dnaN 
region. . 

cc The spoligo pattern of this strain contained 40 spacers, the strain exhibited a regular region A 
RFLP. . 

dd These 10 strains showed a regular region A RFLP. 
ee Fourteen out of the 356 strains, not showing a Beijing- or Beijing-like spoligo attern, showed a 

Beijing-characteristicc RegionA RFLP pattern. Nine of these strains originated from seven 
differentt clades on basis of IS6110 RFLP, other then clades 47 and 61. 

I ss the clade 47 IS6110 RFLP pattern specific for  all strains of the Beijing family? 
Too determine whether only the IS6110 RFLP patterns of clade 47 (Fig. 1, group A3) 
aree characteristic of the Beijing genotype family, the isolates of the five groups in the 
dendrogramm («=35) with the highest similarity to clade 47 were subjected to spoligo-
typing. . 
Thee 1S6U0 RFLP patterns of one group shared 52.3% similarity to those of clade 47. 
Al ll  16 strains from this group had spoligo patterns that did not correspond to those of 
thee Beijing family (data not shown). Southern blot hybridization analysis of these 
strainss with the region A probe yielded a single band, confirming that these isolates do 
nott belong to the Beijing lineage. 
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Thee 1S6U0 RFLP patterns of the isolates of the remaining four groups neighboring 
cladee 47 (Fig. 1, groups Al , A2, A4 and A5) shared more than 60% similarity to those 
off  clade 47 (Group A3). Among the 19 isolates of these four groups, 18 exhibited 
Beijing-specificc («=12) or Beijing-like (n=6) spoligo patterns (Table 2 and Fig. 1A). 
Hybridizationn with the region A probe confirmed that all of the six strains with a 
Beijing-likee spoligo pattern had the Al 1S6110 insertion in the dnaA-dnaN region 
(Tablee 1). The final strain examined, from Group A5, had an unrelated spoligo pattern 
consistingg of 40 spacers; this strain also did not exhibit a Beijing-characteristic Al 
insertion,, confirming that it did not belong to the Beijing lineage. The results for this 
strainn suggest that a definition of Beijing family strains based on IS6110 RFLP pattern 
alonee may include strains with a non-Beijing-characteristic spoligo pattern and without 
Beijing-characteristicc Al IS6110 insertion. However, if only clade 47 isolates were 
definedd as Beijing family strains, 18 Beijing family strains with similar IS6110 RFLP 
patternss would be missed. A threshold of >60% similarity to clade 47 in the IS61J0 
RFLPP patterns would include all Beijing family strains and only a single non-Beijing 
strain. . 

Doess the clade 47 IS6110 RFLP pattern identify all strains of the Beijing lineage? 
Too determine whether the IS6110 RFLP patterns of strains with a Beijing spoligotype 
alwayss cluster with those of clade 47 and the closely related Beijing strains identified 
byy highly similar IS6110 RFLP patterns, a representative sample of 845 strains from 
thee Dutch database were spoligotyped. Because changes in spoligotype are less 
frequentt than changes in 1S6110 RFLP pattern, strains related on basis of IS6U0 
RFLPP usually have identical or highly related spoligo patterns (9,19). Spoligotyping of 
att least two representatives of each clade should, therefore, result in a representative 
samplee of all spoligotype patterns in a genotype family of M. tuberculosis. 

Figuree 1. For both panels A and B the dendrogram (left) reflects the similarity of the 1S6110 RFLP 
patterns.. The \S6110 RFLP patterns (middle) are shown with the Pvull restriction fragments depicted 
fromm high (left) to low (right) molecular weight. The spoligo patterns (right) are shown from spacer 1 
too spacer 43 (left to right). Related groups of DNA fingerprints are marked with A or B, followed by a 
number,, to the right of the spoligo patterns. These groups mark the isolates that belong to certain 
branchess of the dendrogram. Group A3 represents clade 47, and group B3 represents clade 61. For 
somee branches in the dendrograms the similarity between the branches is indicated as a percentage at 
thee left of the dendrogram. 
Thee clade 47 (group A3) isolates and all except one of the isolates showing IS6110 RFLP patterns 
withh 60% or more similarity to clade 47 patterns (groups Al , A2, A4 and A5) belong to the Beijing 
genotypee family, as determined by spoligotyping and region A RFLP. The strain at the bottom of the 
dendrogramm in panel A is the only strain that has an \S61J0 RFLP pattern that exhibits >60% 
similarityy to clade 47 patterns that has spoligo and region A RFLP patterns not characteristic of 
Beijingg strains. The clade 61 isolates (group B3) belong to the Beijing lineage, as determined by 
spoligotypingg and region A RFLP. In addition, six of the strains in the branches neighboring clade 61 
aree of the Beijing lineage. 
Notee that many of the Beijing isolates in this figure show a false-positive weak hybridization to spacer 
28;; this was due to the quality of the spoligotype membranes of batch 03052001. 
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Twoo to 18 randomly selected representatives of each of the 92 clades (n=294), other 
thann clade 47, as well as 551 isolates not assigned to a clade (Table 1) were 
spoligotyped.. Exclusively strains of clade 61 (n=8) had a Beijing or Beijing-like 
spoligoo pattern. The spoligotype analysis was extended to all isolates that were closely 
relatedd to clade 61 (AI=16) (Fig. IB). These isolates showed at least 47.4% similarity to 
thee \S6110 RFLP patterns of clade 61. Six of these strains had a Beijing or Beijing-like 
spoligotype.. The remaining 10 strains exhibited unrelated spoligo patterns (Fig. IB 
andd Table 2). All eight members of clade 61 and the six closely related strains with 
Beijingg or Beijing-like spoligo patterns showed the two hybridization bands 
characteristicc of the Beijing lineage when tested with the region A probe. The 10 
strainss with spoligo patterns other than Beijing type had a non-Beijing specific region 
AA RFLP pattern. 
Wee concluded that the IS6110 RFLP pattern of clade 47 and closely related strains was 
nott sufficient to identify all strains of the Beijing lineage; a definition based on this 
RFLPP pattern would not have identified members of clade 61. 

Recognitionn of Beijing lineage strains by region A RFLP 
Too determine whether \S61W insertion in the dnaA-dnaN region is a specific marker 
off  the Beijing lineage, 860 strains were subjected to region A probing. These 860 
strainss were previously typed by IS6110 RFLP and included 510 isolates belonging to 
833 different clades (varying from n= 1 to n=46 per clade) other than clade 47 (n=56) 
andd clade 61 (n=8), and 286 isolates not assigned to a clade. 

Off  these 860 strains, 727 isolates did not have the Al insertion. To confirm their non-
Beijingg status 332 of the 727 isolates were also spoligotyped, and none of them had the 
Beijing-characteristicc spoligotype (Table 2). Furthermore, 37 of the 133 isolates that 
didd have an insertion of \S6110 in the dnaA-dnaN region exhibited region A RFLP 
patternss consisting of two bands of other sizes than Beijing lineage isolates; 10 of 
thesee were spoligotyped and showed non-Beijing spoligotypes. Ninety-six isolates 
exhibitedd region A RFLP patterns characteristic of Beijing lineage strains (n=92), or a 
threee band hybridization pattern, indica-ting two insertions of IS6110 in the dnaA-
dnaNdnaN region (n=4). The latter 4 strains and 78 of the strains with the characteristic Al 
insertionn exhibited Beijing or Beijing-like spoligo patterns; these were all members of 
IS6110IS6110 RFLP clades 47 and 61 or shared a high simi-larity to these clades (Table 2). 
Fourteenn strains had two hybridization fragments in region A RFLP analysis that were 
off  similar sizes as Beijing lineage strains, but they did not show Beijing characteristic 
spoligotypes.. Nine of these 14 strains belonged to seven different clades on basis of 
IS6110,IS6110, other than clades 47 and 61, and the remaining five were isolates not assigned 
too a clade. 

Too summarize, region A detected all 82 Beijing lineage strains included in the sample, 
ass determined by IS67/Ö RFLP analysis and spoligotyping. However, 14 isolates were 
falselyy identified. Therefore, region A probing is not very useful for screening, but it 
cann be used for confirmation, in case there is doubt about whether an isolate belongs to 
thee Beijing lineage. 
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Definitionn of Beijing lineage strains 
Ourr analysis suggests that spoligotyping is the method of choice for identifying strains 
off  the Beijing lineage. Of the 68 strains with a Beijing spoligo pattern, 64 had the 
Beijingg specific Al insertion and four had two \S6110 insertions in the origin of 
replicationn but were also Beijing strains as determined by 1S6110 RFLP analysis. In 
addition,, 14 strains with Beijing-like spoligo patterns also had the characteristic Al 
insertion.. Furthermore, no clade 47- or 61-related isolates with the Al insertion and a 
non-Beijingg spoligotype were found. 
Therefore,, Beijing or Beijing-like spoligotype patterns can serve as the "gold stan-
dard""  for defining members of the Beijing lineage. On the basis of comparative 
analysiss involving three genetic markers, we define M. tuberculosis Beijing lineage 
isolatess as those isolates showing hybridization to at least three of the spacers 35 to 43 
inn spoligotyping and showing an absence of hybridization to spacers 1 to 34. 

Becausee many institutes have IS67/0 RFLP databases available without information of 
thee respective spoligotypes, a definition based on 1S6110 RFLP would facilitate 
inclusionn of many more groups in the worldwide survey. Analysis of the spoligo 
patternss of 1,020 strains representing the breadth of IS6770 RFLP types in The 
Netherlandss identified two groups of isolates with Beijing or Beijing-like spoligo 
patterns,, clade 47 and clade 61. Furthermore, some of the strains that shared a high 
similarityy to these clades also had a Beijing spoligotype. The diversity in IS6110 
RFLPP patterns associated with Beijing lineage strains limits the usefulness of this 
techniquee as an identification tool. However, a set of 1S6110 RFLP patterns could be 
usedd to screen databases for Beijing isolates, as detailed below. 

Selectionn of Beijing reference IS6110 RFLP patterns 
Inn the absence of spoligotyping data, it would be useful to have reference IS6110 
RFLPP patterns that can be used to search DNA fingerprint databases for the presence 
off  Beijing lineage strains. Therefore, 19 representative reference IS6110 RFLP 
patterns,, including patterns from both clade 47 and clade 61, have been selected for the 
identificationn of Beijing genotypes. With a 75% similarity threshold, the selected 
patternss yielded 100% specificity and sensitivity for finding Beijing lineage isolates 
(definedd by spoligotype) when applied to the Dutch database. The DNA fingerprint 
patternss of these 19 Beijing reference strains are shown in Fig. 2. 

WW lineage isolates 
Att the Tuberculosis Center of the PHRI IS6110 RFLP typing has been used 
extensively,, and many outbreaks caused by W strains were detected. Later on it was 
discoveredd that on basis of molecular characteristics, W strains grouped with strains of 
thee Beijing genotype family (21). A total of 2,880 Beijing/W clinical isolates have 
beenn identified in a collection of over 17,000 samples maintained at the Tuberculosis 
Center,, PHRI. The Beijing/W grouping was determined by IS6110 RFLP pattern 
similarity,, spoligotyping, the Al insertion in the origin of replication, and at least one 
IS6110IS6110 insertion in the NTF locus, as previously described (2,21). The 2,880 
Beijing/WW isolates had 670 closely related IS6110 RFLP patterns, which share 
similarityy with the \S6110 RFLP patterns of clade 47 identified in the Dutch database. 
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Figuree 2. ÏS6110 RFLP patterns of the 19 M. tuberculosis Beijing reference strains and of M. tubercu-
losislosis reference strain MH4323. The molecular sizes of the IS6/70-containing Pvull restriction frag-
mentss of MU4323 are depicted in kilobases. Two strains are from the PHRI collection and are 
representedd here as NLA000200230 (=TN14439N4) and NLA000300957 (=TN11265LB). 

Inn addition, Al insertion site mapping analysis and spoligotyping further identified 
overr 900 clinical isolates with 100 different IS6110 RFLP patterns (21). These isolates 
sharedd a high degree of similarity with clade 61. This second group of isolates was 
identifiedd as representatives of 'ancestral' strains of the Beijing/W lineage (25; Bifani 
ett al., unpublished data). 
AA representative subset (n=12) of the 2,880 Beijing/W clinical isolates described 
above,, including the most diverse strains, were analyzed at the RIVM. All 12 strains 
hadd Beijing spoligotype patterns. 

IS6110IS6110 RFLP typing of 9 of 12 W lineage isolates revealed that five strains could be 
assignedd to or were closely related to clade 47. One strain (TN8222HD6) belonged to 
cladee 61, and three strains belonged to a group showing 55.7% similarity to clade 61 
patterns.. Two of the RFLP patterns from the W lineage isolates were included in the 
199 Beijing reference patterns. The patterns of the remaining seven W lineage isolates 
weree compared to the Beijing reference patterns and were found to show 80% or more 
similarity.. From this analysis we concluded that the reference set of IS6110 RFLP 
patternss showed a 100% sensitivity for detection of Beijing/W strains when a simi-
larityy cut-off of 80% was used. 
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Associationn between Beijing spoligotype and 1S6110 RFLP in the International database 
Onn basis of spoligotype, 318 (29.3%) of 1,084 strains in the international database 
weree of the Beijing lineage. The countries of origin of these isolates and the number of 
isolatess per country are listed in Table 3. From the same database we also identified 
3144 strains with IS6110 RFLP patterns matching the 19 Beijing reference patterns 
describedd above (Table 3). 
Comparisonn of the strains identified by spoligotyping and 1S6110 RFLP showed eight 
isolatess with contradictory results. Two isolates originating from Cuba were Beijing on 
thee basis of 1S6110 RFLP but exhibited spoligo patterns not characteristic of Beijing. 
Thesee isolates showed 77.4% and 78.1% similarity, respectively, to one of the Beijing 
referencee strains. Six strains from Hong Kong (n=l), India (n=l), and Vietnam (n=4) 
weree detected by spoligotyping only. The RFLP pattern similarities of these six strains 
too the Beijing reference patterns varied from 65 to 73%. The sensitivity of searching 
thee international database for Beijing family strains on basis of 1S6110 RFLP pattern 
onn the basis of > 75% matching of the 19 Beijing reference strains was 98.1% (312 of 
318),, and the specificity was 99.7% (764 of 766). 

Investigationn of a German database with the Beijing reference IS6110 RFLP patterns 
Inn addition to searches of the Dutch and international databases both of which are 
maintainedd at the RIVM, the 19 Beijing reference IS6110 RFLP patterns were used to 
searchh a German database of 452 IS6110 RFLP patterns from a collection of 
multidrug-resistantt isolates. One hundred eighty-eight Beijing-like IS6110 RFLP 
patternss were identified in the German database using a 75% similarity cutoff. All 188 
strainss were subjected to spoligotyping, and only one of them did not have a Beijing-
characteristicc spoligotype. The IS6110 RFLP pattern of this strain showed 83% 
similarityy to one of the reference patterns. As a control, we also spoligotyped 72 
isolatess from the years 2000 and 2001 that showed less than 75% similarity to the 
referencee IS6110 RFLP patterns. None of these strains had a Beijing-characteristic 
spoligotype.. We concluded that the specificity of matching with the IS6110 reference 
patternss was at least 98.6% (72 of 73) and that the sensitivity 100% (187 of 187). 

Investigationn of the Danish database with the Beijing reference 1S6110 RFLP patterns 
Thee Danish database comprised 3,936 IS6110 RFLP patterns from a population based 
studyy covering the period from 1992 to 2002. By the 19 reference IS6110 RFLP 
patterns,, 126 putative Beijing strains were identified. All 126 strains were 
spoligotyped,, and 30 of these strains showed non-Beijing spoligo patterns. Another 82 
strainss were randomly selected and spoligotyped. These strains all contained five or 
moree IS6110 elements and exhibited diverse IS6770 RFLP pattern. No Beijing-like 
spoligotypee patterns were identified among these control strains. The sensitivity of 
matchingg with the Beijing reference strains was therefore 100%. The specificity, using 
aa 75% cutoff, was 73.2% (82 of 112). Using a 80% cutoff, the specificity increased to 
96.4%% (108 of 112), but the sensitivity decreased to 91.7% (88 of 96). 
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Tablee 3. IS6I10 RFLP and spol 

No.. of 

Countryy of 
isolation n 

Beijin n 

Africa a 
Argentina" " 
Aserbaijann 46 
Austria a 
Belgium m 
Bolivi a a 
Chili i 
China**  34 
Cuba00 22 
Curacao o 
Czechh Republic 
Equador r 
Ethiopia a 
Germany y 
Honduras s 
Hongg Kong" 49 
India00 6 
Indonesia""  25 
Iran""  6 
Ireland" " 
Japan n 
Malaysiaa 2 
Mexico o 
Mongolia""  10 
Philippines00 1 
Poland d 
Russiaa 1 
Saoudii  Arabia 
Somalia a 
Southh Africa 2 
Southh Korea 1 
Spain n 
Srii  Lanka 
Switzerland d 
Tahiti i 
Thailandd 2 
Unitedd Kingdom0 

Unitedd States 9 
Venezuela a 
Vietnam"" 93 
Totall  309 

gopatternss of M. tuberculosis strains in the international database. 

isolatess with the indicated genotype, determined by 

Spoligoo pattern 

gg Beijing-like 

1 1 

2 2 

1 1 

1 1 

2 2 

2 2 
9 9 

Other r 

12 2 
60 0 
17 7 
2 2 
2 2 
2 2 
2 2 
6 6 

157 7 
3 3 
4 4 
2 2 
2 2 
17 7 
2 2 
18 8 
133 3 
55 5 
64 4 
25 5 
1 1 

3 3 
10 0 
39 9 
2 2 
4 4 
6 6 
7 7 
1 1 

7 7 
1 1 
2 2 
2 2 

27 7 
5 5 
18 8 
46 6 
766 6 

RFLP P 

Beijing g 

46 6 

34 4 
25 5 

50 0 
5 5 
26 6 
6 6 

2 2 

10 0 
1 1 

1 1 

2 2 
2 2 

2 2 

11 1 

91 1 
314 4 

pattern n 

Other r 

12 2 
60 0 
17 7 
2 2 
2 2 
2 2 
2 2 
6 6 

155 5 
3 3 
4 4 
2 2 
2 2 
17 7 
2 2 
19 9 
134 4 
55 5 
64 4 
25 5 
1 1 

3 3 
10 0 
39 9 
2 2 
4 4 
6 6 
7 7 
1 1 

7 7 
1 1 
2 2 
2 2 

27 7 
5 5 
18 8 
50 0 

770 0 

Totall  no. 
off  isolates 

12 2 
60 0 
63 3 
2 2 
2 2 
2 2 
2 2 

40 0 
180 0 
3 3 
4 4 
2 2 
2 2 
17 7 
2 2 

69 9 
139 9 
81 1 
70 0 
25 5 
1 1 
2 2 
3 3 

20 0 
40 0 
2 2 
5 5 
6 6 
7 7 
3 3 
2 2 
7 7 
1 1 
2 2 
2 2 
2 2 

27 7 
16 6 
18 8 

141 1 
1,084 4 

aa The isolates from this country represented a nonbiased sample, i.e. whole population studies, conse-
cutivelyy diagnosed patients or random samples. 
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Discussion Discussion 

Thee Beijing strains represent the largest genotype family of M. tuberculosis recognized 
soo far; this genetically closely related group of strains represents more than 11 % of all 
11,7088 clustered spoligo patterns analyzed from worldwide databases (11). Further-
more,, strains of this genotype are globally distributed: in East Asia, 50% of the isolates 
aree of the Beijing lineage; in North America, in Oceania, and Europe 16, 13 and 4% of 
thee isolates, respectively, are of the Beijing lineage (11). In contrast to other groups of 
M.M. tuberculosis isolates, strains of the Beijing family exhibit a remarkable constant 
spoligotype,, and high degrees of similarity among IS6110 RFLP, polymorphic GC-
richh sequence RFLP, and variable numbers of tandem repeats profiles (19). The 
similarityy of these highly polymorphic markers is indicative of a very recent common 
ancestorr for the Beijing family strains. The rapid global spread and clonal expansion of 
Beijingg strains may be related to selective advantages such as enhanced resistance to 
BCGG vaccination or to treatment with antituberculosis drugs. We have undertaken this 
studyy in order to define the molecular characteristics of strains of the Beijing lineage. 
AA clear and standard definition will aid the identification of these strains and the 
phenotypicc traits explaining the successful spread of this family of M. tuberculosis 
strains. . 

Inn this study the utility of spoligotyping, IS6J10 RFLP analysis, and insertion of 
IS6110IS6110 in the dnaA-dnaN region to recognize M. tuberculosis Beijing lineage strains 
wass determined. On the basis of IS6110 RFLP, Beijing lineage isolates were divided 
intoo two different groups- i.e., one group (clade 47-related strains) with multibanded 
RFLPP patterns similar to those of the Beijing family (37) and the W family (4) and a 
secondd group (clade 61-related isolates) with distantly related IS6110 RFLP profiles. 
Inn two other studies the latter group of strains has been determined to belong to the 
Beijing/WW lineage by use of other molecular markers and has been found to represent 
'ancestral'' isolates (25; Bifani et al., unpublished data). Both groups of strains form 
partt of the Beijing/W lineage and can also be distinguished by the composition of their 
NTFF region (2,21,27). 'Ancestral' Beijing strains (clade 61 and related strains) do not 
containn a copy of IS6110 in this region, and 'modern' Beijing strains (Beijing family 
andd W strains, clade 47 and related strains) contain at least one copy of IS6110 in this 
region.. It will be interesting to know whether isolates of these different groups exhibit 
thee same characteristics regarding their ability to spread and gain resistance. In 
northwesternn Russia, 96% of the Beijing strains represent the 'modern' Beijing family, 
andd most of these strains were multidrug resistant (25). 

Spoligotypingg proved the most useful method to recognize Beijing lineage strains: it is 
thee most rapid and easiest method to apply, and it correlates well with the other 
methods.. However, similar to the case for the Al insertion, it cannot differentiate 
'modern'' from 'ancestral' Beijing strains. Besides the characteristic nine-spacer 
spoligoo pattern, consisting of spacers 35 to 43, Beijing lineage strains sometimes 
exhibitt a subset of these spacers. Such Beijing-like spoligo patterns were observed 
amongg M. tuberculosis isolates from China (37), Cuba (7), Denmark (1% [1 of 96]) 
(thiss study), Germany (1.1% [2 of 187]) (this study), Hong Kong (5), Indonesia (29), 
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Thee Netherlands (8.9% [14 of 156]) (this study), South Korea, the USA (2) and 
Vietnamm (unpublished data). We confirmed that these Beijing-like spoligo patterns 
representt true members of the Beijing lineage by 1S6110 RFLP and the presence of a 
copyy of IS6U0 in the origin of replication. Mokrousov and colleagues found that in 
somee Beijing strains polymorphism detected by spoligotyping does not necessarily 
implyy that spacers are absent (24). They investigated this by performing PCRs with 
differentt primer combinations, using one primer directed to the 1S6110 insertion 
sequencee and one directed to the direct repeat, followed by spoligotyping of these PCR 
products.. It was found that in two epidemiologically unrelated Beijing strains, 
asymmetricall  insertion of IS6IJ0 in the direct repeat between spacers 36 and 37 
preventedd spacer 37 from being amplified in PCR, which led to absence of 
hybridizationn in regular spoligotyping. Using the same technique they found that in 
twoo Beijing strains lacking hybridization to spacer oligonucleotides 37 and 38 and one 
Beijingg strain lacking hybridization to spacer oligonucleotide 40, the respective 
spacerss were truly absent (24). Previously, in another prevalent M. tuberculosis 
genotype,, the Haarlem family, spacer 31 was not detected by spoligotyping due to the 
asymmetricall  insertion of an extra ISO/70 copy between spacers 31 and 32 (12,22). It 
shouldd be noted that the direct repeat region constitutes a preferential 1S61 JO insertion 
sitee (16,22) and an absence of hybridizing spacers may therefore not always reflect a 
lackk of spacers in the direct repeat region of the respective bacteria. Therefore, care 
shouldd be taken regarding the interpretation of missing spacers in spoligo patterns. 

Inn this study, M. tuberculosis Beijing lineage strains were defined as strains 
hybridizingg to at least three of the nine spacers 35 to 43 and an absence of hybridi-
zationn to spacers 1 to 34. Worldwide, there are many more IS6JJ0 RFLP patterns 
availablee than spoligo patterns, which emphasizes the need for an additional definition 
basedd on this marker. For this purpose a set of 19 representative 1S61I0 RFLP patterns 
off  Beijing strains was selected. It was demonstrated that these IS61J0 RFLP patterns 
hadd a very high sensitivity and specificity for identifying Beijing lineage strains, 
includingg the Beijing family and the 'ancestral' strains, in an international dataset 
consistingg of 1,084 isolates. Furthermore, these patterns were useful for identifying 
Beijingg lineage strains in large databases in two other European countries, comprising 
inn total 4,554 IS6JW RFLP patterns. We recommend that these 19 Beijing reference 
patternss be used when Beijing lineage strains need to be defined in IS6IJ0 RFLP 
patternn collections. Matching results should be interpreted by the actual similarities to 
eachh of the individual 19 strains, and not by preparation of a dendrogram. As 
determinedd in this study, strains that have patterns matching for more than 80% to any 
off  these patterns should be classified as Beijing. Strains that match with a similarity 
betweenn 75 and 80% should, in addition, be subjected to spoligotyping or region A 
RFLPP for confirmation. 

Noo definition of the Beijing genotype on the basis of genetic markers wil l be 100% 
perfect,, because there wil l always be exceptional strains. Exceptions on the basis of 
spoligotypingg are expected to be very rare. In the Dutch dataset, no strains with 
Beijing-characteristicc RFLP and region A patterns but non-Beijing spoligotypes were 
found.. Exceptions on the basis of IS6110 RFLP wil l occur more frequently, since the 
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half-lifee of IS6110 RFLP is estimated to be approximately 3.5 years (6), and errors in 
processingg and interpretation are more likely. Furthermore, in some geographical areas 
thatt were not included in this study, lineages of the Beijing genotype may have 
developedd that are evolutionary more diverged than the Beijing strains studied so far. 

Thee definition of Beijing strains has been developed to minimize inaccuracies and to 
alloww a standardized approach to study the spread of these strains and their association 
with,, for example, drug resistance and patient ages in more detail (13). Within the 
frameworkk of a European Union project, a worldwide survey using this definition is 
alreadyy in progress. The current worldwide tuberculosis epidemic seems to be strongly 
influencedd by the spread of several particular M. tuberculosis genotype families, such 
ass the Beijing family, the Latino-American and Mediterranean family, the Haarlem 
family,, the X clade, and other major, less defined clades (11). In general, the genetic 
polymorphismm among M. tuberculosis isolates observed in high-incidence areas is low 
inn comparison to that in countries with a low incidence of tuberculosis (32). In low 
incidencee countries, immigration and reactivation of remote infections influence the 
geneticc diversity of M. tuberculosis isolates. The high prevalence of conserved geno-
typess in high-incidence areas suggests selective advantages of these prevalent geno-
types.. The success of these strains could originate from increased transmissibility or 
differentt gene expression of as-yet-unidentified virulence factors (2). In this respect a 
moree developed mechanism to circumvent the BCG induced immunity and a higher 
abilityy to gain resistance against antituberculosis drugs have been hypothesized (1,37). 
Molecularr characterization of M. tuberculosis genotypes wil l facilitate future studies 
onn the spread of these genotypes and their influence on the tuberculosis epidemic. This 
wil ll  be the basis for studies on pathogenicity and virulence factors. 
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