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In order to fully understand the global tuberculosis (TB) epidemic it is important to investigate the popu-
lation structure and dissemination of the causative agent that drives the epidemic. Mycobacterium tuberculosis
strain family 11 (F11) genotype isolates (found in 21.4% of all infected patients) are at least as successful as
the Beijing genotype family isolates (16.5%) in contributing to the TB problem in some Western Cape com-
munities of South Africa. This study describes key molecular characteristics that define the F11 genotype. A
data-mining approach coupled with additional molecular analysis showed that members of F11 can easily and
uniquely be identified by PCR-based techniques such as spoligotyping and dot blot screening for a specific
rrs491 polymorphism. Isolates of F11 not only are a major contributor to the TB epidemic in South Africa but
also are present in four different continents and at least 25 other countries in the world. Careful study of dominant
compared to rare strains should provide clues to their success and possibly provide new ideas for combating TB.

Prior to the last decade, the markers available to study the
epidemiology of tuberculosis (TB) were drug susceptibility
profiles and phage types (3, 9). These markers have limitations.
In the last decade, a number of strain-specific genetic markers
with different levels of discrimination, stability, and reproduc-
ibility to examine the molecular epidemiology and the spread
of TB have been identified (12). These markers have been used
in several different DNA fingerprinting methods to type stains
and to study the molecular epidemiology of TB. The ability to
accurately genotype clinical isolates of Mycobacterium tubercu-
losis in different settings has shown that the global epidemiol-
ogy of TB is propagated by thousands of different genotypes of
this organism (17, 19). These strains occur at different frequen-
cies, and the relative frequencies in the different areas differ
between districts, cities, countries, and continents (5, 16). The
dynamics of the TB epidemic in a given area and time frame
may therefore be a factor of the different strains circulating in
that region.

Genotype data for M. tuberculosis isolates are usually gen-
erated only for a specific region, and this has resulted in the
creation of numerous databases scattered around the world.
Currently such information is not in the public domain, and
comparative genotyping in a global context is therefore diffi-
cult. This has hampered progress in understanding the global
population structure of M. tuberculosis. A concerted effort has
been made to establish a spoligotype database which contains
spoligotypes from clinical isolates originating from more than
90 countries (5, 6, 13, 14). Encoding of these data by data-
mining approaches has already identified seven major strain
groups (Beijing, LAM, EAI, Haarlem, CAS, X, and T) and
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several minor groupings (5, 6, 13, 14). Due to the worldwide
occurrence and dominance of the Beijing genotype of M. fu-
berculosis in certain geographic regions, considerable effort
was made to characterize and describe markers for this family
of strains (2, 7). With the exception of spoligotypes (5, 6, 13,
14), limited information is available to describe comparable
specific characteristics and markers for the other previously
reported prominent strain groupings.

We have reported characteristics of three evolutionary lin-
eages of M. tuberculosis, which dominate the TB epidemic in
our study setting in the Western Cape of South Africa (19, 21).
One of these families, designated F11, represents the largest
proportion (21.4%) of all isolates from TB patients (n = 208
individual patients; July 1992 to December 1998) in this study
community. The IS6110 restriction fragment length polymor-
phism (RFLP) banding pattern of F11 isolates varies from 11
to 19 (average, 14) bands, and the family consists of 29 clusters
and 52 related unique strains, with an overall clustering of
68%. Representative RFLP banding patterns were given pre-
viously (18). All F11 isolates lack spoligotype spacers 9 to 11,
21 to 24, and 33 to 36, which appears to be a unique marker for
this strain family (19, 21). F11 isolates have been classified into
pathogenic group 2, according to single-nucleotide sequence
polymorphisms (SNPs) of the katG463 and gyr495 genes (20).
SNP analysis of the 16S rRNA gene showed that all isolates in
F11 have a unique C-T polymorphism in 775491, which is absent
in all the members of the other local strain families and unique
strains (18). This SNP is therefore useful to uniquely identify
members of F11 and may also be useful to further subclassify
group 2 isolates.

The aim of this study was to assess whether F11 has a global
distribution and, if so, how widespread it is. We show the value
of comparative analysis of genotypic information in databases
in Cape Town and in The Netherlands. The results also show
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TABLE 1. Countries in which the Western Cape genotype F11 was found in the RFLP international database

No. of IS6110

- No. (%) of
Continent (countries)” DNA ﬁ ngerprints isolates(ma?tching
available for .
. with F11
comparison
Asia (China [300], India [154], Indonesia [93], Iran [98], Israel [14], Malaysia [2], Mongolia [23], Philippines [46], 1,232 0(0.0)
South Korea [14], Thailand [64], United Arab Emirates [8], Vietnam [424]),
Europe (Austria [161, 1], Czech Republic [198, 1], Germany [348, 2], Denmark [729, 13], Italy [760, 17], 12,404 291 (2.3)
The Netherlands” [9998, 245], Russia [5], Spain [78, 10], Switzerland [17], United Kingdom [110, 2])
North Africa (Tunisia [228, 8], Ethiopia [184], Morocco [8]) 420 8(1.9)
Central Africa (Tanzania [131, 1], Burundi [1], Comoros [3], Guinea [5], Rwanda [58]) 198 1(0.5)
Southern Africa (Zambia [188, 8], South Africa® [1,203, 229]) 1,391 237 (17.0)
North America (United States [8, 1], Canada [40, 2], Honduras [11, 2], Cuba [185, 14]) 244 19 (7.8)
South America (Chile [3, 2], Argentina [45, 3], Venuzuela [19, 3], Brazil [80, 4], Bolivia [55, 5], Colombia [1], 207 17 (8.2)
Equador [3], Peru [1])
Total 16,096 573

“ The number of 1S6110 RFLP patterns available in the international database and the number of isolates with an F11 RFLP pattern found is indicated in brackets.

b Patterns in the Dutch database.
¢ Patterns in the South Africa and international database.

how PCR-based techniques such as spoligotyping and analy-
sis of a polymorphism at 491 can be used to rapidly and
uniquely identify members of the F11 family.

MATERIALS AND METHODS

IS6110 RFLP comparison with the Dutch and international databases. An
1S6110 RFLP database for clinical isolates of M. tuberculosis (n = 1,772; July
1992 to December 1998), originating from high-incidence communities in the
Western Cape of South Africa, was available for this study (1). From this
database, 197 F11 1S6110 RFLP patterns were extracted. Using the BioNumerics
3.0 software (Applied Maths, Ghent, Belgium), these F11 patterns were com-
pared to a matching list of the National Institute of Public Health and the
Environment (RIVM) RFLP database containing a total of 9,998 IS671710 DNA
fingerprints of isolates from patients in The Netherlands obtained in the period
1993 through 2001. The matching list (n = 7,011) contained at least one repre-
sentative fingerprint of each cluster plus all unique DNA fingerprints in the
database. Next, these patterns were matched with the RIVM international da-
tabase, which contains 5,035 1S6110 DNA fingerprints from 43 different coun-
tries. The distribution of the number of isolates by country is reflected in Table
1. The similarity index of the IS6/710 DNA fingerprints from different countries
was calculated on the basis of the unweighted pair group method using arith-
metic averages with the Dice coefficient and 1% position tolerance to identify
groups of strains (clades). Strains that showed a high degree of similarity (>65%)
with the IS6110 DNA fingerprints of the F11 genotype of the Western Cape were
analyzed further to determine their origin.

Polymorphism analysis. Small aliquots of DNAs from isolates identified from
the databases described above were used for 175491 polymorphism analysis, using
a dot blot hybridization strategy (18). To ensure accurate genotypic classification,
amplified products of the reference strain H37Rv as well as 10 clinical isolates
with known rrs491 sequences (two polymorphic variants) were included on each
blot as negative and positive controls (15, 18). Automated sequence analysis with
an ABI Prism (model 3100; Applied Biosystems) analyzer was done to confirm
either a C or T at position 491 of the rrs gene in a subset of the isolates.

Spoligotyping and comparisons. Spoligotyping was done according to the
internationally standardized protocol (8, 11). In order to determine whether the
spoligotypes identified in this study were found in other geographic regions, they
were visually compared with the spoligotypes deposited in the worldwide spoli-
gotype database (5, 6, 13, 14).

RESULTS

IS6110 RFLP patterns of isolates of the F11 genotype col-
lected in South Africa (n = 197) were compared to the RFLP
patterns from isolates collected from patients in The Nether-
lands. These F11 patterns matched with 245 isolates (2.5%) of
the Dutch database (called clade F11). Twenty-two (9%) of the

245 isolates from The Netherlands in clade F11 matched with
IS6110 RFLP patterns identical to those in the F11 genotype
from South Africa, and 73 (33.8%) of the 245 Netherlands
isolates shared a banding pattern with a similarity index of
between 70 and 99%. Seventeen out of 22 RFLP patterns that
showed a similarity index of 100% belong to one cluster in The
Netherlands. Two isolates (chronologically at the onset of this
cluster in 1993) originate from patients in The Netherlands
who had migrated from South Africa. One of these patients is
the index case for 11 other patients of this cluster.

Subsequent SNP analysis to identify the rrs491 polymor-
phism showed that all isolates from clade F11 in the RIVM
database have the rrs491 polymorphism. Screening of repre-
sentative isolates (n = 18) from five other predominant clades
in the RIVM RFLP database did not identify additional iso-
lates with this polymorphism. Spoligotyping showed that the
Dutch isolates in clade F11 also have the characteristic spacers
9 to 11, 21 to 24, and 33 to 36 deleted, as described previously
for members of the F11 genotype in South Africa (21). To-
gether, these results confirm previous findings that the rrs491
polymorphism is a unique marker for members of F11 (18) and
also strongly suggest that F11 and clade F11 isolates, which
were isolated from two different continents, are indeed from
the same lineage.

Comparison of the F11 RFLP patterns with the RIVM-
based international database of 5,035 M. tuberculosis isolates
identified 120 isolates (2.4%) showing a match with a similarity
value of at least 65%. It should be noted that this collection is
probably biased due to the nature of the input of samples into
the database. Nevertheless, the distribution and number of
isolates found per continent and country are shown in Table 1.
In southern Africa, South America, and North America, 17.0,
8.2, and 7.8% of the isolates, respectively, showed a similarity
value of at least 65% to the IS6110 RFLP patterns of the F11
genotype, whereas in Europe, North Africa, and Central Af-
rica, fewer than 2.5% 1S6110 RFLP patterns of the F11 geno-
type were found. Not one RFLP pattern of the F11 genotype
was found among the 1,232 isolates originating from Asia.
Eight (7%) of the 120 isolates match with 1S6/7/0 RFLP band-
ing patterns identical to those of the F11 isolates from South
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TABLE 2. Key molecular characteristics that define F11 isolates

Characteristic Reference
Principal genetic group 2 (katG463 CGG;

VTA9S ACC) et 20
Polymorphism at 775491 (C-T) .eveuveveeeeirineerrenecreererecneene 16; this study
1S6110 banding pattern, from 11 to 19 inserts

(AVETAZE, 14) uiiceciriicieireciciniecieeeie et 16; this study
Spoligotype 33 (spacers 9 to 11, 21 to 24, and

33 t0 36 deleted) e 21; this study

Africa (these isolates originated from South Africa [n = 6]),
Zambia, and Denmark), whereas 31 isolates (26%) shared a
banding pattern with a similarity index between 70 and 99%.
Collectively these 120 isolates originate from 43 different coun-
tries. DNA was available from isolates originating from Argen-
tina (n = 3), Chile (n = 2), Canada (n = 1), and Zambia (n =
3), and SNP analysis positively identified the 5491 polymor-
phism in all of these isolates. Subsequent spoligotyping on all
isolates for which DNA was available showed that spacers 9 to
11, 21 to 24, and 33 to 36 were also deleted, as described
preciously for F11 isolates in South Africa. A summary of the
key molecular characteristics of F11 is given in Table 2.

Based on the highly conserved spoligotype banding motif
associated with the F11 evolutionary lineage, the international
spoligotype database was searched for spoligotypes to deter-
mine the global distribution of F11. Spoligotype patterns (n =
13,008) of clinical isolates from more than 90 countries, pri-
marily from Europe (73%) and the United States (39%), have
been compiled in updated databases (5, 6, 13, 14). This collec-
tion may also be biased, similarly to the international RFLP
database in The Netherlands. However, 108 isolates, called
type 33, from The Netherlands, Chile, Honduras, Cuba,
France, Italy, Austria, the United Kingdom, Spain, Brazil, Ar-
gentina, French Guiana, Sweden, Venezuela, and the United
States that fully match the classic spoligotype pattern of F11
isolates (spacers 9 to 11, 21 to 24, and 33 to 36 deleted) were
found in the spoligotype database, as were another 33 isolates
from these countries that also belong to F11 (one extra spacer
deleted in addition to spacers 9 to 11, 21 to 24, and 33 to 36).
Again, no isolates from Asia with an F11 conserved spoligo-
type banding motif were identified in the international spoli-
gotype database. It is interesting that spoligotype 33, which
matches the spoligotype of the F11 genotype, was found to be
one of the most ubiquitously distributed strain types among all
isolates in the international spoligotype database. Figure 1
illustrates the global distribution of the Western Cape F11
genotype family.

DISCUSSION

Most outbreak- and population-based investigations of TB
in the past have identified the clonal spread of an M. tubercu-
losis strain that has spread from person to person. Over time,
evolution gives rise to strain variants that are detected on the
basis of genetic changes. The identification of genetic markers
common to members of a family, i.e., a clade of isolates, pro-
vides a second framework to classify these strains more broadly
into a genotype family structure (2). The Beijing genotype of
strains is the most well studied family and has led to the
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description of key molecular characteristics that defines this
family of strains (2). The present study describes key molecular
characteristics of the F11 genotype, which is the most success-
ful strain of M. tuberculosis identified in the Western Cape
communities in South Africa (19, 21). A data-mining approach
coupled with additional molecular analysis collectively showed
that members of F11 can easily be identified by PCR-based
techniques such as the use of dot blot screening for the rrs491
polymorphism and spoligotyping to identify unique spacer de-
letions in members of this genotype. The results also showed
that isolates of F11 not only are major contributors to the TB
epidemic in South Africa but also are present in different
continents and several other countries in the world. The pre-
cise contribution of this genotype in each country was difficult
to assess in this study due to the nonrepresentative nature of
isolates from different countries included in the databases.
Interestingly, the F11 genotype was absent in Russia and coun-
tries in Asia in the international IS67/70 RFLP database as well
as in the spoligotype database. However, extended molecular
epidemiology studies may identify F11 isolates in these regions
in the future.

The factors that contribute to the success of any given M.
tuberculosis genotype have not been unraveled yet. It must be
cautioned that simple abundance is not necessarily an indicator
of virulence (4). Conversely, molecular epidemiological data
suggest that the Beijing genotype has a selective advantage
over other clinical isolates to cause disease (2). This success
could stem from increased transmissibility, stability, or an al-
tered metabolism of as-yet-undefined virulence factors. There
are several hypotheses to explain the large expansion of the
Beijing genotype in Asia (2). These hypotheses can briefly be
summarized as follows: (i) these strains spread as a result of
their resistance to Mycobacterium bovis BCG-induced immu-
nity, (ii) expansion of the Beijing genotype in the Asian con-
tinent resulted from the introduction of a new pathogen into a
naive population, and (iii) the predominance of the Beijing
genotype strains results from their reduced susceptibility to
anti-TB drugs. However, less is known about the F11 genotype,
which plays a major role in the TB epidemic in the Western
Cape communities of South Africa. RFLP 1S6710 banding
patterns matching F11 have also been isolated in numerous
other areas in South Africa (unpublished data). This suggests
that F11 genotype strains (21.4% of the total number of iso-

FIG. 1. Worldwide distribution of the Western Cape F11 genotype
family. Results are from the international RFLP database in The
Netherlands (see countries in Table 1) and the spoligotype database in
Gaudeloupe (The Netherlands, Chile, Honduras, Cuba, France, Italy,
Austria, United Kingdom, Spain, Brazil, Argentina, French Guiana,
Sweden, Venezuela, and United States).
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lates in our study community in the Western Cape of South
Africa) are at least as successful as Beijing genotype strains
(16.5%) in their ability to cause TB. It is unlikely that the
predominance of F11 isolates results from reduced suscepti-
bility to anti-TB drugs, since only 6% of the 197 patients from
South Africa had F11 drug-resistant isolates. The markers de-
scribed in this study can now be used to further investigate the
prevalence and to study the relative importance of the F11
genotype in other settings.

Dominant strain groups other than the F11 and Beijing
genotypes have been cited in the literature. Among these are
major groups called LAM, EAI Haarlem, CAS, X, and T (5, 6,
13). This is based on analysis of 13,008 spoligotype patterns
from more than 90 countries. However, very few data are
available to describe additional characteristics of isolates in
these groupings. Spoligotype 33 in the SpolDB3 database is
similar to the spoligotypes of F11 isolates described in this
study. It is therefore likely that F11 (Western Cape, South
Africa) is part of the LAM group, which includes isolates
mostly from Latin American and the Mediterranean regions. It
is likely that M. tuberculosis isolates will be categorized on the
basis of synonymous SNPs in the future (10).

It is important that we add to the body of knowledge con-
cerning the population structure of M. tuberculosis. This will
allow us to monitor trends in the dynamics of this disease
before, during, and after vaccination trials and to identify suc-
cessful (fit) virulent strains, which in turn may lead to new
treatment modalities.
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