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Wisdom means keeping a sense 
 of the fallibility of all our views and opinions 

 and of the uncertainty and instability 
 of the things we most count on 

     
    Gerald Brenan, 1894 - 1987
  



 

ABSTRACT 
Uganda is one of the countries with the highest burden of tuberculosis (TB) in Sub-Saharan 
Africa, ranked 16th among the 22 high-burden countries in the world. Poor peri-urban areas of 
developing countries with inadequate living conditions and a high prevalence of HIV infection 
have been implicated most in the increase of TB. Different species, strain families and lineages 
of the Mycobacterium tuberculosis complex (MTC) are now known to have differences in 
virulence, clinical presentation as well as transmission potential. This study determined the 
predominant species as well as strain lineages that cause TB in Rubaga division, Kampala; 
analyzed TB transmission in HIV-seropositive and HIV-seronegative TB patients and the 
prevalence of resistance to key anti-tuberculosis drugs. Furthermore, the study characterized 
cattle-derived isolates of M. bovis from slaughter-cattle at a peri-urban city abattoir so as to set 
up a database of M. bovis strains for comparison with infections in humans in future studies. 
   
To achieve this, 386 consecutive newly presenting sputum smear positive patients resident in 
and attending TB clinics in Rubaga division were enrolled. Infecting species for 344 cultures 
were determined by a solely PCR-based typing panel that determined presence or absence of 
regions of difference (RDs) in the MTC; strain types and families were determined by 
spoligotyping, and dynamics of TB spread in HIV co-infected vis-à-vis HIV-seronegative TB 
patients by standard IS6110-RFLP fingerprinting methodology. All but one of the 344 isolates 
in the study were M. tuberculosis, the other being M. bovis. Spoligotyping revealed 
predominance of the T2 family, which was in turn predominated by a previously described 
“Uganda genotype” group of strains. Further characterization of 139 Uganda genotype strains 
revealed an internal deletion in the RD724 locus, a polymorphism that defines one of the major 
sub-lineages of M. tuberculosis commonly seen in the central African human host population. 
Resistance to isoniazid was found in 8.1% of 344 strains, while all 15 (4.4%) strains resistant to 
rifampicin were also multi-drug resistant. IS6110-RFLP analysis of isolates from 80 HIV-
seropositive and 103 HIV-seronegative patients revealed no difference in the level of diversity 
of DNA fingerprints observed in the two sero-groups (P = 0.615), patients aged <40 years (P = 
0.100), and sex (P = 0.715). However, 54% (99/183) of the patients shared fingerprints 
(average cluster size of 2.9), suggesting a high transmission rate in this community. There was 
no association between any strain types in the sample with either drug resistance or HIV sero-
status of the patients. Eleven M. bovis and six non tuberculous mycobacteria were isolated from 
tissue samples of 87 carcasses. Worryingly, six carcasses showing obvious and multiple sites of 
infection were not condemned as unfit for human consumption, creating a potential for spread 
of M. bovis in the food chain and to humans through consumption of contaminated meat, a very 
important public health concern in a resource-poor high disease-burden setting. 
  
The study has shown that M. tuberculosis is the predominate species of the MTC in Kampala, 
and the spoligotype-specific and RD724-deleted “Uganda genotype” the predominant strain 
type. The TB epidemic in Kampala is localized, mainly caused by the closely knit T2 
spoligotype family of strains, and strain types common in neighboring countries were minimal. 
Additionally, strain types were neither associated with drug resistance, nor HIV sero-status. The 
study further showed evidence of a high rate of recent transmission of TB in Rubaga with a 
high average cluster size, but infection with an isolate with a fingerprint found to be part of a 
cluster was not associated with any demographic or clinical characteristic, including HIV sero-
status.
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1 INTRODUCTION 
Tuberculosis (TB) has long been the scourge of humanity, claiming millions of lives, 
with evidence of its antiquity available in the form of Egyptian and South American 
mummies, dating from 3000 - 5000 years BC (106, 135). While the disease is 
preventable and curable, TB has remained a significant cause of morbidity and 
mortality in resource poor nations (27) and currently threatens to re-emerge in 
developed nations as well due to its synergy with HIV/AIDS, demographic changes 
and subsequent immigrations (34). On the basis of their tuberculin reactivity, a sign of 
prior infection, it has been calculated that one-third of the world's population has been 
infected with Mycobacterium tuberculosis complex (MTC), the etiological agent of the 
disease, and that these individuals are thus at risk of presenting with disease later in life 
as their immunity wanes due to ageing or as a result of HIV co-infection (78). 
 
In view of the ubiquitous nature of TB, an important question in understanding the 
epidemiology and basic disease biology of the current pandemic is whether there are 
geographically or ethnically defined human populations within which transmission of 
the etiological agent is relatively common but between which transmission is far more 
limited. It is also important to know whether global traffic effects result in a single, 
panmictic population of MTC or whether the pathogen population is somehow 
subdivided, with genetically distinct varieties carried in distinct hosts. The current study 
has characterized MTC isolates from TB patients in Rubaga division, Kampala, 
Uganda, with a view to understand species and strain diversity as well as transmission 
pattern in this community. 
 
1.1 THE MYCOBACTERIUM TUBERCULOSIS COMPLEX (MTC) 

Together with other highly related bacteria, M. tuberculosis forms a complex, the 
Mycobacterium tuberculosis complex (MTC), a single species as defined by 
DNA/DNA hybridization studies (66). The MTC comprises seven members which 
include M. tuberculosis, the primary causative agent of human TB; M. bovis, which is 
responsible for bovine TB and includes the vaccine strain M. bovis BCG; M. 
africanum, the main causative agent of TB in West Africa (68); M. microti, which is a 
pathogen of voles and rarely infects humans (101, 128); “M. canettii”, a rare MTC 
strain that produces smooth and glossy colonies, with all known cases so far isolated 
from individuals having been to the horn of Africa (100, 126); M. pinnipedii, also 
known as the seal bacillus (30, 31, 136); and M. caprae, primarily isolated from goats 
(5). 
 
1.1.1 Mycobacterium tuberculosis 

This is the predominant cause of human TB and arguably the most successful of human 
bacterial pathogens. In 1888, Robert Koch first described this bacillus and it is thus 
some times referred to as Koch’s bacillus (73). It has been speculated that it is from M. 
bovis that M. tuberculosis evolved by specific adaptation of an animal pathogen to the 
human host (116). These hypotheses were proposed before the whole genome sequence 
of M. tuberculosis (26) was available and before comparative genomics uncovered 
several variable genomic regions in the members of the MTC (13). Based on the 
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presence or absence of such conserved regions, a degree of relatedness to the last 
common ancestor of the MTC was proposed that shows that the lineages of M. 
tuberculosis and M. bovis separated before the M. tuberculosis specific deletion TbD1 
occurred. From this analysis it is clear that M. bovis cannot have been the ancestor of 
M. tuberculosis but, rather, appears to be descended from M. tuberculosis or to have 
emerged independently (13, 25, 64). 
 
1.1.2 Mycobacterium africanum 

This species is heterogeneous and has characteristics that appear to lie in between M. 
bovis and M. tuberculosis and was first isolated from a Senegalese patient suffering 
from pulmonary TB in 1968 (20). On the basis of geographic origin and biochemical 
properties, M. africanum species have been subdivided into two major subgroups: those 
from West Africa are subtype I and are closer to M. bovis, while those from East Africa 
are closer to M. tuberculosis and are subtype II (95). Recent surveys show differences 
in distribution of M. africanum in various regions of Africa. The different prevalence of 
M. africanum were Ivory Coast, 5%; Guinea-Bissau, 60%; Burkina Faso, 18%; and 
Uganda 49 – 67% (19, 68, 95). There has been considerable debate as to whether M. 
africanum subtype II is a genetically well-defined subspecies of the MTC (87, 112). 
 
1.1.3 Mycobacterium bovis and Mycobacterium bovis BCG 

M. bovis is the causative agent of TB in cattle and other mammals and the disease in 
humans is clinically indistinguishable from that due to infection with M. tuberculosis. It 
has been observed that the risk factors for M. bovis infection in both animals and 
humans especially in many African settings where domestic animals are an integral part 
of human social life are close contact, food hygiene practices like consumption of 
unprocessed dairy and meat products and HIV/AIDS infection (28); while other studies 
have noted reactivation disease due to M. bovis even in regions where cattle TB is well 
controlled (37, 134). M. bovis BCG (Bacillus Calmette-Guerin) has its origin from a 
virulent M. bovis strain. Calmette and Guerin performed 230 in vitro passages of M. 
bovis until the organism lost its virulence (18). While this strain has been used world 
wide as a live attenuated vaccine, it may cause disease but only after vaccination with 
BCG. 
 
1.1.4 Mycobacterium microti 

M. microti, which causes TB mainly in small rodents such as voles, had earlier been 
considered non-pathogenic for humans (75, 132). Considering the DNA sequences of 
the 16S rRNA gene and the 16S-to-23S internal transcribed spacer region, M. microti 
proved to be a member of the MTC. Primary isolation and differentiation by classical 
biochemical tests are complicated by the very slow growth of this species but 
spoligotyping permits the simultaneous detection and typing of M. microti (128). This 
technique has been applied in two retrospective studies of M. microti infections in the 
Netherlands and England, enabling identification of cases in llamas, cats, and ferrets, as 
well as in four humans, only one of whom was described as immunocompetent. A case 
in an HIV-positive patient has been described in detail by Foudraine and co-workers 
(45). In addition, Niemann et al (93) reported two cases of M. microti infection causing 
pulmonary TB in Germany. The isolates were identified as M. microti of the llama and 



 

  3 

vole types, according to spoligotype patterns, which displayed reactions with only 2 of 
the 43 spacers (spacers 37 and 38). 
 
1.1.5 Mycobacterium caprae 

When isolates from the MTC cultured from caprine pathological tissue samples in 
Spain were biochemically and genetically characterized, they segregated from the other 
members of the complex. The results of this testing, together with the repeated 
association of this micro-organism with goats, suggested that a new member of this 
taxonomic complex not matching any of the classical species had been identified. The 
name M. tuberculosis subsp. caprae subsp. nov. was proposed for these isolates (6). 
Besides biochemical (sensitivity to pyrazinamide) and epidemiological features, strains 
of this unusual member of the MTC showed a special combination of pncA, oxyR, katG 
and gyrA gene polymorphisms, while sequence analysis of the gyrB gene in these 
strains revealed special nucleotide substitutions not found in other members of the 
MTC that could be used to differentiate caprine mycobacterial strains from M. bovis 
and other members of the MTC. It was proposed that M. tuberculosis subsp. caprae be 
elevated to species status, as Mycobacterium caprae comb. nov., sp. nov. (5). 
 
1.1.6 Mycobacterium pinippedii 

Tuberculosis was first diagnosed in seals (pinnipeds) in Australia (31) in 1993. When 
mycobacterium sp isolated from the lungs of 2 of the seals were studied to determine 
the similarity of the strains to each other, the secretory protein MPB70, present in M. 
bovis, was not detected in the wild seal isolates using sodium dodecyl sulphate 
polyacrylamide gel electrophoresis and Western blotting techniques. Further analysis of 
protein and DNA fragment profiles indicated that seal TB isolates formed a unique 
cluster within the MTC. When a comparison of MTC isolates from seals in Australia, 
Argentina, Uruguay, Great Britain and New Zealand was undertaken to determine their 
relationships to each other and their taxonomic position within the complex (30), 
biochemical testing clearly confirmed that the seal isolates belonged to the MTC. In 
most cases, the isolates grew preferentially on media that contained sodium pyruvate, 
and slight differences from typical M. bovis isolates were noted. It was further shown 
that all isolates contained the sequences IS6110, IS1081, mpb70 and mtp40, yet failed 
to produce detectable MPB70 antigen. The pncA gene contained CAC (His) at codon 
57 and the oxyR gene showed G at position 285, similar to M. tuberculosis, M. microti 
and M. africanum. The seal isolate spoligotypes formed a cluster that was clearly 
different from those of all other members of the MTC. The name Mycobacterium 
pinnipedii sp. nov. was proposed for this novel member of the MTC (30). 
 
1.1.7 “Mycobacterium canettii” 

The name “M. canettii” is in quotation marks since it does not appear on the official 
List of Bacterial Names with Standing in Nomenclature (http://www.bacterio.cict.fr). In 
an attempt to characterize an unusual mycobacterial strain isolated from a 2-year-old 
Somali patient with lymphadenitis, van Soolingen et al (126) applied various molecular 
methods to a bacillus that produces smooth and glossy colonies, which is highly 
exceptional for this species. In another study, Miltgen et al (85) identified an unusual 
strain of mycobacteria from two patients with pulmonary TB by its smooth, glossy 
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morphotype and, primarily, its genotypic characteristics. Spoligotyping and IS6110 
RFLP revealed that it was M. canettii. All known cases of TB caused by M. canetti 
have been contracted in the Horn of Africa, as was also the case of a Swiss patient 
described by Pfyffer et al (100). The prevalence of M. canetti taxon isolates may be 
underestimated in the routine microbiology laboratory due to their close similarity to M 
tuberculosis, particularly as the smooth colony type easily reverts to give a stable rough 
colony type in M. canettii. 
 
 
1.2 TUBERCULOSIS AND HIV CO-INFECTION 

One of the greatest challenges in the fight against the global TB epidemic is the HIV 
epidemic. If the immune system is not impaired, a person infected with the tubercle 
bacillus has a 10% risk during their lifetime of developing active disease, with the 
highest risk during the first 2 years after infection (23). The co-infection with HIV and 
TB poses numerous risks and difficulties in the management of TB. For example, HIV-
positive individuals have a 10% risk per year of life of contracting TB, and the HIV 
epidemic has been a main reason for the reversal of the steep decline in the prevalence 
of TB in places with effectively functioning TB control programs, and it has 
exacerbated the condition in high HIV prevalence areas in sub-Saharan Africa (54). 
HIV infected patients contract less of the pulmonary TB, and thus harder to detect by 
sputum microscopy, one of the cornerstones for TB diagnosis in resource limited 
settings, where HIV-TB co-infections are actually highest (23, 54). 
 
1.3 IDENTIFICATION OF THE MTC 

Various biological and molecular mycobacterial characteristics have been utilized to 
identify MTC isolates but have limited applicability as MTC taxonomical tools. A 
series of classical tests based upon growth, phenotypic, and biochemical properties 
have been traditionally used to segregate members of the MTC (59, 90). However, 
together these tests can be slow, cumbersome, imprecise, nonreproducible, and time-
consuming, and they may not give an unambiguous result in every case and may not be 
performed by every laboratory. To complement the classical tests for determination of 
MTC species, well-defined MTC lineage- and subspecies-restricted single-nucleotide 
polymorphisms (SNPs) in the gyrA, katG, pncA, oxyR’, hsp65, and gyrB genes have 
been used to specify certain MTC groupings through sequence analysis and/or 
digestion of PCR products followed by restriction fragment length polymorphism 
(PCR-RFLP) analysis (47, 55, 60, 90, 94, 114, 115). More recently, however, 
comparative genomics studies employing several different genetic hybridization 
strategies revealed regions of difference (RD) representing the loss of genetic material 
in M. bovis BCG compared to M. tuberculosis H37Rv (10, 12, 57), and these have been 
used in other studies to delineate species of the MTC (13, 64, 65, 99). 
 
1.3.1 Phenotypic identification of the MTC 
1.3.1.1 Colony morphology 

Colonies of primary M. tuberculosis cultures almost invariably have a characteristic 
patterned texture, due to tight cording of the bacterial cells (104), and this feature is 
often used to distinguish M. tuberculosis from other mycobacterial species. Variation in 
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colony morphology is more commonly observed among non-tuberculous mycobacteria, 
such as M. avium. The smooth, transparent morphotype of this species is associated 
with virulence, since most patient derived strains showing this morphotype in primary 
culture are more pathogenic than rough variants when tested in animal models (84). 
Colony morphology conversion of mycobacteria has been shown to be associated with 
changes in cell wall contents, such as glycolipids (11), lipooligosaccharides (LOSs), 
and mycosides (32). It has been further shown that the smooth “Canettii” M. 
tuberculosis strain differs from the commonly rough strains by the presence of large 
amounts of LOS and it is speculated that smooth forms of M. tuberculosis may be 
attenuated by virtue of their ability to synthesize large amounts of phthioceranic acids 
instead of other phthienoic acids. Such smooth colony variants are usually not 
encountered among clinical M. tuberculosis isolates (32). 
 
1.3.1.2 Biochemical tests 

Biochemical analysis for the differentiation within the MTC include nitrate reduction 
on modified Dubos broth, niacin accumulation test, growth in the presence of thiophen-
2-carboxylic hydrazide (TCH), catalase activity at room temperature, and growth 
characteristics on Lebek and on bromocresol purple medium (71, 94). Previous 
methods relied mostly on biochemical tests to classify the species. However, various 
laboratories use different methods and may also use different criteria to interpret results 
of the same test (112). For example, resistance to TCH is a feature of M. africanum, 
however, the critical concentrations used for this test range from 1 to 5 g/ml. To 
determine oxygen preference, some laboratories use Lebek medium while others use 
Middlebrook 7H9 broth (112, 133). This lack of standardization always creates 
ambiguity in interpretation of results. Typically, in laboratories that use biochemical 
tests, only classical M. tuberculosis is thought to be resistant to TCH; likewise 
monodrug resistance to pyrazinamide (PZA) has been listed only for M. bovis and M. 
bovis BCG, and a preference for microaerophilic conditions differentiates M. africanum 
and M. bovis from other members of the complex (71). Interestingly, while M. bovis 
was thought to be best identified by screening those isolates of the MTC that have any 
PZA resistance, it has recently been shown that the sensitivity for detection of M. bovis 
is lowered to 82% when only PZA-monoresistant isolates are screened (35). 
 
1.3.2 Genotypic identification of the MTC 
1.3.2.1 GenoType MTBC assay 

This is a multiplex PCR-based, solid-phase reverse hybridization assay from Hain 
Lifescience GmbH, Nehren, Germany. It is based on the detection of single nucleotide 
polymorphisms of the gyrB gene and on the presence or absence of RD1 (102, 103). 
This assay provides a rapid and accurate method to identify presence of various 
members of the MTC when it is used with growth-positive cultures (56, 89, 102, 103). 
Overall, the GenoType MTBC assay provides a reliable direct method for identification 
of members of the MTC, with an excellent specificity in many studies (102, 103, 113). 
It has been reported that the turnaround time to detect and identify members of the 
MTC with this technique can be well in line with the recommended 2 to 3 weeks by the 
CDC, especially when the test is used directly on clinical specimens (113).  
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The techniques, however, cannot differentiate “M. canettii” from the other members of 
the MTC, and a secondary typing method such as deletion analysis (113) is needed. 
 
1.3.2.2 Genomic deletion (Regions of Difference) analysis 

Comparative genomics have uncovered several variable genomic regions in the 
members of the MTC. In two studies, differential hybridization arrays identified 14 
regions of difference (RD1–14), ranging in size from 2 to 12.7 kb, that were absent 
from bacillus Calmette–Guerin Pasteur relative to M. tuberculosis H37Rv (10, 57). 
Brosch et al (13), using strains of M. tuberculosis, M. africanum, M. canettii, M. 
microti, and M. bovis, studied the distribution of 20 variable regions resulting from 
insertion-deletion events in the genomes of the tubercle. They showed that the majority 
of these polymorphisms did not occur independently in the different strains of the MTC 
but, rather, resulted from ancient, irreversible genetic events in common progenitor 
strains, and the findings contradicted the hypothesis that M. tuberculosis evolved from 
M. bovis, the agent of bovine disease. Figure1 shows the proposed evolutionary scheme 
after Brosch et al (13). Parsons et al (99) investigated whether a simple molecular 
amplification method for determination of the presence or absence of specific RDs of 
the genome of the MTC could be used by clinical laboratories as a rapid and simple 
assay for the precise identification of individual members of the MTC. Subsequently, 
more work has been done on the identification of the MTC using RDs in a clinical 
setting, and for the unambiguous differentiation of the MTC (64, 65, 88, 92). 
 
Regions of difference are now used to differentiate between the species with in the 
MTC. Huard et al  (64) investigated the RD profile of the MTC groupings, and based 
upon this information developed a rapid, simple, and reliable solely PCR-based MTC 
typing method that made use of MTC chromosomal region-of-difference deletion loci. 
They used seven PCR primer pairs to amplify specific loci which together formed an 
MTC PCR typing panel. The final pattern of amplification products of all reactions, 
given by failure or success, clearly segregated the tested strains from NTM isolates and 
by MTC subspecies identity (figure 2). Not only did the panel provide an advanced 
approach to determine the subspecies of MTC isolates but also differentiate them from 
clinically important NTM species. The panel would also find use in typing of new 
clinical isolates, especially in areas where the geographic distributions of various MTC 
subspecies may overlap, as is potentially the case with M. tuberculosis, M. africanum, 
M. bovis, and “M. canettii” in Africa. 
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Fig. 1 Refined evolutionary pathway (81) of the tubercle bacilli illustrating successive loss of DNA in 
certain lineages after Brosch et al (13). The scheme is based on the presence or absence of conserved 
deleted regions and on sequence polymorphisms in five selected genes. 
 
 
With newly recognized additions to the MTC including M. caprae and M. pinnipedii 
(5, 30), the proposed typing panel above was expanded to accommodate novel long 
sequence polymorphisms (LSPs) as well as single nucleotide polymorphisms (SNPs) 
that would further delineate the phylogeny of the MTC (65). The amended protocol 
incorporated an extra locus Rv2073c (RD9), as an eighth target locus in the routine 
MTC PCR typing panel in order to better differentiate the M. africanum subtypes. In 
the pregenomic era, traditional mycobacteriological testing segregated M. africanum 
into two subtypes based upon their phenotypic similarity to either M. bovis or M. 
tuberculosis and their respective corresponding geographic origin in West (subtype I) 
or East (subtype II) Africa (59, 63, 91). With the advent of new genetic marker-based 
definitions for each of the MTC species, true M. africanum (subtype I) strains have 
been divided into two distinct genotypic variants (subtypes 1a and 1b) while most M. 
africanum subtype II strains have proven to be phenotypic variants of M. tuberculosis. 
As a result, calls have been made to discard the subtype II designation (13, 64, 112). 
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Fig. 2 The composite MTC PCR typing panel. Illustrated are the typical MTC PCR panel typing results 
for a single representative of each MTC subspecies as well as MOTT (M. avium subsp. avium is shown). 
Lanes: 1, 16S rRNA; 2, Rv0577; 3, IS1561’; 4, Rv1510 (RD4); 5, Rv1970; 6, Rv3877/8 (RD1); 7, 
Rv3120 (RD12). PCR products and a 100-bp ladder were visualized by agarose gel electrophoresis and 
ethidium bromide staining. Unlabeled lanes in each panel contain the 100-bp ladder. Reproduced with 
consent from the author (64). 
 
1.4 STRAIN IDENTIFICATION FOR MYCOBACTERIUM TUBERCULOSIS 

It is generally accepted that different strains of M. tuberculosis have distinctive 
epidemiological and clinical characteristics such as virulence and clinical presentation, 
and that behavior in animal models appears to be strain-dependent (80). Some M. 
tuberculosis strains are noted for their wide dissemination and acquisition of drug 
resistance (53) while others tend to predominate limited locales (24, 76, 97, 127). More 
recently, it has been shown that a big proportion of the Latin-American-Mediterranean 
(LAM) strains of M. tuberculosis cause more cavitary TB compared to other strains 
(77), while another study has provided eveidence of relationship between genotype and 
clinical phenotype in pulmonary and meningeal TB infection (122). As a result, there 
has recently been an increase in attention paid to M. tuberculosis strain identification. 
At the phylogenetic level, distribution of specific M. tuberculosis clones or multi-drug 
resistant TB strains (MDR-TB) can be easily followed by molecular typing methods 
regionally, country-wise, and even at a global level (15, 49, 82). The most widely used 
tools for epidemiological strain typing of M. tuberculosis are spoligotyping (69), 
IS6110 restriction fragment length polymorphism (IS6110-RFLP) (124) and variable 
number of tandem repeat DNA in mycobacteria termed mycobacteria interspersed 
repetitive units (MIRU-VNTR) analysis (118). 
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More recently, LSP analysis was used to group strains of M. tuberculosis into six main 
lineages (48) while other authors have used LSPs to classify ancestral strains of M. 
tuberculosis (43). SNPs have also been used to define the global population structure of 
M. tuberculosis (42). 
 
1.4.1 Spoligotyping 

This is considered the simplest, rapid and most cost-effective technique that has been 
used to define predominant and a growing number of important clinical and veterinary 
clades worldwide as well as in forensic studies (7, 17, 24, 29, 33, 36, 39, 50, 52, 53, 58, 
61, 100, 107, 110, 117, 127, 129, 130, 135). Although there have been other formats of 
this technique in some studies (16, 123), the most popular version is that originally 
suggested by Kamerbeek and colleagues (69), which is  commercially available as a kit 
(Isogen Bioscience BV, Maarssen, The Netherlands). By this technique, various 
international spoligotyping databases have been constructed and constantly updated 
(16, 40, 41, 111). The most recent version, the fourth database, SpolDB4 (16) initially 
contained 39,295 patterns distributed into 1,939 STs (shared-types, which are a patterns 
shared by 2 or more patients isolates), and 3,370 orphans (patterns reported for a single 
isolate). An updated version at present contains about 60,000 patterns distributed into 
2300 SITs (renamed SIT for “Spoligotype International Type”). 
 
1.4.2 Restriction Fragment Length Polymorphism analysis 

So far, IS6110-RFLP, the first and most extensively used strain identification 
technique, has been the gold standard method for genotyping M. tuberculosis (125). In 
this technique a restriction enzyme, PvuII, is used to digest M. tuberculosis DNA and 
southern blots of the DNA electrophoresed on agarose gels are probed with a fragment 
of IS6110 that lies upstream of the PvuII site. The RFLP patterns are entered into a 
computerized database and analyzed with an image analysis system. This tool has 
found use in identifying laboratory cross-contamination, differentiating recurrent TB 
caused by treatment failure or relapse from exogenous re-infection, population-based 
studies as well as in identifying settings for TB transmission. However, the technique is 
considered laborious and time-consuming, and has an extra shortcoming of inability to 
discriminate strains with low copy number of the IS6110 element (74). This is because 
many of the sites of IS6110 insertion are highly conserved in strains with fewer than six 
copies of this mobile genetic element (44), leading to lack of IS6110-based 
polymorphism in such low-copy-number strains. 
 
1.4.3 MIRU-VNTR 

This is a PCR-based method that analyses multiple loci containing variable numbers of 
tandem repeats (VNTR) of different families of interspersed genetic elements 
collectively called mycobacterial interspersed repetitive units (MIRU) (46, 118-120). 
Currently, the most used version of this method (MIRU-VNTR) is based on the 
analysis of 12 loci (83, 118). A standardized format has now been proposed and is 
comprised of 24 loci, 15 of which were defined as comprising a discriminatory subset 
based on higher variability within the different clonal complexes studied. This new 
panel has been evaluated (3, 98) and permits the accurate and high-resolution analysis 
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of M. tuberculosis phylogeography. This tool is now aided by an online multifunctional 
MIRU-VNTRplus database (4) for strain comparison. 
 
1.4.4 Long Sequence Polymorphisms 

Commonly employed protocols such as IS6110- RFLP and spoligotyping provide the 
means to differentiate reliably among strains of M. tuberculosis (and certain other MTC 
members) at the DNA level by targeting polymorphic chromosomal regions that are 
usually associated with mobile insertion sequences and/or other repetitive elements (9). 
However, these data cannot be used to infer the genetic origins of interspecies and 
strain-to-strain phenotypic differences, such as virulence, transmissibility, and acquired 
drug resistance, nor do they provide the type of information needed to unequivocally 
reconstruct the phylogeny of the entire MTC taxon (131). The acquisition of long-
sequence polymorphisms (LSPs) rather than single-nucleotide changes has now 
emerged as possibly the key mechanism of adaptation in mycobacteria (25, 108) and a 
significant source of MTC interstrain genetic variability. When the LSP derives from a 
single event, strains can be phylogenetically positioned relative to whether or not they 
bear that mutation (65). For example, all M. bovis BCG isolates possess the unique 
RD1BCG deletion, but other BCG restricted LSPs are variably distributed among the 
different BCG strains (10). As a result, RD1BCG is believed to have been the primary 
attenuation event in the derivation of M. bovis BCG from M. bovis, while other BCG-
restricted LSPs arose later as the M. bovis BCG sublineages diverged with subculture 
(10). LSPs therefore represent unique event polymorphisms that can be used to 
construct robust phylogenies for M. tuberculosis (62). Additionally, once LSPs have 
been identified, simple PCR can be used to screen large numbers of strains in a high-
throughput fashion (48).  
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2 THE PRESENT INVESTIGATION 
2.1 PURPOSE OF THE STUDY 

The aim of this study was to use molecular techniques to delineate MTC species and to 
use DNA fingerprinting techniques to study strain diversity and transmission pattern of 
M. tuberculosis in a poor peri-urban setting of a resource limited high disease burden 
country. Additionally, this study was a joint research program between Karolinska 
Institute, Sweden and Makerere University, Uganda aimed at capacity building and 
technology transfer to enable molecular biology and advanced mycobacteriology 
studies in the Department of Medical Microbiology, at the College of Health Sciences, 
Makerere University. 
 
2.1.1 Specific objectives 

i. To use PCR-based regions of deletion (RD) analysis to speciate MTC isolates 
from a community based sample of TB patients from Rubaga division in 
Kampala 

ii. To use spoligotyping to assign strains from this community to the important 
lineages and sub-lineages in SpolDB4.0, the international spoligotyping 
database 

iii. To investigate the association between the predominant spoligotypes, HIV sero-
status and anti-TB drug resistance in this community 

iv. To study the transmission pattern of TB in HIV co-infected patients compared 
to non HIV co-infected patients in the community by assessing the degree of 
strain clustering using IS6110-RFLP analysis 

v. To study the molecular characteristics of M. bovis isolates from cattle 
slaughtered at a peri-urban abattoir in Kampala and initiate the establishment of 
a database for M. bovis strains in the country 
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2.2 MATERIALS AND METHODS 

Below is the summary of the general methods: 
 
2.2.1 Study area and patients 
2.2.1.1 Rubaga division 

Rubaga is one of the five administrative divisions surrounding the business capital of 
Kampala, Uganda. It has a resident catchment population of about 500,000 people and 
an average population density of 4,000/sq km (projection from the National Population 
Census Survey, 2002). About 250-300 TB cases are diagnosed quarterly from the four 
TB clinics (Mengo and Rubaga hospitals, Namungoona Health Centre and JOY 
Medical Centre) in the division. Poor housing conditions and overcrowding in most 
parishes of the division could facilitate the transmission of TB in the communities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Map of Kampala district showing Rubaga, the study division. 
 
2.2.1.2 Inclusion and exclusion criteria 

Suspects aged 18 years and above, sputum smear positive, residents of Rubaga division 
of Kampala City and written consent from patients were requirements for inclusion into 
the study; while minors, temporary residents such as visitors, failure to consent, and 
patients who had been on treatment for more than one week were excluded. 
 
2.2.2 Sample processing and cultures 

At the clinics, consenting patients provided a spot sputum sample on the first day, and 
were given another container to collect an early morning sample, and finally another 
spot sample was collected when the patient reported back with the early morning 
sample. Only the sample with the highest ZN score was forwarded to the NTRL for 
further analysis, but 79 randomly-selected patients had >1 sample taken to be used as 
internal controls. Briefly, specimens (5 to 10mls) were homogenized by digestion for 1 
minute at room temperature with 1 ml of 25mg/ml NALC in phosphate buffer (pH 6.8) 
and vortexed with several 4 mm glass beads for 30 seconds, decontaminated using 1% 
NaOH and concentrated at 4000xg for 15 minutes; sediment reconstituted to 5mls, 
irrespective of the original sample volume using phosphate buffer pH 6.8, and the 
resulting suspension used to prepare smears and cultures. Patients were also requested 

Kampala District Parishes of Rubaga Division Map of Uganda 
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to provide 3mls of blood for HIV testing after pre-test counseling. A total of 465 
sputum samples were obtained from 386 adult patients, while only 268 patients 
consented to HIV testing. 
 
2.2.2.1 Culture, Isolation and DST 

Two Lowenstein-Jensen (L-J) slants, one containing 0.75% glycerol and the other 
containing 0.6% pyruvate, were inoculated with the sediment and incubated at 37oC. 
Cultures were considered negative when no colonies were seen after 8 weeks 
incubation. DST was performed by the indirect proportion method on L-J media at the 
following final drug concentrations: rifampicin, 40 µg/ml and isoniazid, 0.2µg/ml. For 
all test panels, drug susceptible strain (H37Rv) and specific drug resistant strains (TMC 
303 for isoniazid and TMC 331 for rifampicin) internal controls were included. 
 
2.2.3 Genetic analyses 
2.2.3.1 RD and LSP analyses 

All the genomic loci targeted  are well-characterized (13, 48, 64, 65, 99). Strains were 
analyzed for presence of 16S rRNA,  cfp32 (Rv0577), MiD3 (IS1651), RD4, RD7, RD1 
(Rv3877 – Rv3878), RD9, RD12 and TbD1 by using a previously described PCR 
method (64, 65). Primers were obtained from Invitrogen (Carlsbad, CA, USA). PCR 
was performed using a PTC-200 Peltier Thermal Cycler (MJ Research, Reno, USA). 
Multiple control strains (M. tuberculosis H37Rv, M. africanum, “M. canettii”, M. 
bovis, M. bovis BCG) were obtained from the Clinical Mycobacteriology Laboratory, 
Wadsworth Centre, New York State Department of Health, and negative controls of M. 
smegmatis DNA or water were included in each amplification run. Strains were further 
analyzed for LSPs at four loci (RD105, RD711, RD724 and RD750) to determine their 
phylogeography as described in a PCR protocol by Gagneux et al (48). 
 
2.2.3.2 Spoligotyping 

This was done at the Department of Medical Microbiology, Makerere University 
Medical School, using DNA extracted at the RD analysis stage above. Standard 
spoligotyping (69) was performed with the Dra and Drb primers, with Dra biotinylated, 
using a commercially available kit (Isogen Bioscience BV, Maarssen, The 
Netherlands). Briefly, the biotin-labeled PCR product was hybridized on probes 
derived from 43 spacer sequences covalently bound to a membrane in a miniblotter, 
followed by chemiluminescence detection following manufacturer’s recommendations. 
 
2.2.3.3 RFLP 

Chromosomal DNA extraction and IS6110-RFLP genotyping were performed in 
accordance with a standard protocol described previously (125), using an IS6110 right-
side-specific probe. BioNumerics (v 5.1) software (Applied Maths, Sint Maarten 
Latem, Belgium) was used to analyze molecular typing results. IS6110-RFLP patterns 
were analyzed as fingerprint types and the pair wise distance between patterns was 
computed using UPGMA and the Jaccard index (105). Clusters were defined as at least 
two M. tuberculosis strains with identical RFLP profiles isolated from different 
patients. 
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2.3 RESULTS AND DISCUSSION 
2.3.1 Paper I and II 

The primary objective of Paper I was to use spoligotyping to characterize isolates from 
Rubaga division and to assign all the strains in the study to the major clades in 
SpolDB4.0, the international spoligotype database. Additionally, the study also 
investigated association between the predominant spoligotypes and HIV sero-status of 
the TB patients as well as anti-tuberculosis drug resistance of the isolates. The major 
finding in this study was that there was a limited set of strains in the community, with 
only 57 spoligopatterns observed among 344 isolates. More interestingly perhaps is the 
fact that up to 70% of the strains were of one family of strains, the T2. Additionally, the 
T2 together with the Latin-American–Mediterranean family (LAM) made up more than 
three quarters (76.9%) of the strain collection. Both the T2 and LAM families fall under 
the Euro-American lineage of M. tuberculosis (48), clearly pointing towards the 
predominance of this lineage in the study population. In other studies, the Euro-
American lineage has been described as the most successful group of strains of M. 
tuberculosis in the world, with the LAM family alone believed to be globally 
disseminated, causing about 15% of TB worldwide (49). An earlier study at the 
National referral hospital, Mulago, estimated the burden of the T2 family in Kampala to 
be 67% (95), and the strains were characterized by absence of spacer 40 or both 40 and 
43, and were termed Uganda genotypes II an I respectively. Across Africa, a number of 
studies have shown predominance of different strain families. In Cameroon, an 
evaluation of the biodiversity of tubercle bacilli in Ouest province showed that a group 
of closely genetically related M. tuberculosis strains were responsible for >40% of 
smear-positive pulmonary TB cases in that region (96). These strains shared a 
spoligopattern lacking spacers 23, 24, and 25 in addition to other common molecular 
characteristics and were designated the "Cameroon family” (97). A comparison of the 
strains in that study with those existing in the international spoligotyping database 
showed that the predominant spoligotype in Cameroon (LAM10-CAM) was limited to 
West African countries (Benin, Senegal, and Ivory Coast) and to the Caribbean area. 
More studies have shown predominance of a single genotype in Zambia, Zimbabwe 
and other regions of South Africa (24, 38), with one genotype from this region, 
LAM11-ZWE, being the most predominant in SpolDB4.0 (15). A striking finding from 
the current study is the low prevalence of strains common in other East African 
countries. In Tanzania, the Central Asian (CAS), LAM and East-African Indian (EAI) 
families of strains were estimated in one study to be about 37%, 22% and 17% 
respectively, while in Kenya, the only study on record showed 35.6% of 73 isolates to 
be of the CAS family, while 11% were LAM (Fig. 3). Only 8.4%, 6.7% and 0.9% of 
strains in the current study were of the CAS, LAM and EAI families respectively. 
While historical factors such as coastal trade and immigrations may have contributed to 
the predominance of particular genotypes on the West and East African coasts, it seems 
more likely that earlier contact with the North along river Nile is the best explanation 
why Uganda genotype is different from strains in other East African countries. 
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Fig. 3 Prevalence of strain families (T2, CAS, LAM and EAI) from previous studies in other African 
countries in comparison with findings from the current study. The individual study references are Uganda 
(8), Kenya (50), Tanzania 1 (39), Tanzania 2 (72), Zimbabwe (24), Cameroon (96), and Chad (36). 
 
Following the observation of the predominance of a spoligotype specific genotype of 
M. tuberculosis in the current study, Paper II aimed at further characterizing the M. 
tuberculosis Uganda genotype, a group of strains with spoligopatterns lacking spacer 
40 or both 40 and 43 as earlier observed in patients recruited at the national referral 
hospital, Mulago (95). In that study, the strains were characterized biochemically and 
by spoligotyping, with 67% of the strains giving biochemical characteristics with an 
intermediate position between M. tuberculosis and M. bovis. The isolates were thus 
named M. africanum sub type II of the East African type so as to differentiate them 
from the West African bacilli. Furthermore, in that study, M. africanum sub type II 
strains lacking spacer 40 and 43 were termed Uganda I while those lacking spacer 40 
only were Uganda II. The classification of this sub-species of M. africanum created an 
interesting debate (86, 112), especially after regions of DNA became known to be 
deleted in some species relative to others (13), thus creating a new approach to the 
genetic identification of the MTC to the species level (64, 65, 99). The current study 
thus undertook a molecular approach to speciate 344 isolates from Rubaga division. A 
solely PCR-based typing panel (64) was adopted for this purpose. All but one of the 
isolates gave typing profiles of M. tuberculosis, the other being M. bovis. The 240 
strains that had earlier been identified as T2 by spoligotyping, lacking hybridization to 
spacer 40 or both 40 or 43 hence M. africanum sub-type II by the previous 
classification, showed a definitive banding pattern for M. tuberculosis, 
characteristically being deleted for TbD1, a M. tuberculosis specific deletion (13). This 
study has thus resolved the ambiguity previously surrounding the existence of M. 
africanum sub-type II as a separate sub-species of the MTC, and it has confirmed that 
these strains are actually phenotypic variants of M. tuberculosis as had been speculated 
elsewhere (64). 
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The Uganda genotype strains were further characterization by LSP analysis so as to 
assign them to a phylogenetic lineage according to Gagneux et al (48). For this 
purpose, 139 T2 strains that formed the 5 largest clusters by spoligotyping were 
analyzed for four loci: RD105, RD711, RD724 and RD750. All the strains evaluated 
amplified a shorter product for RD724, indicating an internal deletion, but gave the 
expected amplicons for the other three loci, confirming the predominance of a single 
spoligotype and RD724-defined M. tuberculosis lineage in the study population. 
Interestingly, these strains have been seen in the Central African Republic and Rwanda, 
suggesting adaptation of this group of strains to the human population in this region, 
including Uganda. 
 
While it is now known that the strains formerly classified as M. africanum subtype II 
genotypes Uganda I and II are actually phenotypic variants of “modern” M. 
tuberculosis, the reason for their ambivalent phenotypic behavior is not yet established. 
Furthermore, it is not yet known why this is the most successful group of strains in 
Central Uganda, despite studies from neighboring Northern Tanzania showing 
prevalence of other strain types. It is now known from other studies that certain strains 
have a high propensity for mutations that lead to drug resistance (22, 127), others more 
likely to cause hemoptysis, weight-loss and pulmonary cavitations  thus easily 
transmitted in a community (77), others cause more disseminated disease (21), while 
other genotypes will easily help predict the clinical course of disease (122). It may thus 
be worthwhile further characterizing the Uganda genotype of M. tuberculosis in future 
studies so as to ascertain bacterial, host, or environmental factors that may aid the wide 
spread dissemination of this genotype in Kampala. 
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2.3.2 Paper III 

This study aimed at determining if there was a relationship between the risk of 
belonging to a group of tuberculosis patients with identical mycobacterial DNA 
fingerprint patterns (a cluster), a sign of recent disease transmission, and the HIV sero-
status of the individuals in the study setting. For this purpose an almost equal number 
of isolates from HIV-seropositive (80 strains) and HIV-seronegative (103) was 
analyzed by standard IS6110-RFLP. The key findings were 34 clusters containing 54% 
(99/183) of the patients (average cluster size of 2.9), and a majority (96.2%) of the 
strains possessing a high copy number ( 5 copies) of the IS6110 element. Additionally, 
infection with an isolate with a fingerprint found to be part of a cluster was not 
associated with any demographic or clinical characteristics, including HIV status. 
Generally, simultaneous accumulation of isolates with identical fingerprint patterns is 
believed to be due to recent infection, whereas unique fingerprints are most commonly 
associated with endogenous reactivation of infection acquired long ago (70). Studies 
from developed countries have shown that nearly two-thirds of M. tuberculosis isolates 
from HIV-infected patients appear in clusters, suggesting recent infection (2, 109). 
These results have been reinforced by findings from high disease burden areas in Africa 
(Ethiopia) and South America (Peru) (1, 14). In the Peru study, clonal groupings were 
observed among the AIDS-associated isolates while all the 25 isolates from HIV-1-
negative individuals were found to be relatively heterogeneous and nonclonal. 
However, all AIDS-associated TB patients in the study were hospitalized, and these 
data point toward the effect of hospitalization in this group. Besides, it can be argued 
that there were more isolates from the AIDS-associated TB patients (n=80) compared 
to 25 isolates from the HIV1-negative TB patients, raising a possibility of selection 
bias. In Uganda, records from the National referral hospital, Mulago, Kampala, show 
that about 50% of TB patients are co-infected with HIV. The current study, therefore by 
analyzing isolates from an almost equal number of HIV-seropositive and sero-negative 
TB, eliminated the potential for selection bias, which would affect later analyses. A 
limitation to the generalizability of the findings in the current study is the small sample 
of 183 patients. However, this sample is bigger than those analyzed by fAFLP in Peru 
(n=105) and IS6110-RFLP in Ethiopia (n=121). Moreover, the finding of lack of 
association between fingerprints and patient demographic data or clinical 
characteristics including HIV sero-status in the current study is in agreement with a 
recent study, probably the longest (7-year) population-based study of TB in a high 
disease burden setting (Karonga District, Malawi) recorded to date (51). This high 
HIV prevalence district of northern Malawi did not show association between 
clustering in TB patients and HIV serostatus (51). A similar result was obtained in 
another population-based prospective study of pulmonary TB patients in Botswana, in 
which HIV positivity was not associated with clustering even after stratification by site 
(79). In the current study, the finding of a majority (96.2%) of the strains possessing a 
high copy number ( 5 copies) of the IS6110 element may point to a technical 
advantage in future studies in the Ugandan setting., because it has been observed 
elsewhere that high IS6110 copy strains can be epidemiologically resolved using a 
smaller set of loci on the MIRU-VNTR genotyping panel (121). Our data therefore 
suggests that it is possible to quickly establish epidemiological links for the Ugandan 
TB strains using this less laborious and high throughput PCR-based technique. 
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2.3.3 Paper IV 

This study set to characterize M. bovis strains isolated from slaughter cattle at a city 
slaughterhouse in Kampala, Uganda. Over eight months, tissues from 87 of 16,800 
carcasses inspected showed TB-like lesions and were cultured. Only 17 cultures 
yielded Acid-Fast Bacilli (AFB), 11 of which were confirmed as M. bovis while six 
were Non-Tuberculous Mycobacteria (NTM) (two M. fortuitum, one M. intracellulare, 
and three unidentified mycobacteria). Two standard genotyping techniques, 
spoligotyping and IS6110-RFLP, were employed to present data on molecular aspects 
of the 11 M. bovis  isolates. Furthermore, this paper also puts into perspective the 
dangers that lie in the presence of TB infected meat on the market in and around 
Kampala city, with the intention of raising awareness on the potential threat from 
animal-derived tuberculosis. 
 
The major findings from this study were that spoligopatterns, when compared with 
those from a previous study, pointed to a continued circulation of a diverse set of 
strains which if not originating from wildlife reservoirs continue due to un controlled 
movement of nomadic peoples with domestic animals. These are further supported by 
an earlier survey at the interface of Queen Elizabeth National Park to assess the risks of 
disease transmission between buffalo (Syncerus caffer), domestic cattle (Bos sp.) and 
people using the gamma interferon test which found M. bovis in 5% of buffalo (n = 42) 
and 5% of cattle (n = 75) and the authors argued that buffalo may have become 
maintenance hosts and could potentially transmit M. bovis to cattle (67). Additionally, 
and probably most worryingly, in spite of six of 11 infected carcasses showing a post-
mortem picture of multiple sites of infection with TB at the abattoir during the study 
period, none was condemned as unfit for human consumption by the inspecting 
authorities. This is a dangerous public health practice since it creates a potential avenue 
for the spread of M. bovis in the food chain and to humans either through consumption 
of contaminated meat or animal by-products. 
 
While the number of isolates involved was small and cannot be used epidemiologically 
to inform, this study provides baseline data for future epidemiological studies of M. 
bovis in a high disease burden setting. These data may help to identify the source of 
possible M. bovis infections in humans in future studies in this country. In that regard, a 
database of the strains obtained in the study has been set up and signatures submitted to 
the international M. bovis database for archiving, a first such initiative from Uganda. 
Furthermore, this work raises awareness about the potential of spread of M. bovis in the 
food chain and to humans either through consumption of contaminated meat or animal 
by-products, a very important public health concern in resource poor high disease 
burden settings. Finally, publication of findings from this study will have a significant 
impact on the attitude and practices of public health personnel as well as veterinary 
services delivery in this setting. 
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2.4 CONCLUDING REMARKS 

This project determined the species and strain lineages of the MTC that cause most of 
the TB in Rubaga division, Kampala. Furthermore, information was generated on the 
dynamics of TB spread in patients with and without HIV co-infection. Lastly, an 
initiative was taken into establishing a database for cattle derived M. bovis strains so as 
to raise awareness about the public health risks associated with the presence of TB 
infected animal products on the market, as well as make possible the mapping of future 
infection by M. bovis in the human population in this setting. 
 
The predominance of different genotypes of M. tuberculosis complex in different 
geographical regions of the world is now an accepted fact. It is also now widely 
believed that strain-to-strain variation can have important phenotypic consequences 
including virulence, transmissibility and response to treatment. Furthermore, it is also 
known that all these variations will affect future diagnostics, drugs and vaccines, and 
will therefore impact on product design and patient management. It is, therefore, of 
great importance that more regional studies be carried out so as to establish the whole 
spectrum of strains of the MTC most implicated in disease world wide. 
 
Contrary to what was in literature, this study using molecular genetic markers has now 
shown that M. africanum sub type II is not the major cause of TB in Kampala but, 
rather, a group of TbD1 deleted strains of “modern” M. tuberculosis, now commonly 
known as “Uganda genotype". The study has further shown that this genotype, in 
addition to having specific spoligotype patterns, can now be further delineated by 
probing for an internal deletion in the RD724 locus. It is therefore clear that DNA-
based techniques should be recommended in reference mycobacteriology laboratories 
for speciation studies of the MTC. However, the Uganda genotype strains need further 
profiling in order to understand not only their ambivalent behavior when tested 
biochemically but also why they have been the most successful genotype in the study 
area. Recently, for example, a specific genotype of the LAM lineage was seen to be the 
predominant cause of TB in Rio de Janeiro, Brazil (76). A single novel long sequence 
polymorphism (>26.3 kb) was characterized from these strains and designated RDRio. 
Homologous recombination between two similar protein-coding genes was found to be 
the mechanism for deleting or modifying 10 genes, including two potentially 
immunogenic PPE proteins. This genotype, in later studies, was found to be associated 
with a higher frequency of cavitary TB (77). Similar studies could be carried out on M. 
tuberculosis Uganda genotype. 
 
Through the current project, molecular mycobacteriology techniques and an equipped 
molecular biology laboratory have been established in the Department of Medical 
Microbiology at the College of Health Sciences, Makerere University. The laboratory 
now provides research facilities for faculty and students from Makerere University and 
Mbarara University of Science and Technology working with mycobacteria. The 
laboratory has also trained students from Kenya, Tanzania and Rwanda, and it is 
envisioned that this will be a reference centre for research in molecular 
mycobacteriology in the East African region in the near future. 
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