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Among the different strains of Mycobacterium tuberculosis, Beijing has been identified as an emerging
genotype. Enhanced transmissibility provides a potential mechanism for genotype selection. This study eval-
uated whether the Beijing genotype is more readily transmitted than other prevalent genotypes to children in
contact with an adult tuberculosis (TB) index case in the child’s household. We conducted a prospective,
community-based study at two primary health care clinics in Cape Town, South Africa, from January 2003
through December 2004. Bacteriologically confirmed new adult pulmonary TB cases were genotyped by 1S6110
DNA fingerprinting; household contacts less than 5 years were traced and screened for M. tuberculosis infection
and/or disease. A total of 187 adult index cases were identified from 174 households with children aged less
than 5 years. Of 261 child contacts aged 0 to 5 years, 219 (83.9%) were completely evaluated and the isolate
from the index case was successfully genotyped. M. tuberculosis infection (induration of =10 mm by Mantoux
tuberculin skin test) was documented in 118/219 (53.9%) children; 34 (15.5%) had radiographic signs sugges-
tive of active TB. There was no significant difference in the ratio of infected children among those exposed to
the Beijing genotype (51/89; 57.3%) and those exposed to non-Beijing genotypes (55/115; 47.8%) (odds ratio,
1.5; 95% confidence interval, 0.8 to 2.7). Genotyping was successful for six children diagnosed with active TB;
the isolates from only two children had IS6110 fingerprints that were identical to the IS6110 fingerprint of the
isolate from the presumed index case. We found no significant association between the M. tuberculosis genotype
and transmissibility within the household. However, undocumented M. tuberculosis exposure may have been a

major confounding factor in this setting with a high burden of TB.

From an evolutionary perspective, the global tuberculosis
(TB) epidemic presents a dynamic picture. Mycobacterium tu-
berculosis generates significant genetic diversity through dele-
tion, duplication, and recombination events; but unlike most
other bacterial pathogens, gene exchange is rare (31, 33). The
absence of horizontal gene transfer results in strict clonality
with distinct genetic lineages that permit accurate phylogenetic
reconstruction. Selection of the most successful genotypes is
mediated by genotype-specific differences in host-pathogen in-
teractions (15, 18), some of which have been well characterized
in animal models (11, 24, 25). Pathogen-related factors that
may contribute to M. tuberculosis genotype selection include
variability in transmissibility (the ability to spread from person
to person), pathogenicity (the ability to cause clinical disease),
the level of protection afforded by Mycobacterium bovis Bacille
Calmette-Guérin (BCG) vaccination, and the acquisition of
drug resistance.

The Beijing genotype predominates in parts of East Asia
(17, 23, 38, 41), northern Eurasia (12, 31), and southern Africa
(8, 39). Beijing has been regarded as an emerging genotype on
the basis of its global distribution, its association with young
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age (4), and its proportional increase in prevalence over time
(8, 39). An increased ability to circumvent the protection af-
forded by BCG vaccination is suggested by the positive asso-
ciation (of the Beijing genotype) with the presence of a BCG
scar in human populations (4) and has been observed in mice
(24), although more recent findings challenge this observation
(20). Multiple mechanisms have been explored to explain the
potential link between the emergence of the Beijing genotype
and low-level BCG protection (1), which may provide the Bei-
jing genotype with a selective advantage in populations in
which universal BCG vaccination is practiced.

The association between the Beijing genotype and drug-
resistant TB is well documented in multiple settings (2, 9, 31,
32, 37). Although it has been demonstrated that the acquisition
of drug resistance is usually associated with a fitness cost, this
finding seems variable and strain dependent (14) and may be
insufficient to prevent transmission (16). Some Beijing geno-
types retain their fitness in vitro, despite the acquisition of drug
resistance (36), while compensatory evolution may account for
significantly higher levels of fitness in clinical strains than in
their progenitors (16). The geographic clustering of drug-
resistant cases with evidence of clonal expansion suggests the
successful transmission of drug-resistant Beijing genotypes
(37). This is supported by the frequency with which isolates of
the Beijing genotype are identified among children with drug-
resistant TB (30), which indicates successful transmission
within the community (34).
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FIG. 1. Summary of study design.

Variable transmissibility, irrespective of drug resistance, rep-
resents a relatively unexplored potential mechanism for the
emergence of an M. tuberculosis genotype. Conventional mo-
lecular tools are limited by an inability to distinguish factors
related to transmissibility from those related to pathogenicity,
since only patients with active disease can be evaluated. The
value of experimental animal models is equally limited, since
artificially induced infection does not allow simulation of the
natural airborne transmission of M. tuberculosis. The house-
hold provides an appropriate setting in which variables related
to recent M. tuberculosis transmission in the human host may
be studied and allows the evaluation of young children likely to
have been infected through contact with others at the house-
hold level.

The study described here aimed to determine whether the
Beijing genotype is more readily transmitted than other prev-
alent genotypes to children in household contact with an adult
TB index case.

MATERIALS AND METHODS

Study setting. We conducted a prospective, community-based study over a
2-year period (January 2003 through December 2004) at two primary health care
clinics in an urban community in Cape Town, South Africa. Ravensmead and
Uitsig are two well-characterized poor urban communities whose populations are
of predominantly mixed ethnicity. Residents live in formal and informal housing
structures, often with multiple structures and families resident on the same
property. High levels of M. tuberculosis transmission occur both inside and
outside the household (42). In 2004, the total TB incidence recorded in the study
setting and its immediate surroundings was 845/100,000 population/year among
adults and 407/100,000 population/year among children (26). In 2004, the prev-

alence of human immunodeficiency virus (HIV) infection among TB patients in
the study setting was less than 10% (Cape Town City Health Department). BCG
(Danish strain 1331; Statens Serum Institute; Denmark) is routinely given to all
children at birth; in 2005, the vaccination coverage rate reported for the Western
Cape Province was 99% (7).

Study population. Clinic-based TB treatment registers were used to identify
consecutive new adult patients (age, >15 years) diagnosed with pulmonary TB
(by sputum smear and/or positivity by culture). Household contacts were defined
as children living at the same residential address at the time of diagnosis. A social
worker recorded the names and ages of all children identified as household
contacts during a home visit. According to South African National TB Control
Programme guidelines (5, 10a), all children less than 5 years old were invited for
evaluation at the local primary health care clinic. Figure 1 provides a schematic
overview of the study.

Genotype determination. Adult patients provided a sputum specimen before
the initiation of TB treatment. Specimens were cultured in MGIT or Bactec
tubes by using standard automated detection systems (Becton Dickinson, Sparks,
MD). Positive cultures were subcultured on Lowenstein-Jensen slants for geno-
typing by the standardized restriction fragment length polymorphism methodol-
ogy based on the IS6710 transposable element (40). Standard protocols were in
place to prevent cross contamination (6). Isolates were assigned to specific
genotype families according to the specific IS6710 banding pattern (fingerprint).

The following internationally recognized genotype families were identified:
Beijing, LAM (Latin American and Mediterranean family), X (an European
clade of I1S6710 low banders), and Haarlem (13). Genotype families with a low
frequency (<10 cases) were categorized as “other.” If more than one new adult
TB case was identified in the same household within a 2-month period or if
multiple strains were isolated from a single index case (43), the genotype expo-
sure was categorized as “multiple”.

Manag t of h hold contacts. Children were evaluated within 1 month
of the diagnosis of TB in the index case. A tuberculin skin test (TST) was
performed on the volar aspect of the left forearm of all household contacts
younger than 5 years of age by the Mantoux method (intradermal injection of 2
tuberculin units of M. tuberculosis purified protein derivative RT 23; Statens
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FIG. 2. Summary of patient recruitment data. *, newly diagnosed
sputum-positive TB cases (age, >15 years) with children less than 5
years of age living at the same address; #, children with disease con-
stitute a subgroup of those infected; &, households were excluded if
either the isolates from the index cases were not successfully geno-
typed or the child contacts were incompletely evaluated.

Serum Institute). In accordance with South African National TB Control Pro-
gramme guidelines, an area of induration equal to or exceeding 10 mm (=5 mm
in HIV-infected children), determined by measuring the maximal transverse
diameter, was regarded as a positive result. Children were offered a rapid HIV
screening test (Determine rapid HIV test; Abbott), following the provision of
standard pre- and posttest counseling and written informed consent from the
parent and legal guardian, in the following instances: if the mother was known to
be infected with HIV, if the child had symptoms or signs suggestive of HIV
disease, or if the child was diagnosed with active TB.

Chest radiographs (anteroposterior and lateral views) were performed for all
children and were reviewed in a standardized fashion by a single independent
expert; a second independent expert confirmed the result for those with signs
suggestive of active TB. Children diagnosed with active TB received supervised
treatment consisting of isoniazid (INH), rifampin (rifampicin), and pyrazinamide
for 2 months, followed by INH and rifampin for 4 months; the drugs were
provided as water-dispersible fixed-dose combination tablets. Child contacts in
whom active TB was excluded received 6 months of preventive chemotherapy
with INH.

Data analysis. Statistical analysis was done with SPSS software (version 16;
SPSS Inc., Chicago, IL) and Epi-info (version 6.04) software. We compared the
proportion of children with a positive TST result following documented house-
hold exposure to an index case with pulmonary TB caused by the Beijing geno-
type versus the proportion of children with a positive TST result following
documented household exposure caused by the non-Beijing genotype using the
x? test. Children with a documented exposure to multiple genotypes were ex-
cluded from the analysis. We repeated the same analysis with different variations:
(i) an analysis restricted to child contacts less than 3 years of age, (ii) an analysis
that excluded sputum smear-negative cases, (iii) an analysis that excluded drug-
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resistant index cases, and (iv) an analysis with a positive TST induration cutoff
value of =15 mm instead of one of =10 mm.

The index cases and the parents or legal guardians of the children provided
written informed consent for their participation in the study. Approval was
obtained from the City of Cape Town Health Department, local community
health committees, and the Committee for Human Research, Stellenbosch Uni-
versity.

RESULTS

During the study period, 187 adult index cases with active
pulmonary TB who had children less than 5 years old living at
the same address were identified; these cases lived in 174
households. Of the adult index cases, 153 cases (81.8%) were
sputum smear positive, and genotype identification was suc-
cessful for 158 cases (84.5%). In total, 261 child (age, <5 years)
contacts were identified (mean, 1.5 children per household).
Two-thirds of the children (175/261 [67.0%]) were less than 3
years of age (i.e., 0 to 2 years of age); 60 were <1 year old, 54
were 1 year old, 61 were 2 years old, and 86 were 3 to 4 years
old. Complete data, including successful genotyping of the
adult index case together with the evaluation of all children 0
to 5 years of age in the household by TST and chest radiogra-
phy, were collected from 149/174 (85.6%) households and in-
cluded data for 157/187 (84.0%) adult index cases and 219/261
(83.9%) children. In 8/149 (5.4%) households, two adult index
cases were identified within the specified 2-month time win-
dow. Figure 2 summarizes the patient recruitment data.

A positive TST result was recorded for 118/219 (53.8%)
children. The mean induration size in those subjects with in-
durations greater than 0 mm was 17 mm (median, 18 mm); 5
readings fell in the range from 0 to 9 mm and were classified as
negative. The Beijing genotype was the most common geno-
type identified and was present in 64/157 (40.8%) adult index
cases. Seven Beijing genotype exposures were classified as mul-
tiple; five were due to the presence of multiple index cases
within the same household and two were due to mixed infec-
tions (more than one genotype was present in a single sputum
specimen), according to IS6110-based restriction fragment
length polymorphism analysis. Data for children exposed to
multiple genotypes and/or index cases were excluded from the
comparative analysis. Table 1 reflects the number of children

TABLE 1. Proportion of children <5 years of age with M. tuberculosis infection and/or disease following genotype-specific household
exposure to an adult pulmonary TB index case

Genotype from No. (%) of adult

No. of exposed children

OR" (95% CI)

index case index cases Total Uninfected Infected Diseased”

Beijing 57 (36.3) 89 38 51 15 1.5 (0.8-2.7)
LAM 27 (17.2) 35 16 19 7 1.0 (0.5-2.5)
Haarlem 10 (6.4) 11 5 6 1 1.0 (0.3-4.4)
Xe 23 (14.6) 36 18 18 5 0.9 (0.4-2.0)
Other? 22 (14.0) 33 21 12 3 0.5 (0.2-1.1)
Multiple® 18 (8.9) 15 3 12 3 3.7 (0.9-17.0)

Total 157 219 101 118 34

“The OR and 95% CI for the ratio of children infected versus children uninfected for each genotype family compared to the rest of the genotypes, excluding children

exposed to multiple genotypes.
b Diseased children constitute a subgroup of those infected.

¢ X, European clade of IS6770 low banders, also referred to as the low-copy-number clade.

4 Other, any genotype family with a frequency of less than 10 cases.

¢ Multiple, households with multiple index cases (n = 8) or in which more than one genotype was identified in a single index case (two cases had mixed infections).

/These 18 adult cases were from 10 households.
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diagnosed with M. tuberculosis infection (positive TST result)
and/or probable active TB in relation to the genotype isolated
from the documented adult index case.

There was no statistically significant association between the
proportion of children with a positive TST result and the ge-
notype of the isolate recovered from the index case. Beijing
was the only genotype to exhibit a tendency toward increased
transmissibility (odds ratio [OR], 1.5; 95% confidence interval
[CI], 0.8 to 2.7), with genotypes that occurred at a low fre-
quency tending to have reduced transmissibility (OR, 0.5; 95%
CI, 0.5 to 1.1). Although they were excluded from the geno-
type-specific comparisons, overall, we observed more infec-
tions among children exposed to multiple genotypes and mul-
tiple index cases: 12/15 (80.0%) versus 106/204 (52.0%) for
those exposed to a single genotype and index case (P < 0.05).

In total, 34/219 (15.5%) child contacts were diagnosed with
probable active TB; these represented 28.8% (34/118) of the
infected children. None of these children were infected with
HIV. The majority of children diagnosed with disease (28/34
[82.4%]) had uncomplicated hilar adenopathy, 2 had cervical
lymphadenitis, and 4 (11.8%) had radiographic signs of airway
compression and/or parenchymal infiltrates. No differences in
the numbers or types of diseases with which the children were
diagnosed were observed by genotype exposure (data not
shown). Specimens for culture were collected from 11/34
(32.3%) children, of whom 6 (54.5%) had culture-confirmed
TB. The genotype of the isolate from the child was identical to
the genotype of the isolate from the presumed index case in
only two of six (33.3%) instances; both of these children were
younger than 3 years of age. In an attempt to limit the potential
confounding influence of previous infection and/or undocu-
mented exposure outside of the household, we performed re-
peat analyses restricted to children less than 3 years of age; the
results were similar (data not shown).

To assess additional factors that may potentially affect trans-
mission, the relation between sputum smear grading and ge-
notype was examined (Table 2); no statistically significant dif-
ferences were observed. Table 2 also shows the number of
children infected and/or diagnosed with disease according to
the sputum smear status of the adult index case. Only 2/19
(10.5%) children exposed to a sputum smear-negative, culture-
positive index case were infected, whereas 116/200 (58%) chil-
dren exposed to a sputum smear-positive index case were in-
fected (OR, 0.09; 95% CI, 0.01 to 0.40). Multidrug-resistant
TB was recorded in four index cases: two were infected with
the Beijing genotype, one was infected with the Haarlem ge-
notype, and one was infected with the LAM genotype.

DISCUSSION

In this household contact study, children exposed to an index
case with TB caused by the Beijing genotype were not more
frequently infected (TST positive) than children exposed to
other prevalent genotypes. Although the sample size was lim-
ited, our findings support the conclusion reached by a recent
study in The Gambia that progression to active TB, but not
transmission, varies by M. tuberculosis genotype (10). The
Gambian study mainly enrolled adults (median age, 17 years)
and provided no preventive treatment to TB contacts. This
allowed them to document the number of secondary cases that
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TABLE 2. Index case sputum smear grading in relation to
genotype, as well as number of child contacts infected
and/or diseased, in relation to index case
sputum smear grading

No. of cases with the following sputum smear grading®:

Group
Sm— Sml+ Sm2+ Sm3+ Total

Genotype
Beijing 4 24 12 17 57
LAM 6 14 2 5 27
Haarlem 0 3 4 3 10
X° 5 10 2 6 23
Other® 0 8 4 10 22
Multiple? 0 6 4 8 18
Total 15 65 28 50 157

Child contacts

Uninfected 17 33 18 33 101
Infected 2 49 23 44 118
Discased” 0 16 6 12 34
Total 19 82 41 77 219

“ Smear grading reflects the highest grading recorded in any specimen col-
lected from a particular individual or household. Sm—, smear negative; Sm1+ to
Sm3+, smear-positive grades 1 to 3, respectively.

X, European clade of IS6110 low banders, as identified by spoligotyping.

¢ Other, any genotype family with a frequency of less than 10 cases.

4 Multiple, households with multiple index cases or in which more than one
genotype was identified in a single index case (mixed infection).

¢ Children with probable active TB represent a subgroup of those infected.

developed during a 2-year follow-up period. Our study was
restricted to household contacts less than 5 years of age, all of
whom received chemotherapy consisting of either chemopro-
phylaxis or treatment for active disease.

Due to the high infection pressure within the study commu-
nity, it was considered beneficial to restrict our focus to young
children in whom we postulated that infection is most likely to
represent recent household exposure. Limiting selection bias
in household contact studies involving children often presents
a huge challenge, since parents are more likely to present
symptomatic children for screening. A particular strength of
the current study is confirmation that the vast majority of child
contacts (children <5 years of age) were fully evaluated and
included in the analysis. Evidence for high infection pressure
within the study community is provided by a calculated annual
risk of infection of 4.1% in 2005 (21) and molecular evidence
indicating that the majority of cases of TB transmission occur
outside of the household (35, 42). The observation that only
two of six children with culture-confirmed disease were in-
fected with an isolate with an IS6770 fingerprint identical to
that of the isolate from the presumed index case provides
further evidence supporting the important contribution of un-
documented TB exposure within the study community.

A positive TST result fails to distinguish recent from past
infection, which may act as a confounding factor in this setting
with a high prevalence of TB. Since very young children are
less likely to have experienced past infection and because of
their limited social contact they are also less likely to become
infected outside of the household, we performed additional
analyses restricted to children less than 3 years of age. Obser-
vations from the prechemotherapy era demonstrated that a
diagnosis of active TB in very young children usually indicates
the presence of an adult index case at home (27, 28), which is
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supported by the fact that both children whose isolates had
IS6110 fingerprints that matched those of the isolates from the
presumed index case were less than 3 years of age. However,
the absence of a significant association between the genotype
from the index case and infection among household contacts
persisted, despite a focus on the very young, in whom a positive
TST result most likely reflects recent household transmission.

An additional potential confounder to be considered is the
suboptimal specificity of the TST, especially in the presence of
universal BCG vaccination. Novel gamma interferon release
assays utilize antigens produced by region of difference 1 that
do not cross-react with M. bovis BCG and should provide
improved test specificity (29). These assays were not available
at the time of this study, but we postulate that the positive TST
results obtained in our study likely reflect true M. tuberculosis
infection. Reactive TST values (all values greater than 0 mm of
induration) had a unimodal distribution around a mean of 17
mm, and only five children registered a response of 1 to 9 mm,
which indicates the limited influence of BCG vaccination
and/or exposure to nontuberculous mycobacteria. The results
also remained similar, despite the use of a positive TST cutoff
value of =15 mm instead of one of =10 mm. Genotype-specific
reductions in TST responses have been reported in the United
Kingdom with a single outbreak strain (3), but they have not
been associated with any of the prevalent strains identified in
this study.

Sputum smear grading provides a crude surrogate of the
organism load and possibly also the risk of transmission posed
by the index case. We noted a significant reduction in the
likelihood of infection following exposure to a sputum smear-
negative index case, but the exclusion of those with smear-
negative disease from the analysis did not alter the relation
between the genotype of the isolate from the index case and
the proportion of child contacts who were TST positive. Drug
resistance is often related to a poor treatment response and
prolonged transmission. In our study, two of four (50%) of the
index cases with drug-resistant TB were infected with the Bei-
jing genotype; but the number of cases was few, and exclusion
of the data for those cases from the analysis did not influence
the genotype-specific transmission ratios. Although the Beijing
genotype has been associated with drug resistance in multiple
cross-sectional studies (2, 9, 31, 32, 37), a recent prospective
study that documented the emergence of the Beijing genotype
within the study community failed to detect an association with
drug resistance (39).

Variation in the ability to culture different M. tuberculosis
genotypes (22) may theoretically introduce selection bias, but
since isolates from the vast majority of adults with sputum
smear-positive disease were successfully genotyped, this seems
unlikely. It has recently been demonstrated that the Beijing
genotype also predominates among children diagnosed with
TB at major referral hospitals within Western Cape Province,
reflecting successful transmission and emergence within a
wider geographic context (8, 30). It is not always appreciated
that the Beijing genotype exhibits a deep population structure;
a total of seven independently evolving sublineages have been
identified (19). The aggregation of strains into poorly differ-
entiated genotypes may obscure underlying differences; how-
ever, within the study setting, the emergence of all seven sub-
lineages has been documented (39).
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We conclude that transmissibility of M. tuberculosis does not
seem to be related to the genotype. However, sample size
considerations and the fact that the results from settings with
a high prevalence of TB are likely to be confounded by undoc-
umented TB exposure should be taken into consideration. It
would be highly informative to repeat similar studies in settings
with a low prevalence of TB.
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