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Abstract

Background: Factors associated with Mycobacterium tuberculosis (Mtb) strain success

over time in high burdened communities are unknown.

Methods: Mtb isolates collected over 10 years from sputum-positive tuberculosis (TB)

patients resident in the study site underwent IS6110-based restriction fragment length

polymorphism analysis. Clinical, demographic and social data were extracted from clinic

records and interviewer-administered questionnaires. Strains were defined as persis-

tently successful, transiently successful or unsuccessful based on the average number of

cases per year and their continued presence over time.

Results: Genotyping data were available on 789 TB cases. Of the 311 distinct Mtb strains

(�6 bands) identified, 247 were categorized as unsuccessful strains, 12 transiently suc-

cessful and 10 persistently successful strains. Strain success was not associated with

age, gender, antiretroviral use or social factors. Persistently successful strains were less

likely to be drug-resistant compared with transiently successful strains [odds ratio (OR):

0.13; 95% confidence interval (CI): 0.04� 0.5]. Persistently successful strains were posi-

tively associated with host HIV-infection compared with unsuccessful strains, but this

finding was not robust in sensitivity analyses.
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Conclusions: Pathogen characteristics appear to play a greater role in Mtb strain success

compared with social or host factors. This study supports the need for further investiga-

tions into the role of pathogen characteristics in strain success.
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Introduction

Tuberculosis (TB) remains a significant cause of morbidity

and mortality in sub-Saharan Africa, and current control

strategies are failing to contain TB epidemics in countries

with high HIV prevalence1. In order to inform effective ad-

junctive control strategies, good longitudinal data are

required to provide insights into time trends of TB epi-

demics2 and to understand the factors driving endemic TB.

Molecular epidemiological tools have expanded our ability

to explore TB epidemics. In endemic settings, community-

based studies have reported high diversity of strains3,4 and

identified clinical characteristics associated with

Mycobacterium tuberculosis (Mtb) strain clustering5,6 and

cluster size.7 However, there are few data describing the

host, environmental and bacterial factors affecting strain

competition and survival.8 Such data may inform the

development of adjunctive control strategies. We therefore

analysed Mtb strain diversity over a 10 year period in a

South African community with high TB and HIV preva-

lence, and assessed the host, social and pathogen character-

istics associated with success of Mtb strains.

Methods

Study community

The study community has been described previously.9,10

Briefly, it is a geographically well-defined South African

peri-urban township with a population of approxi-

mately 18 000 people and an HIV prevalence of

23–25%.9,11 TB care, provided by a single primary care

clinic, follows the South African National TB Control

Program guidelines12 which utilize passive case detection

for HIV-positive and HIV-negative cases with World

Health Organization-recommended directly observed

treatment short courses. Despite an apparently well-func-

tioning TB programme13 and high coverage antiretroviral

treatment (ART) provision, TB notification rates remain

extraordinarily high at �2000/100 000.10

Patient population

Demographic and clinical data, including HIV and ART

status, were extracted from the clinic TB register and pa-

tient folders of all resident TB patients in the community,

notified from 2001 to 2010. Social data including housing

and household crowding were obtained by interviewer-

administered questionnaire completed by TB patients. The

study was approved by the Human Research Ethics

Committee of the University of Cape Town and the

Institutional Review Board of the University of Medicine

and Dentistry of New Jersey (UMDNJ). Patients provided

written informed consent.

Laboratory procedures

Sputum specimens were obtained from TB suspects from

2001 through 2010 in accordance with the national TB

programme diagnostic protocol.12 All sputum specimens

were assessed for the presence of acid-fast bacilli (AFB) by

fluorescent (auramine) microscopy after concentration by

centrifugation. From 2001 to end 2005, AFB-positive spu-

tum samples were cultured on Lowenstein-Jensen (LJ) me-

dium, as were smear-negative specimens from patients in

whom culture was clinically indicated (e.g. re-treatment

patients), and isoniazid and rifampicin susceptibility test-

ing was performed on isolates from re-treatment patients

or patients remaining AFB-positive after 2 months of

Key Messages

• Wide diversity of Mtb strain was observed in this high burdened HIV and TB community during a 10-year period.

• Strain success was not associated with social factors.

• Transiently successful Mtb strains were associated with drug resistance.

• Persistently successful Mtb strains were weakly associated with HIV infection.

• Pathogen characteristics appear to play a greater role in Mtb strain success compared with social or host factors.

1115 International Journal of Epidemiology, 2014, Vol. 43, No. 4



treatment.12 From 2006 to end 2010, culture and isoniazid

and rifampicin susceptibility testing was performed on all

specimens, and second-line susceptibility testing was per-

formed on all multi-drug resistant TB (MDR-TB, resistant

to at least isoniazid and rifampicin) isolates. Drug suscepti-

bility testing was performed using the MGIT culture

system (Becton Dickinson, Sparks, MD). All isolates were

inoculated in duplicate into 7H9 liquid medium supple-

mented with oleic acid, albumin, dextrose and catalase

(OADC) and 15% glycerol at the research laboratory at

the Institute of Infectious Disease and Molecular Medicine

at the University of Cape Town, and stored at �70�C.

Genotyping analysis

Frozen culture stocks were shipped to the Public Health

Research Institute Tuberculosis Center at UMDNJ. Stocks

were sub-cultured on LJ medium and DNA extracted from

each isolate. IS6110-based restriction fragment length

polymorphism (RFLP) analysis was performed on each iso-

late as described elsewhere.14 RFLP patterns were analysed

using BioImage pattern-matching software (BioImage,

MI). Mtb isolates with an identical DNA hybridization

banding pattern were considered to be the same strain and

assigned a strain code following the previously described

nomenclature system.15 In addition, Mtb strains were as-

signed to one of nine (I–VIII and II.A) discrete synonymous

single nucleotide polymorphism (sSNP)-based phylogenetic

lineages, as determined by RFLP patterns and previous

analysis of Mtb clinical isolates.16

Definitions

MDR-TB was defined as resistance to isoniazid and rifam-

picin, with or without resistance to other TB drugs. Any

drug-resistant TB (DR-TB) included any combination of

mono- or dual-drug resistance and/or MDR-TB.

A unique or singleton strain was an isolate with an

RFLP pattern that occurred in only one patient within the

study dataset. Strain clusters were defined as more than

one occurrence of a specific strain in different individuals

during the study period. Re-treatment TB resulting from

relapse of the same strain in the same individual was

excluded from cluster analyses. Strain family was a group

of strains that exhibited similar, but not identical, IS6110

hybridization profiles, suggesting relatedness by descent

(e.g. W-Beijing family).17

For clustered strains, cluster density was calculated as

cluster size (i.e. number of isolates of a specific strain)

divided by the duration of time that strain was present in

the community. Persistently successful strains were defined

as strains that had been present for at least 2 consecutive

years and were still present in 2010 (persistence), and had

�2 cases/year (cluster density). Transiently successful

strains were strains that did not necessarily persist to 2010

but occurred for at least 2 consecutive years with a cluster

density of �3 cases/year in the consecutive period.

Unsuccessful strains were clustered strains that did not fall

into these two groups, and singleton strains. Clustered

strains occurring for the first time in 2009/2010 as well as

singleton strains from 2010 were excluded from analysis,

as their longevity or possibility of clustering in the commu-

nity remains undetermined. A correction factor to adjust

for the increasing sputum sampling rates across the study

period was used to correct the strain cluster density (num-

ber of isolates of a strain in year k/sampling proportion

in year k). A corrected assessment of successful strains

was calculated using this factor. Sensitivity analyses were

performed, with persistent success defined at cluster den-

sities of �1 cases/year and of �3 cases/year, and transient

success defined as strains that occurred for at least 3

consecutive years with a cluster density of �2 cases/year

in that period. Sensitivity analyses were also performed

restricted to 2006–10: the period of more complete

sampling.

Data analysis

Data were analysed using STATA 10.0 (StataCorp,

College Station, TX). Bivariate analyses employed

Student’s t-, Wilcoxon rank sum and chi-square tests, as

appropriate. Multivariate logistic regression models

were developed to examine factors associated with per-

sistently successful, transiently successful and unsuccess-

ful strains. All statistical tests were two-sided at

alpha¼ 0.05.

Results

From 2001 to 2010, there were 2237 TB cases, of which

1836 were pulmonary TB cases. Of these, 1353 were smear

and/or culture-positive. Mtb cultures were obtained from

1011 (75%) sputum-positive cases and 789 (78% of col-

lected specimens) had RFLP patterns available. The spu-

tum sampling rate increased from 27% in 2001 to 92% in

2010 (Table 1).

Reasons for missing RFLP data are shown in Figure 1.

Patients with RFLP patterns did not differ from those with-

out RFLP patterns, with regard to age (P¼ 0.31), gender

(P¼ 0.59) or HIV status (P¼ 0.52). The proportion of pa-

tients on ART increased over successive calendar years, but

there was no independent association between ART use and

genotype data availability (P¼ 0.78). We were less likely to

obtain RFLP data for TB patients who died (P¼0.01), and
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more likely to obtain RFLP data for patients with MDR-TB

(P¼ 0.02). There were no differences in the proportion of

new and re-treatment cases (P¼ 0.53) or in other TB out-

comes between patients with and without RFLP data.

The 789 patients with RFLP results ranged in age from

1 to 77 years [median age: 33 years, interquartile range

(IQR): 27–40], 18 (2%) of the patients were children and

462 (59%) were male. A total of 25 (3%) patients had

MDR-TB and no cases of extensively drug-resistant TB

were identified. Treatment outcomes were as follows: 611

(78%) completed TB treatment, 66 (8%) were transferred

out of the community before treatment completion,

66 (8%) interrupted treatment, 31 (4%) died, 11 (1%)

failed treatment, 2 were still receiving MDR-TB treatment

and the MDR treatment outcome status for a further 2 pa-

tients was unknown at the end of the study.

Of 721 (91%) patients tested for HIV, 64% (462/721)

were HIV-positive and 105 (23%) were receiving ART at

TB diagnosis.

Whereas RFLP data were available for 789 TB cases, in

total 798 RFLP patterns were available, as 10 patients had

a dual infection; for one patient the second strain was not

fully genotyped (variant of W-Beijing). Of the 798 isolates,

235 (30%) were singleton strains, 545 (68%) were clus-

tered and 18 (2%) were reactivation of a previous strain in

re-treatment patients.

M. tuberculosis strain diversity

Figure 2 depicts the 798 isolates present from 2001 to 2010

in the nine sSNP-discrete phylogenetic lineages. Strains from

all nine sSNP clusters were identified in the community,

indicating high diversity. sSNP clusters II and VI were the

largest clusters with 230 and 360 isolates, respectively. Mtb

lineages 1 to 4, based on an alternative classification system,

were all represented.19 Based on IS6110 RFLP analysis, the

798 isolates were divided into 59 strain families and 330

strains. The dominant strain families are W-Beijing (29%),

CC-related (27%), AH (8%) and BM (5%). RFLP analysis

poorly differentiates strains with more than six bands, such

as the AH Mtb strain. Therefore 19 strains with more than

six bands were excluded from further analysis (80 isolates).

Strain success

Among the 311 strains analysed, there were 87 strain clus-

ters in this community, ranging in size from 2 to 85 isolates

in a cluster (median cluster size: 3; IQR: 2–5). Of the 87

clustered strains, 13 appeared in the community for the first

time in 2009/2010. Of the 74 eligible clusters (Figure 3a),

26 (35%) clustered strains were still present in 2010. The

median cluster density of the 74 clusters was 1.2 cases/year

(IQR: 0.7–2.2) (Figure 3c), and the median of the corrected

cluster density was 1.4 cases/year (IQR: 0.9–2.6).

Of these 74 clustered strains, there were 10 persistently

successful strains when the corrected cluster density was

taken into consideration (Figure 3c). There were 12 transi-

ently successful strains; unsuccessful strains comprised 193

singletons and 52 clustered strains (Figure 4). Four of the

persistently successful strains belonged to the W-Beijing

family of strains, and four belonged to the CC-related

family.

Persistently successful vs unsuccessful strains

In bivariate analysis, persistently successful strains were

positively associated with HIV-infection compared with

unsuccessful strains [OR: 1.5; 95% confidence interval

(CI): 1.0–2.2). Success was not associated with sputum

smear-positivity (P¼ 0.83) nor with grades of smear

Table 1. Number of cases, sampling and RFLP completed

rates by year over the study period

Year Notified

TB cases

Pulmonary

TB cases

Smear and/or

cult.-positive

TB cases

Sputum

specimen

collected

RFLP

genotyping

completed

2001 131 86 67 20 (30%) 18 (27%)

2002 142 93 81 44 (54%) 32 (40%)

2003 169 125 97 63 (65%) 41 (42%)

2004 195 139 114 63 (55%) 34 (30%)

2005 275 237 189 97 (51%) 34 (18%)

2006 251 203 162 128 (79%) 109 (67%)

2007 256 215 162 148 (91%) 116 (72%)

2008 258 210 163 151 (93%) 137 (84%)

2009 301 283 179 164 (92%) 146 (82%)

2010 259 245 139 133 (96%) 122 (92%)

TOTAL 2237 1836 1353 1011 (75%) 789 (58%) Figure 1. Consort diagram of TB cohort in the study community from

2001 to 2010

1117 International Journal of Epidemiology, 2014, Vol. 43, No. 4



positivity (P¼ 0.32). Persistently successful strains were

positively associated with treatment completion (P¼ 0.05)

and negatively associated with both mortality (P¼ 0.03)

and any drug resistance compared with unsuccessful

strains (P¼ 0.02) (Table 2).

In multivariate logistic regression models adjusted for

age and gender, patients with persistently successful strains

had a higher odds of HIV-infection (odds ratio [OR]: 1.6;

95% CI: 1.1–2.3), but no association with treatment com-

pletion (P¼ 0.29), mortality (P¼ 0.10) or drug resistant TB

(P¼ 0.10). The association between HIV status and success

persisted in multivariate models adjusting for study year.

Persistently successful vs transiently successful strains

In bivariate analysis, persistently successful strains were

positively associated with treatment completion (P¼ 0.003)

and negatively associated with mortality (P¼ 0.01), MDR-

TB (P¼ 0.001) and any drug resistance (P< 0.001) com-

pared with transiently successful strains (Table 2).

In multivariate logistic regression models adjusted for

age and gender, persistently successful strains remained

less likely to be drug resistant (OR: 0.13; 95% CI: 0.04-

0.5) or multi-drug resistant (OR: 0.1; 95% CI: 0.01-0.7)

compared with transiently successful strains, but there was

no association with treatment completion (P¼0.10), mor-

tality (P¼0.95) or HIV status (P¼ 0.09).

Persistently and transiently successful strains were

grouped together to form an overall group of ‘strain suc-

cess’ and this was compared with unsuccessful strains. No

associations were noted.

Strain success was not associated with any of the social

factors assessed (Table 2).

Sensitivity analyses

The association between persistently successful strains and

HIV infection remained when persistently successful

strains were re-defined as those with persistence and a

Figure 2. Phylogenetic tree of strains identified in the community from 2001 to 2010. Successful strains are emboldened
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cluster density of �1 cases/year, but did not remain at a

definition of cluster density of �3 cases/year (P¼ 0.16).

The association between transiently successful strains and

drug resistance remained at both revised definitions of per-

sistently successful strains. The association with drug

resistance also remained if transiently successful strains

were re-defined as strains occurring in 3 consecutive years

and at a cluster density of �2 cases/year.

In sensitivity analyses restricted to a study period of

2006 to 2010, the association between transiently success-

ful strains and drug resistance remained (P¼ 0.002 for any

drug resistance and P¼ 0.04 for MDR-TB), but the associ-

ation between persistently successful strains and HIV infec-

tion did not (P¼ 0.24).

Discussion

This study extends traditional cluster analysis by incorpo-

rating the concepts of cluster density and persistence over

time in an assessment of Mtb strain success in a high-preva-

lence community. We described high Mtb strain diversity

with 330 strains identified, and all nine sSNP-defined

phylogenetic lineages represented in this cohort. This find-

ing is consistent with reports from other Southern African

Figure 3. (a) Time (in years) in the community of clustered strains. Only strains present in the community for �2 years are illustrated. (b) Number of

strains in each cluster. (c) Mean number of cases per year by cluster

Figure 4. The success of strains in the study community
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settings.3,4 The study period enabled the evaluation of

Mtb clustering and strain success over 10 years.3 Of the

267 Mtb strains analysed, only 4% were persistently suc-

cessful. Strain success was negatively associated with drug-

resistant TB.

The substantial diversity reported in this study and in

other South African settings3,4 may indicate high levels of

competition for success between strains in high TB-preva-

lent areas. This is supported by the low percentage of suc-

cessful strains, despite high transmission rates.20

Household crowding, transport and employment were

not identified as predictors of success. However, it should

be noted that our assessment utilized crude or surrogate

measures for possible social influences, and more in-depth

studies of these factors are required. Host factors of age

and gender were not associated with strain success.

However, there was a trend towards patients with success-

ful strains having increased odds of HIV infection. This

finding may suggest a link between the success of individ-

ual strains and the immunological characteristics of the

host, but this association was not robust in sensitivity

analyses.

In addition to social and host factors, success may be

driven by the third component of the traditional epidemio-

logical triad: pathogen characteristics.21 Molecular epi-

demiological studies have shown that some strains may

spread and cause disease more efficiently than others,22,23

and large clusters may be indicative of high transmissibility

or high pathogenicity. This study was unable to demon-

strate increased transmission of successful strains as we did

not investigate the number of individuals infected per case,

and there was no association between sputum positivity

and strain success. However, our findings suggest that

strain success may be associated with increased bacterial

pathogenicity. Laboratory-based studies have reported

increased potential for intracellular growth in W-Beijing

strains that may be associated with increased pathogen-

icity22,23 and a clinical cohort study reported increased

pathogenicity linked to W-Beijing strains.24 In this study, a

range of strain families were persistently successful, indi-

cating that particular strain families may not be predictive

of success.

Successful strains were negatively associated with drug-

resistant TB. The role of DR-TB in success of Mtb strains

Table 2. Characteristics of persistently successful strains compared with those of transiently successful and unsuccessful strains

Persistently

successful

Transiently

successful

Unsuccessful OR

(95% CI)a
OR

(95% CI)b

n¼218 n¼69 n¼353

n (%) n (%) n (%)

Patient characteristics

Age, years, median (IQR) 32 (26–39) 34 (29–41) 33 (26–39) 0.97 (0.95–1.00) 0.9 (0.9–1.0)

Gender (female) 95 (44%) 26 (38%) 147 (41%) 1.3 (0.7–2.2) 1.1 (0.8–1.5)

HIV-positive 137 (69%) 36 (60%) 190 (60%) 1.5 (0.8–2.7) 1.5 (1.0–2.2)*

Receiving ART 36 (26%) 9 (25%) 42 (22%) 1.1 (0.5–2.5) 1.3 (0.8–2.1)

Median CD4c (IQR) 129 (33–245) 143 (58–327) 132 (68–243) 0.99 (0.99–1.00) 0.99 (0.9–1.0)

TB characteristics

Re-treatment TB 69 (32%) 23 (33%) 90 (26%) 0.8 (0.5–1.6) 1.4 (0.9–2.0)

Smear-positive TB 180 (83%) 56 (81%) 294 (83%) 1.1 (0.5–2.2) 0.9 (0.6–1.5)

Treatment completion 180 (83%) 45 (65%) 266 (76%) 2.5 (1.4–4.6)* 1.5 (1.0–2.3)*

Mortality 2 (0.9%) 5 (7.3%) 16 (4.6%) 0.1 (0.02–0.6)* 0.2 (0.04–0.9)*

MDR 1 (0.5%) 9 (13%) 11 (3%) 0.03 (0.004–0.2)* 0.1 (0.02–1.1)

Any drug-resistant pattern 4 (1.8%) 13 (19%) 22 (6%) 0.08 (0.03–0.3)* 0.3 (0.1–0.8)*

Social characteristicsd

n¼173 n¼47 n¼238

Employed 55 (32%) 17 (36%) 78 (33%) 1.2 (0.6 – 2.3) 1.0 (0.7–1.6)

Informal housing 149 (86%) 43 (91%) 217 (91%) 1.7 (0.6–5.2) 1.7 (0.9–3.1)

Number of rooms used for sleeping, median (IQR) 1 (1–2) 1 (1–2) 1 (1–2) 1.2 (0.8–2.0) 0.9 (0.7–1.2)

Number of adults in house, median (IQR) 1 (1–2) 1 (1–2) 1 (1–2) 1.0 (0.8–1.3) 0.9 (0.8–1.1)

Use minibus taxi for transport 165 (95%) 44 (94%) 222 (93%) 1.7 (0.2–2.8) 0.7 (0.3–1.6)

Number of times taxi in past month, median (IQR) 3 (2–12) 2 (2–4) 2 (1–8) 1.0 (0.9–1.1) 1.0 (0.9–1.0)

aUnadjusted comparison of transiently successful strains to persistently successful strains.
bUnadjusted comparison of unsuccessful strains to persistently successful strains.
cCD4 count measured within 690 days of TB diagnosis.
d458 (72%) patients completed the epidemiological questionnaire.

*P< 0.05.
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is complex. Whereas diagnostic and treatment delays may

increase DR-TB prevalence in communities, increased mor-

tality associated with MDR-TB may negatively affect

transmission and it is possible that drug resistance confers

fitness cost on strains.4,25 Another Cape Town community

has reported an association between drug susceptibility

and increasing representation of W-Beijing strains.

However, that study was from a low HIV-prevalence set-

ting, and did not report on association of W-Beijing success

with host and social factors.4

With the exception of strain W616, we found no evi-

dence of high rates of transmission of the DR-TB strains

suggestive of outbreaks. This community may therefore

provide an opportunity for better understanding of DR-TB

occurring in a hyper-endemic setting, and not associated

with a DR-TB outbreak or nosocomial transmission.

Recent literature indicates that a large proportion of DR-

TB is due to transmission, rather than acquired resistance

due to poor TB management,25,26 and other data from this

community support these findings.27

This study has several limitations. Genotyping data was

not obtained on all eligible patients in this community and

the incomplete sampling may have introduced selection

bias. However, all known characteristics and confounders

were assessed and most were found to be equally distrib-

uted across the two groups. We were less likely to obtain

genotyping data in patients who died, possibly due a lower

sputum retrieval rate from the local hospital where sicker

patients were diagnosed, less time to obtain a specimen

from patients before they died or the severity of disease re-

sulting in inability to produce sputum specimens. We were

more likely to obtain specimens from patients with MDR-

TB, and this may reflect multiple specimens collected for

drug susceptibility testing. RFLP analysis poorly differenti-

ates strains with more than six bands and may therefore

overestimate clustering. For this reason strains with more

than six bands were excluded from the analysis. Sampling

rates increased over the study period and this variation

would impact on cluster density calculations. Although an

incomplete adjustment for missing data, the cluster density

calculations were adjusted by a sampling correction factor.

In addition, a sensitivity analysis was performed, restricted

to the period of more complete sampling (2006 to 2010)

and no change was found in study inferences. The defin-

itions of strain success were generated according to descrip-

tive analysis of the data. However, sensitivity analyses were

performed and the negative association between strain suc-

cess and drug resistance persisted in these analyses.

In conclusion, in this community with a high Mtb strain

diversity, only 4% of strains were persistently successful.

Social characteristics did not appear to be associated with

strain success and, of the host factors assessed, only

HIV-infection may be associated with success. The role of

pathogen characteristics in strain success appears of great-

est import and was supported by the negative association

of success with DR-TB. This study supports the need for

further investigations into the role of pathogen characteris-

tics in strain success. Such studies may utilize whole-gen-

ome sequencing and in vitro and in vivo assays to evaluate

the role of strain evolution and pathogenicity in success.
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