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Abstract

There have been many reports of groups of related Mycobacterium tuberculosis 

strains described variously as lineages, families or clades.  There is no objective 

definition of these groupings making it impossible to define relationships between 

those groups with biological advantages.  Here we describe two groups of related 

strains obtained from an epidemiological study in Tanzania which we define as the 

Kilimanjaro and Meru lineages on the basis of IS6110 restriction fragment length 

polymorphism (RFLP), polymorphic GC rich sequence (PGRS) RFLP and 

mycobacterial interspersed repeat unit (MIRU) typing. We investigated the 

concordance between each of the typing techniques and the dispersal of the typing 

profiles from a core pattern. The Meru lineage is more dispersed than the Kilimanjaro 

lineage and we speculate that the Meru lineage is older. 

We suggest that this approach provides an objective definition that proves robust in 

this epidemiological study.  Such a framework will permit associations between a 

lineage and clinical or bacterial phenomenon to be tested objectively.  This definition 

will also enable new putative lineages to be objectively tested.



Introduction

Until relatively recently M. tuberculosis was thought to be a highly homogeneous 

species with differences in disease presentation and complications being due to 

difference in host response (1). The organism has proved itself very adaptable as 

demonstrated by the ability of mycobacterium to be transmitted and by its ability to 

adapt to new environments (8). Study of the virulence of M. tuberculosis has been 

handicapped by the paucity of tools to differentiate the organism into different types.  

This situation has been transformed by the description of a number of methods of 

subdividing isolates of the genus including IS6110 RFLP, spoligotyping, PGRS 

typing, MIRU and deletion analysis (10, 11, 13, 17, 19).  These techniques were first 

applied to epidemiological studies and outbreak investigations (7, 12).  When applied 

to very large collections of strains, those strains with similarities have been identified.  

For example a group of strains has been identified by IS6110 and spoligotyping and 

designated the Beijing family (3).  This is a group of strains of considerable 

importance as it includes the organisms implicated in the “strain W” outbreaks in the 

United States (15).  Also it has been suggested that Beijing strains may be associated 

with an enhanced febrile response in patients on treatment and multiple drug 

resistance may be more common in strains of this family (18).  

It is generally accepted that 100% identity by IS6110 type is found between strains 

that are related and may be defined as a ‘cluster’ (9).  Clustering is used as a surrogate 

marker for recent transmission, even when the direct relationships between the 

patients infected have not been established.  For strains that are more distantly related 



this 100% rule is likely to be broken. Recent analysis of the evolutionary relationships 

between strains of M. tuberculosis, using deletion analysis, has been able to root 

studies of the molecular epidemiological associations of isolates in the evolutionary 

tree for this organism (4). Analysis of sequential samples suggests that the mean time 

between IS6110 transposition events is 0.5 - 5 years (20). Thus, the speed of the 

molecular clock for deletions is likely to be at least an order of magnitude slower than 

that for the molecular markers used in epidemiological studies. Different research 

groups have variously applied different degrees of similarity as defined by the Dice 

coefficient of between 40-95 % calling these ‘families’, ‘groups’ or ‘clades’(5, 14, 

16).  There are no agreed definitions of what constitutes a significant collection of 

isolates or indeed what it should be called. In this study we have adopted the term 

lineage. 

It is clear that an objective definition of a lineage, or rules whereby a lineage can be 

identified and assessed, is required. To do this we studied two groups of related 

strains obtained in an epidemiological study in Tanzania which we typed by IS6110

RFLP, PGRS RFLP and MIRU PCR to determine the anatomy of a lineage, and to 

assist in the proposition of rules for lineage definition.

Methods

Bacterial Isolates.  Single M. tuberculosis isolates were prospectively collected from all 

culture positive patients diagnosed by the National Tuberculosis and Leprosy Control 

Programme Reference Laboratory at Kibong’oto Hospital over the 6 month period April 



- September 1995. Speciation was confirmed by standard microbiological techniques.

Isolates were maintained on Löwenstein-Jenson (LJ) slopes at 37°C for a minimum of 4 

weeks and subsequently transported to the Department of Medical Microbiology, Royal 

Free & University College Medical School (6).

Clinical/Epidemiological data. The following data was collated for each isolate; age, 

sex, district of domicile, TB smear status, HIV status. For analysis of this data, the 

Kruskal-Wallis test was used for non-parametric continuous data, i.e. age, and 

categorical data was compared using the Chi square statistic.

Molecular analysis. We have previously reported the molecular analysis of these 

isolates (6) by IS6110 and PGRS typing. In brief, isolates of M. tuberculosis were 

genetically fingerprinted using IS6110 RFLP typing using the international standard 

protocol (19). All patterns were entered by one researcher (SB) onto a database using 

Bionumerics software (Applied Maths, Koutrai, Belgium). All available isolates were 

submitted to PGRS analysis. Genomic DNA was digested with Alu I restriction 

endonuclease and a Southern Blot probed using an oligonucleotide consisting of two 

copies of the PGRS consensus repeat (6).

MIRU VNTR typing was performed using the technique described by Supply (17). PCR 

mixtures were prepared as follows, using the HotStartTaq DNA polymerase kit 

(Qiagen, Crawley, West Sussex, UK). A final volume of 50 µl containing 1 U of DNA 

polymerase, 10 µl of Q solution, 0.2 mM (each) dATP, dCTP, dGTP, and dTTP, 5 µl 

of x10 PCR buffer, 0.4 µM (each) primer, 1 µl DNA, 25.8 µl of water and a final 

MgCl2 concentration of 2.5mM. The PCR reactions were carried out using a 



OmniGene thermocycler (Hybaid, Ashford, Great Britain), starting with a denaturing 

step of 15 min at 95°C, followed by 40 cycles of 1 min at 94°C, 1 min at 59°C, and 1 

min 30 s at 72°C, followed by a final incubation at 72°C for 10 min. PCR products 

were sized using an 11cm, 2% agarose electrophoresis with 20 bp Super Ladder-low 

and 100 bp Super Ladder-low (Gensura, San Diego, California, USA).

Cluster analysis. Comparison of DNA fingerprints was performed using the 

Bionumerics Edition 3.0 package (Applied Maths, Kourtrai, Belgium). Cluster analysis 

of profiles was performed by calculation of the Dice coefficient; optimization was set at 

1% and position tolerance at 1.2%. A cluster was defined as a series of isolates with 

100% identity, a putative lineage was identified as a series of isolates with 70% or 

greater similarity by IS6110 RFLP pattern.

On the basis of IS6110 type, 2 putative lineages were identified. A putative lineage was 

defined as series of isolates, over represented in the population (greater than 10% of the 

total, with no evidence of recent transmission), and greater than 70% similarity by the 

Dice coefficient on IS6110 typing. DNA for each putative lineage was submitted to 

MIRU-VNTR typing.

Results

A total of 246 sequential isolates of Mycobacterium tuberculosis from the National 

Tuberculosis Control Program of Tanzania’s Zonal TB laboratory in Moshi, 

Kilimanjaro Region were collected in 1995 and typed.  



RFLP patterns of 219 patients were obtained and patterns from 195 were entered into 

Bionumerics 3.0 software and a dendrogram was drawn: twelve isolates had 

unreadable RFLP patterns and were excluded and 12 were duplicate samples (Figure 

1). Excluded isolates were not significantly different in any respect when compared to 

those included in the dendrogram. Fifty two isolates with 4 copies or fewer were 

designated ‘low copy isolates’ and excluded from further molecular analysis. Two 

groups of high copy number isolates with RFLP patterns that had a similarity of 70% 

or greater using the Dice coefficient were seen: the largest consisted of 33 out of the 

195 (16.9%) isolates designated the Kilimanjaro lineage and the second represented 

31 (15.9%) isolates designated the Meru lineage.

We examined those Kilimanjaro and Meru lineage isolates still available further using 

2 other typing methods to determine how each of the strains in the lineage were 

related to each other (Table 1). For the Kilimanjaro lineage for 27/32 (84%) isolates 

had a similarity of 70% using PGRS. Twenty isolates were available for MIRU typing 

had an overall similarity of 83%; 15/20 (75%) were identical. Of the 5 isolates with 

varying MIRU patterns all varied at one locus only, 2/5 by 1 repeat unit, 2/5 by 3 

repeat units and the remaining isolate by 4 repeats. The Meru lineage showed a similar 

level of concordance between IS6110 and PGRS with 22/26 of the isolates grouping 

with a similarity of 70% or greater by PGRS. On MIRU typing the 19 isolates 

available for testing had a similarity of 84% and 8/19 (42%) were identical. The 

discordant Meru MIRU images were the result of changes at up to 3 separate 

loci/strain and 1-3 repeat units per locus.



Using the IS6110 data, spatial diagrams were used to map a hypothetical path for 

changes in the IS6110 profile for both the Kilimanjaro and Meru lineages (Figures 2 

& 3). For each lineage a ‘core’ IS6110 pattern was identified and successive putative

transposition events were followed (addition or loss of a band) although for the Meru 

lineage it was necessary to identify a hypothetical core pattern (a; Figure 3). The 

MIRU data were then superimposed. Comparison of the diagrams shows that 

Kilimanjaro lineage is least divergent with a maximum of 5 transpositional changes 

from its core pattern (branch A - H; Figure 2). Whereas, the Meru lineage has a 

maximum of 7 transpositional changes from its putative core profile (branch a - w; 

Figure 3) and importantly many of the links or nodes have not been identified (eg a -

h).  The comparison in the divergence of IS6110 patterns between the Kilimanjaro and 

Meru lineages is in agreement with the MIRU data; the Kilimanjaro lineage showed 

variation in at locus in two patterns, whereas the Meru lineage differed at multiple 

loci.

The epidemiological data was examined to seek clinical correlates with lineage. Out 

of the 195 isolates we had clinical data on 166. Of the 29 isolates with missing data, 1 

was in the Kilimajaro lineage, 5 were in the Meru lineage and 23 were not grouped. 

There were no significant differences between the groups with respect to age, sex, 

region of domicile, HIV status or smear result (Table 2).

Discussion

There is circularity in many of the discussions of lineages, clades and families. They 

are defined as similar on the basis of a single test, for example the Beijing family is 



defined by spoligotyping (3), or in a restricted geographical setting (2). To break the 

circle we decided to arbitrarily define a lineage at 70% similarity by the Dice 

coefficient using IS6110 RFLP typing and then to test this definition using other 

typing methods. We reasoned that if our putative lineages were truly related then they 

would be robust, when tested by another typing technique. In the two lineages in our 

collection of strains collected in Northern Tanzania, which we have named the 

Kilimanjaro and Meru lineages, IS6110 typing has been confirmed by typing with 

alternative methods: PGRS and MIRU. The clinical epidemiological data confirmed 

that these isolates were not the result of direct transmission or found in a specific 

patient population.

Thus, our data provides important evidence about which methods are most valuable in 

defining new lineages.  When we studied the Kilimanjaro lineage at 70% similarity 

we identified 33 related strains.  When 20 of these strains were retested with MIRU 

all but 5 had an identical MIRU number.  Moreover, when the divergent strains were 

included, the similarity of the group was 84% suggesting that the divergent patterns 

emerged from the majority MIRU type for the Kilimanjaro lineage.  In the same way, 

all of the differences in the IS6110 profiles of strains included in the Kilimanjaro 

lineage followed a pattern that was predictable; it was possible to track the changes, 

either a gain of a band at a new site or the loss of a band (see Figures 2 & 3).  

Undoubtedly, given the limited scale of this study we have not identified all of the 

possible IS6110 types for the Kilimanjaro lineage and there are other strains yet to be 

identified.  It is reassuring that the lineage demonstrated by IS6110 is also a lineage by 

MIRU typing.  We found that PGRS typing did confirm the associations that defined a 

lineage but also included unrelated isolates, for example at the 70% level 38 isolates 



were grouped with Kilimanjaro lineage isolates, but only 28 of these were defined as 

Kilimanjaro by IS6110.  PGRS although technically straight forward presents 

problems for interpretation, thus we would suggest that it lacks the discrimination 

necessary to define a biologically relevant lineage.

In the Kilimanjaro lineage, 2 strains had an identical IS6110 pattern which we 

designated the core pattern.  Using this group of organisms as a root, all of the other 

strains included in the lineage could be linked and the differences identified as single 

or double changes in the IS6110 banding pattern, reflecting transpositional events. 

Using this same strategy differences were tracked in the Meru lineage, which 

appeared more dispersed.  Although the figures identified type strains for each lineage 

and changes are ‘tracked’ these designations are purely arbitrary.  We are unable to 

identify any true ancestor for these lineages and it is illogical to look for one as strains 

change and adapt in their interaction with a range of human hosts (8).

Although, addition of MIRU data confirmed that the Meru lineage is more dispersed 

than the Kilimanjaro lineage. This may be because the Meru lineage is older than the 

Kilimanjaro lineage. For each of the lineages we have been able to track changes from 

the ‘core’ IS6110 pattern to all of the other strains included within our definition

supporting the idea that the strains are related.

We can see clearly that both of these groups of organisms are over represented in this 

community and this raises the question why?  Our study can throw little light on this 

question although there was a trend to older age in patients infected with Kilimanjaro 

lineage strains.  This may indicate that this strain was introduced into the community 



some decades ago and spread widely in the child population of the day and now these 

strains are re-emerging as re-activation tuberculosis develops.

Over-representation of a lineage may suggest that it possesses a biological advantage 

and study of such strains may help us to understand the characteristics that make M. 

tuberculosis such an effective pathogen.  Any particular type could be over-

represented in a collection of strains in several different ways.  Some of these may 

have no bearing on the pathogenicity of an organism.  For example strains taken from 

an outbreak are an obvious example where there presence in a collection does not 

necessarily represent strains with a biological advantage.  Their presence is because of 

direct transmission (a characteristic of all strains) not because the strains have spread 

widely in a community (a characteristic of strains with an enhanced ability for 

transmission). Thus, when a set of cultures is being examined for the presence of a 

lineage, strains that are identical should only be included in the calculation if there is 

no evidence of direct transmission.

With this experience we believe that some rules may be proposed for establishing a 

lineage. We propose that in defining a lineage it is necessary to use an initial typing 

system with a discriminatory ability at least as good as or similar to MIRU.  In this 

retrospective analysis we already had an IS6110 database and so confirmed 

associations with MIRU. If IS6110 typing is used as a preliminary screen identical 

strains should be included in the lineage if they are not linked directly i.e., part of 

outbreaks or close relatives.  Non-identical strains can also be included using a lower 

cut-off, provided the secondary typing such as MIRU confirms similarity. Strains that 

differ by more than one step could be provisionally included in the lineage until 



further information is obtained.  When MIRU is used as the preliminary screen the 

lower discrimination of this technique should be considered.  In our study we did not 

perform MIRU on all of the strains and confirm similarity by IS6110 and thus cannot 

be certain of the correct approach in this circumstance.  However, our data does 

indicate that a lineage defined by MIRU should have an identical number and strains 

should be included if the IS6110 confirms this.  Now we know that it is likely that 

many different IS6110 patterns will be obtained, but in members of the lineage it will 

be possible to see how one strain pattern could have developed into that of another 

member of the lineage, this trackability is illustrated in Figures 3 and 4.   

Our study does not investigate the use of spoligotyping as a method of lineage 

definition but the literature contains a considerable amount of evidence to suggest 

how this method could be used.  The Beijing family is defined on the basis of 

spoligotyping as isolates containing spacers 35 to 43, or a subset of these spacers (3).  

When IS6110 typing is performed on isolates with this spoligotype a wide range of 

IS6110 types are found and we found it impossible to track the changes as described 

in this paper.  This can be explained if the Beijing lineage is older than the 

Kilimanjaro and Meru lineages and the molecular clock for spoligotyping is 

sufficiently slow to not show many changes. An alternative explanation is that the 

spoligotype of the Beijing lineage has arisen more than once and thus the lineage 

contains different IS6110 types. Thus studies of this lineage must use carefully 

defined collections of isolates to ensure reproducibility. 

The approach we have adopted in this study provides a robust framework in which it 

is possible to test the hypothesis that the associations of M. tuberculosis isolates 



defined by molecular typing methods do have a biological significance which is 

manifest in the clinical outcome of disease. The definitions that we propose would 

ensure that only strains that are related in a defined way are included in lineage 

studies.
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Figure Legend

Figure 1: Master dendrogram of relationships between IS6110 profiles of 171 isolates 

of  M. tuberculosis as calculated by the Dice coefficient.

Figure 2: Schematic representation of Kilimanjaro lineage.  28 patterns designated A -

B1 represent 33 isolates in the lineage.  Pattern A is designated the ‘core pattern’ and 

has two isolates.

← denotes the addition of a single band, ���� denotes the addition of one or two bands 

giving a double band, ○ denotes the loss of a band,  � denotes a an extra 
transpositional event where the intermediate pattern is not present (designated a 

‘minor node’), ● denotes divergence from one pattern to two (designated a ‘major 
node’),  * denotes the number of strains represented by each pattern.

Figure 3: Schematic representation of Meru lineage.  22 patterns designated b - w 

represent the 31 isolates in the Meru lineage.  Pattern a represents the hypothetical 

core pattern.  Key as Figure 2. 
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Figure 2



Figure 3Table 2: Comparison of the principle characteristics of members of lineages 

and non members for which clinical data was available.

Total Number of isolates in analysis Kilimanjaro lineage
Meru lineage Not grouped Significance



Number (%) 166 (100) 33 (19.9) 26 (15.7) 107 (64.5)
Median age in years (range) 165 40.0  (19-70) 37.5 (19-
60) 33.0 (15-70) Not significant*
Male Sex (%) 166 25 (75.8) 19 (73.1) 77 (72.0) Not 
significant **
HIV positive (%) 162 14 (42.4) 10 (40.0) 38 (36.5) Not 
significant **
Smear positive (%) 161 24 (81.3) 20 (76.9) 85 (70.9) Not 
significant **

* Kruskal- Wallis
** Chi squared
Table 1: Summary of the total number of isolates tested by each test and concordance of 

results.

 Lineage Number in lineage: 70% similarity by IS6110 (% all isolates)

Number that correspond @ 70% for PGRS (% of IS6110)

Number MIRU performed % similarity by Dice 

coefficient Number that correspond @ 100% by MIRU

Kilimanjaro 33 (16.9) 27/32 (84) 20 83 15 

(75)

Meru 31 (15.9) 22/26 (85) 19 84 8 

(42)


