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Analysis of the population structure of Mycobacterium tuberculosis strains from the People’s Republic of
China showed that the vast majority belong to a genetically closely related group. These strains shared the
majority of their IS6110 DNA-containing restriction fragments, and also, the DNA polymorphism associated
with other repetitive DNA elements, like the polymorphic GC-rich sequence and the direct repeat, was very
limited. Because the majority of these strains originated from the province of Beijing, we designated this
grouping the ‘‘Beijing family’’ of M. tuberculosis strains. Strains of this family were also found to dominate in
neighboring countries such as Mongolia, South Korea, and Thailand, whereas a low prevalence of such strains
was observed in countries on other continents. These data indicate that strains of the Beijing family recently
expanded from a single ancestor which had a selective advantage. It is speculated that long-termMycobacterium
bovis BCG vaccination may be one of the selective forces implicated in the successful spread of the Beijing
genotype.

Recent studies on repetitive DNA elements in Mycobacte-
rium tuberculosis have shown that these elements are associ-
ated with DNA polymorphism in the chromosome. This poly-
morphism has enabled investigators to distinguish different
strains ofM. tuberculosis. Therefore, these elements have been
found to be extremely useful for epidemiological studies of
tuberculosis, such as outbreak investigations, transmission in
the community, and the dissemination of multidrug-resistant
clones (1–5, 9, 11–13, 17). Two classes of repetitive DNA
elements have been used for the molecular epidemiology of
tuberculosis: (i) insertion sequence (IS) elements, which have
the capacity to move within the genome and which have a size
of about 1,300 bp, and (ii) small repetitive DNAs, varying in
size from 3 to 36 bp (14). The DNA polymorphism driven by
insertion elements is due to their inherent capacity to move
within the genome, with little target specificity. The nature of
the genetic rearrangements driven by the small repetitive ele-
ments has been investigated only for the direct repeat (DR)
region. Homologous recombination between DRs was found
to be the predominant kind of rearrangement (6). It is likely
that the same mechanism contributes to the DNA polymor-
phism associated with other small repetitive sequences, for
example, the polymorphic GC-rich repeat sequence (PGRS),
the major polymorphic tandem repeat, and the GTG repeat (9,
12, 19).

The insertion element IS6110 is the most widely used
marker for epidemiological studies because of the high degree
of discrimination obtained with this element. Furthermore,
international consensus exists on a standardized method of
IS6110 fingerprinting, thus enabling the comparison of DNA
types from different laboratories (15).
Most studies on DNA polymorphism in M. tuberculosis have

been used to answer short-term epidemiological questions.
Identical fingerprints from different isolates are usually evi-
dence of recent person-to-person transmission or endogenous
reactivation (1–5, 9, 11–13, 17). However, little is known about
the degree of IS6110-associated DNA polymorphism of M.
tuberculosis isolates from different human populations. Be-
cause the transposition of IS6110 is a time-dependent process,
the degree of IS6110 polymorphism among the descendents of
a particular clone in a population is a reflection of the time that
has elapsed since their divergence. Thus, analysis of the M.
tuberculosis population structure by IS6110-associated restric-
tion fragment length polymorphism (RFLP) may provide in-
formation about the evolutionary history and the dissemina-
tion of particular clones in a given geographic region.
Van Soolingen et al. (17) observed that the degree of

IS6110-associated RFLP is less among M. tuberculosis strains
isolated from Central Africa compared with that among strains
originating from The Netherlands. A recent study on the pop-
ulation structure ofM. tuberculosis strains in Ethiopia, Tunisia,
and The Netherlands suggested that there are a small number
of predominant families of genetically related strains in Ethi-
opia and Tunisia, whereas no such distinct groupings predom-
inate in The Netherlands (7). The latter study and additional

* Corresponding author. Mailing address: Laboratory for Bacteriol-
ogy and Antimicrobial Agents and Unit Molecular Microbiology, Na-
tional Institute of Public Health and Environmental Protection, P.O.
Box 1, 3720 BA Bilthoven, The Netherlands.

3234



data (15b) have reinforced the idea that the success of partic-
ular clones in predominating is related to a high incidence of
tuberculosis.
Preliminary investigations on the population structure of M.

tuberculosis strains from the People’s Republic of China and
Mongolia suggested that isolates from these regions belong to
a remarkably homogeneous family of strains, sharing the ma-
jority of their IS6110-containing restriction fragments. In the
present study the population structure of this family of strains
is described by using IS6110 and other genetic markers. We
show that strains of this family evolved from recent clonal
expansion. Furthermore, the dissemination of strains of this
family to other countries is described. The possible reasons for
the expansion of this exceptionally successful family are dis-
cussed.

MATERIALS AND METHODS

Bacterial strains.NineteenM. tuberculosis isolates obtained fromWang Guozi
and Wang Zeng, Beijing, People’s Republic of China, were tested. These strains
were isolated from patients who were hospitalized for tuberculosis in the Na-
tional Institute for Preventive Medicine during 1992 to 1993. Another group of
strains from the People’s Republic of China, comprising 30 isolates, was obtained
from Z. Q. Huang of the National Tuberculosis Control Centre in Beijing. These
strains were isolated from patients with tuberculosis hospitalized in the hospital
of the National Tuberculosis Control Centre during 1993 and 1994. All except 2
of these 30 patients originated from the Beijing Province. Twenty strains isolated
in Mongolia in 1992 and 1993 were obtained from G. Tsogi, National Tubercu-
losis Center, Ministry of Health, Ulan Bator, Mongolia. These strains were
isolated from hospitalized tuberculosis patients and nonhospitalized patients
from various parts of Mongolia, with the majority being from the city of Ulan
Bator. All other M. tuberculosis strains were selected from a collection of strains
from various parts of the world. This collection contained 2,594 strains isolated
in The Netherlands and 934 strains from 16 other countries. All strains in this
collection were isolated from 1992 to 1994 and have been typed by IS6110
fingerprinting at the National Institute of Public Health and Environmental
Protection, Bilthoven, The Netherlands.
DNA fingerprinting. Extraction of DNA from M. tuberculosis strains and

Southern blotting with labeled IS6110 DNA as a probe were done by the stan-
dardized method of fingerprinting (15, 16). Each Southern blot contained DNA
from M. tuberculosis Mt14323 as an external standard (15). IS1081, DR, and
PGRS fingerprinting was done as described previously (16). The isolates from
the National Institute of Tuberculosis Control, Beijing, were typed in Antwerp,
Belgium. All other strains were typed in Bilthoven.
Spoligotyping. Spacer oligonucleotide typing (spoligotyping) is a novel method

of differentiating M. tuberculosis complex strains. The method relies on the in

vitro amplification of the DNA of the unique, highly polymorphic DR locus in
the M. tuberculosis chromosome containing multiple short DRs. Each DR is
interspersed by a nonrepetitive spacer sequence of 35 to 41 bp (8). The amplified
DNA was hybridized to a set of spacer oligonucleotides derived from spacer
sequences of the laboratory strain M. tuberculosis H37Rv (9a) and Mycobacte-
rium bovis BCG (8). The resulting hybridization patterns are strain specific
because of the strain-dependent presence or absence of spacer sequences in
different isolates (6). We used 37 spacers derived from strain H37Rv and 6
spacers derived from M. bovis BCG. The DR region was amplified by PCR with
oligonucleotide primers of 18 residues derived from the DR sequence which
drive an outward polymerization of DR DNA. Hybridization was done by an-
nealing the amplified DNA to multiple synthetic spacer oligonucleotides co-
valently bound to a membrane in parallel lines, a procedure described by Kauf-
hold et al. (10). Details of the entire method are described elsewhere (9b).
Computer analysis. The computer-assisted analysis of the IS6110 fingerprints

and spoligotypes was done with the Windows version of Gelcompar (version
3.10; Applies Maths, Kortrijk, Belgium) as described previously (7). Imaging of
the autoradiograms was done with a scanner at 190 dpi (HP Scanjet IIcx/T;
Hewlett-Packard, Camas, Wash.). The mobilities of the IS6110-containing re-
striction fragments were compared with those of a set of internal molecular
weight markers by superimposing the autoradiographs containing the IS6110
DNA fingerprints and the autoradiographs of the internal markers of known
molecular size (15). This procedure enables one to normalize the position of
each IS-containing fragment, irrespective of the autoradiogram, gel position, and
gel distortions. The accuracy of the procedure was evaluated by comparing the IS
banding patterns of M. tuberculosis Mt14323, which was present as an external
marker in a single lane on each autoradiogram (15). All corresponding bands of
strain Mt14323 on different images matched 100%, irrespective of the autora-
diogram or the laboratory that made the fingerprint. Comparisons of patterns
were done by the umweighted pair group method using arithmetic averages
(UPGMA) clustering method by using the Dice coefficient according to the
instructions of the manufacturer of Gelcompar. The analysis of the fingerprints
from the set of 2,594 strains from Dutch patients and the set of 934 strains from
other countries was done with a novel, experimental version of Gelcompar (18a).

RESULTS

IS6110 restriction fragment patterns of M. tuberculosis
strains isolated in the People’s Republic of China and Mon-
golia. Forty-nine M. tuberculosis strains isolated from patients
in the People’s Republic of China and 20 strains from patients
in Mongolia were fingerprinted by using IS6110. Figure 1A
shows the IS6110 fingerprints of PvuII-restricted chromosomal
DNAs of 10 isolates from Mongolia. The number of IS6110
DNA-containing PvuII fragments in most strains was found to
be high, varying between 15 and 20, indicating that these
strains contain 15 to 20 copies of the IS6110 element. Six of the

FIG. 1. DNA typing of 10 M. tuberculosis strains originating from Mongolia with IS6110 (A) and IS1081 (B) and by hybridization with 43 oligonucleotides derived
from spacer sequences in the DR region (C). Lanes 1 to 3, 5, 8, and 10, DNAs from strains displaying IS6110 DNA fragment patterns of the Beijing family. The sizes
of the restriction fragments in panels A and B are given on the left (in kilobases). The 43 spacer oligonucleotides in panel C are numbered as described by Kamerbeek
et al. (9b).
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fingerprints shown in Fig. 1 share the majority of their IS6110-
containing restriction fragments and thus seem to belong to a
group of closely related strains. To analyze the relatedness of
all 69 strains originating from the People’s Republic of China
and Mongolia, the IS6110 banding patterns of these isolates
were ordered by similarity as calculated by the UPGMA
method, and the result is shown in Fig. 2B. Fifty-two of the 69
fingerprints shared at least two-thirds of the IS-containing
PvuII fragments, indicating that the strains with those finger-
prints belong to a closely related group. For convenience we
refer to this grouping as the ‘‘Beijing family,’’ because the vast
majority of the Chinese strains originated from patients in
Beijing. Only 17 strains, 7 from the People’s Republic of China
and 10 from Mongolia, did not belong to this family. Two of
the seven non-Beijing family Chinese strains were known to
have been isolated from patients in provinces other than Bei-
jing. The remaining five isolates are assumed to have origi-
nated from Beijing. Thus, 89% (42 of 47) of the strains origi-
nating from patients in Beijing were closely related, and 50%
(10 of 20) of the strains fromMongolia shared the same IS6110
family pattern. To visualize the relatedness between the band-
ing patterns of all M. tuberculosis isolates more objectively, a
similarity matrix was generated. In this matrix the degree of
relatedness of each IS banding pattern with any other IS band-
ing pattern in the collection is shown. The degree of similarity
of each pair of strains is visualized by a square box with various
shades of grey, with the more similar strains being darker. The
result (Fig. 2C) shows that 52 strains of the Beijing type are
highly related, whereas the remaining 17 strains are quite dif-
ferent from this Beijing family and share little relatedness
among themselves as well.
Analysis of M. tuberculosis strains belonging to the Beijing

family with other genetic markers. To confirm that M. tuber-
culosis isolates of the Beijing family belong to a genetically
closely related group that clonally expanded, we analyzed the
DNA polymorphisms of strains from the People’s Republic of

China and Mongolia using the three repetitive DNA elements
DR, PGRS, and IS1081, which drive DNA polymorphism in-
dependently of the insertion element IS6110. The polymor-
phism in the DR region was determined by spoligotyping, and
the spoligotypes of the 69 strains from the People’s Republic of
China and Mongolia are depicted in Fig. 2. All strains of the
Beijing family as defined by IS6110 had identical spoligotypes.
These strains contained only 9 of the 43 spacer sequences
tested. In contrast, the spoligotypes of 14 of the 17 strains not
belonging to the Beijing family were very different. These
strains generally harbored many more spacers than isolates of
the Beijing family type (Fig. 2). Furthermore, the spoligotypes
of the non-Beijing family strains were highly diverse, consistent
with the high degree of IS6110-associated RFLP observed
among these strains.
To further substantiate the clonality of the strains of the

Beijing family, we subjected 13 strains of the Beijing family
type and 5 non-Beijing family strains to Southern blot analysis
using PGRS DNA and IS1081 DNA as a probe, respectively
(16, 18). All PGRS DNA-containing restriction fragment pat-
terns of the Beijing family were highly similar, whereas those of
the other five strains greatly differed from those of the Beijing
family (data not shown). The IS1081 fingerprints of the strains
belonging to the Beijing family differed from those of other
strains in that they contained a characteristic PvuII fragment of
3.6 kb which was absent from the non-Beijing family strains.
We conclude that M. tuberculosis isolates grouped into the
Beijing family by their IS6110 fingerprints also share a similar
grouping pattern when other genetic markers are used. These
characteristics are not generally shared with other strains out-
side the Beijing family. These observations suggest that strains
of the Beijing family constitute a genetically closely related
group of bacteria.
Dissemination of M. tuberculosis isolates of the Beijing fam-

ily among other countries. The database of IS6110 fingerprints
in Bilthoven contains the patterns of thousands of M. tubercu-

FIG. 2. Spoligotypes (A), IS6110 banding patterns (B), and similarity matrices (C) of 69 strains isolated in the People’s Republic of China (C) and Mongolia (M).
The IS6110 banding patterns were ordered by similarity. Note that the position of the IS6110-containing restriction fragments in each lane is corrected (normalized)
in such a way that the band positions of all strains are mutually comparable. The value of the similarity coefficient between values of 65 and 100% is depicted by the
five different grey tones in the matrices. The diagonal is formed by the 100% similarity coefficient values of the corresponding strains. Note that all strains having the
characteristic IS6110 pattern of the Beijing family are identical by spoligotyping (marked with a dot at the left).
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losis strains originating from The Netherlands and many other
countries. Recently, the Gelcompar software has been up-
dated, permitting the comparison of tens of thousands of fin-
gerprints (18b). This novel software was used to search the
IS6110 fingerprint database in Bilthoven for the presence of
strains having characteristics of the banding pattern of the
Beijing family of strains. For this purpose we selected strains
from the IS6110 library whose fingerprints matched any of the
52 fingerprints of the Beijing family obtained from the strains
isolated in the People’s Republic of China and Mongolia by
80% or more. The results are presented in Table 1. At least
40% of the M. tuberculosis strains originating from the coun-
tries bordering China, i.e., Thailand and South Korea, were of
the Beijing family. In contrast, the prevalence of the Beijing
type among strains from parts of the world more distant from
the People’s Republic of China except for strains originating
from South Africa was less than 5%. Fifteen percent of the
isolates from South Africa were of the Beijing type.
It should be noted that the fingerprints in the database are

not necessarily a representative reflection of theM. tuberculosis
population in a given country, because the numbers of strains
from the various countries are very limited and regional dif-
ferences may exist within a given country. However, the strains
originating from The Netherlands do not share this limitation,
since virtually all M. tuberculosis isolates obtained from pa-
tients in The Netherlands in 1993 and 1994 have been typed.
Eighty-two of the 2,594 Dutch isolates grouped in the Beijing
family. Twenty of the strains with Beijing family type patterns
occurred in five clusters with two or more identical IS6110
patterns, suggesting an epidemic spread of these strains (14,
15). The largest cluster of identical strains consisted of eight
strains, indicating a microepidemic. In order to confirm that
these strains were indeed related to the Beijing family of
strains, we investigated the spoligotypes of eight strains from
four different countries (Thailand, India, Russia, and The
Netherlands). All of these strains were found to have spoligo-

types characteristic of those of the Beijing family (data not
shown).

DISCUSSION

Our investigations on the IS6110-associated RFLPs among
M. tuberculosis isolates from the People’s Republic of China
and Mongolia led to the identification of a distinct group of
strains which share more than two-thirds of their IS6110-con-
taining PvuII restriction fragments. Furthermore, isolates be-
longing to this group share few of their IS6110-containing
restriction fragments with other isolates, suggesting that strains
of this family (which we designated the Beijing family) consti-
tute a distinct group. This grouping was supported by our
observation of a low degree of DNA polymorphism with other
repetitive genetic elements which drive DNA polymorphism in
M. tuberculosis isolates independently of the insertion se-
quence IS6110. All of the 52 strains from the People’s Repub-
lic of China and Mongolia that grouped in the Beijing family
were found to be identical by spoligotyping, which is based on
the DNA polymorphism in the DR region. Strains of the Bei-
jing family contained only 9 of the 43 spacer sequences tested
(Fig. 2). These spacer sequences correspond to nine contigu-
ous spacers located near the 39 end of the DR region of strain
H37Rv (9b). This characteristic presence of the nine spacers in
strains belonging to the Beijing family was found not only
among strains from the People’s Republic of China and Mon-
golia but also among a minority of strains from other countries.
The characteristic spoligotype of the Beijing family of strains is
very uncommon among strains isolated in The Netherlands for
which extensive spoligotyping has been performed. All Dutch
strains with this spoligotype exhibited the characteristic IS6110
fingerprint pattern of the Beijing family, confirming its unique-
ness (15a).
Another characteristic property shared by allM. tuberculosis

strains belonging to the Beijing family is the presence of a
3.5-kb PvuII fragment carrying IS1081. The presence of this
fragment is associated with the modification of one of the
chromosomal PvuII recognition sites in the mycobacterial ge-
nome, resulting in a partial protection of cleavage by PvuII
(15c).
The present study shows the existence of a family of related

strains sharing several independent genetic properties. The
shared genetic properties were found not only among strains
from the People’s Republic of China and Mongolia but also
among a minority of strains isolated from patients on other
continents. Therefore, these strains belong to a genetically
closely related group which may have diverged from a common
ancestor in the recent past. Unfortunately, it is impossible to
calculate the time that has elapsed since the divergence from
this putative common ancestor. To determine the time that has
elapsed, one would need to know the pace of the molecular
clocks associated with the different polymorphic genetic mark-
ers. However, on the basis of observations of the IS6110-asso-
ciated RFLPs among M. tuberculosis strains which have been
circulating in the community (in the United States [10a] and in
The Netherlands [15b]) for several years, we estimate that less
than a century has elapsed since the clonal dissemination of the
common ancestor of the Beijing family of strains. These strains
apparently have had some selective advantage in the Beijing
area. As a result, it may be possible that the Beijing family is an
aggressively expanding clone that is spreading to neighboring
countries and other continents. In the neighboring countries in
Asia rates of infection with the Beijing family strains are higher
than those in the more distant countries, suggesting that the
Beijing family may have radiated from the Beijing area to other

TABLE 1. Prevalence of strains of various geographic origins
displaying IS6110 banding patterns characteristic

of the Beijing family

Origin
No. of
strains

investigated

No. of strains
of the

Beijing type

% of strains
of the

Beijing type

People’s Republic of China 49 42 86
Mongolia 20 10 50
Thailand 19 7 37
South Korea 14 6 43

India 63 3 5
Iran 28 1 4

Russia (Moscow) 5 1 20
The Netherlands 2,594 82 3
Greenland 21 0 0
Spain 76 0 0

South Africa 46 7 15
Tanzania 88 4 4.5
Ethiopia 159 1 0.7
Tunisia 243 1 0.5
Zambia 36 0 0

Bolivia 41 1 2.5
Honduras 11 0 0
Brazil 81 0 0
Chile 3 0 0
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regions. The nature of the force(s) that contributed to the
selection and dissemination of strains of the Beijing family is
unknown. A factor common to all countries in southeast Asia
is BCG vaccination, which has been used for the past two to six
decades. A recent study on the population structure of M.
tuberculosis in Ethiopia, Tunisia, and The Netherlands (7) sug-
gested more DNA polymorphism in Ethiopia than in Tunisia,
although the incidence of tuberculosis in Ethiopia is about five
times that in Tunisia. Because BCG vaccination in Ethiopia is
not a common practice, in contrast to Tunisia, where it is
common practice, it has been suggested that vaccination in
Tunisia may have favored the selection of M. tuberculosis
strains that resist BCG-induced immunity (7). A similar mech-
anism may have operated in southeast Asia, favoring the dis-
semination of strains of the Beijing family. If so, one would
expect that M. tuberculosis strains of the Beijing type are more
prevalent among BCG-vaccinated individuals than among non-
vaccinated individuals in a population in which a significant
fraction has not been covered by BCG vaccination. Such stud-
ies are in progress.
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1. Beck-Sagué, C., S. W. Dooley, M. D. Hutton, J. Otten, A. Breeden, J. T.
Crawford, A. E. Pitchenik, C. Woodley, G. Cauthen, and W. R. Jarvis. 1992.
Hospital outbreak of multidrug-resistant Mycobacterium tuberculosis infec-
tions. JAMA 268:1280–1286.

2. Daley, C. L., P. M. Small, G. F. Schecter, G. K. Schoolnik, R. A. McAdam,
W. R. Jacobs, Jr., and P. C. Hopewell. 1992. An outbreak of tuberculosis with
accelerated progression among persons infected with the human immuno-
deficiency virus: an analysis using restriction fragment length polymor-
phisms. N. Engl. J. Med. 326:231–235.

3. Dwyer, B., K. Jackson, K. Raios, A. Sievers, E. Wilshire, and B. Ross. 1993.
DNA restriction fragment analysis to define an extended cluster of tubercu-
losis in homeless men and their associates. J. Infect. Dis. 167:490–494.

4. Edlin, B. R., J. I. Tokars, M. H. Grieco, J. T. Crawford, J. Williams, E. M.
Sordillo, K. R. Ong, J. O. Kilburn, S. W. Dooley, K. G. Castro, W. R. Jarvis,
and S. D. Holmberg. 1992. An outbreak of multidrug-resistant tuberculosis
among hospitalized patients with the acquired immunodeficiency syndrome.
N. Eng. J. Med. 326:1514–1521.

5. Fischl, M. A., R. B. Uttamchandani, G. L. Daikos, et al. 1992. An outbreak
of tuberculosis caused by multiple-drug resistant tubercle bacilli among pa-
tients with HIV infection. Ann. Intern. Med. 117:177–183.

6. Groenen, P. M. A., A. E. van Bunschoten, D. van Soolingen, and J. D. A. van
Embden. 1993. Nature of DNA polymorphism in the direct repeat cluster of

Mycobacterium tuberculosis; application for strain differentiation by a novel
method. Mol. Microbiol. 105:1057–1065.

7. Hermans, P. W. M., F. Messadi, H. Guebrexabher, D. van Soolingen,
P. E. W. de Haas, H. Heersma, H. de Neeling, A. Ayoub, F. Portaels, D.
Frommel, M. Zribi, and J. D. A. van Embden. 1995. Usefulness of DNA
typing for global tuberculosis epidemiology. J. Infect. Dis. 171:1504–1513.

8. Hermans, P. W. M., D. van Soolingen, E. M. Bik, P. E. W. de Haas, J. W.
Dale, and J. D. A. van Embden. 1991. The insertion element IS987 from
Mycobacterium bovis BCG is located in a hot spot integration region for
insertion elements in Mycobacterium tuberculosis complex strains. Infect.
Immun. 59:2695–2705.

9. Hermans, P. W. M., D. van Soolingen, and J. D. A. van Embden. 1992.
Characterization of a major polymorphic tandem repeat in Mycobacterium
tuberculosis and its potential use in the epidemiology of Mycobacterium
kansasii and Mycobacterium gordonae. J. Bacteriol. 174:4157–4165.

9a.Kamerbeek, J. Unpublished data.
9b.Kamerbeek, J., et al. Submitted for publication.
10. Kaufhold, A., A. Podbielski, G. Baumgarten, M. Bolkpoel, J. Top, and L.

Schouls. 1994. Rapid typing of group A streptococci by the use of DNA
amplification and nonradioactive allele specific oligonucleotide probes.
FEMS Microbiol. Lett. 119:19–26.

10a.Kreiswirth, B. Personal communication.
11. Mazurek, G. H., M. D. Cave, K. D. Eisenach, R. J. Wallace, Jr., J. H. Bates,

and J. T. Crawford. 1991. Chromosomal DNA fingerprint patterns produced
with IS6110 as strain-specific markers for epidemiologic study of tuberculo-
sis. J. Clin. Microbiol. 29:2030–2033.

12. Ross, C., K. Raios, K. Jackson, and B. Dwyer. 1992. Molecular cloning of a
highly repeated element from Mycobacterium tuberculosis and its use as an
epidemiological tool. J. Clin. Microbiol. 30:942–946.

13. Small, P. M., R. W. Schafer, P. C. Hopewell, S. P. Singh, M. J. Murphy, E.
Desmond, M. F. Sierra, and G. K. Schoolnik. 1993. Exogenous reinfection
with multidrug-resistant M. tuberculosis in patients with advanced HIV in-
fection. N. Engl. J. Med. 328:1137–1144.

14. Small, P. M., and J. D. A. van Embden. 1994. Molecular epidemiology of
tuberculosis, p. 569–582. In B. R. Bloom (ed.), Tuberculosis: pathogenesis,
protection and control. ASM Press, Washington, D.C.

15. Van Embden, J. D. A., M. D. Cave, J. T. Crawford, J. W. Dale, K. D.
Eisenach, B. Gicquel, P. W. M. Hermans, C. Martin, R. Mcadam, T. M.
Shinnick, and P. M. Small. 1993. Strain identification of Mycobacterium
tuberculosis by DNA fingerprinting: recommendations for a standardized
methodology J. Clin. Microbiol. 31:406–409.

15a.Van Embden, J. D. A. Unpublished data.
15b.Van Soolingen, D. Unpublished data.
15c.Van Soolingen, D. Submitted for publication.
16. Van Soolingen, D., P. E. W. de Haas, P. W. M. Hermans, P. M. A. Groenen,

and J. D. A. van Embden. 1993. Comparison of various repetitive DNA
elements as genetic markers for strain differentation and epidemiology of
Mycobacterium tuberculosis. J. Clin. Microbiol. 31:1987–1995.

17. Van Soolingen, D., P. W. M. Hermans, P. E. W. de Haas, D. R. Soll, and
J. D. A. van Embden. 1991. Occurrence and stability of insertion sequences
in Mycobacterium tuberculosis complex strains: evaluation of an insertion
sequence-dependent DNA polymorphism as a tool in the epidemiology of
tuberculosis. J. Clin. Microbiol. 29:2578–2586.

18. Van Soolingen, D., P. W. M. Hermans, P. E. W. de Haas, and J. D. A. van
Embden. 1992. Insertion element IS1081-associated restriction fragment
length polymorphism in Mycobacterium tuberculosis complex species: a reli-
able tool for recognizing Mycobacterium bovis BCG. J. Clin. Microbiol.
30:1772–1777.

18a.Vauterin, L. Personal communication.
18b.Vauterin, L. Unpublished data.
19. Wiid, I. J. F., C. Werely, N. Beyers, P. Donald, and P. D. van Helden. 1994.

Oligonucleotide (GTG)5 as a marker for strain identification in Mycobacte-
rium tuberculosis. J. Clin. Microbiol. 32:1318–1321.

3238 VAN SOOLINGEN ET AL. J. CLIN. MICROBIOL.


