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Abstract. This paper deals with phylogenetic relation-
ships among a set of 90 clinical strains representative of
the worldwide diversity of theMycobacterium tubercu-
losiscomplex (Kremer et al. 1999) using eight indepen-
dent genetic markers: IS6110, IS1081, the direct repeat
(DR) locus, and five variable number of tandem DNA
repeat loci (VNTR). In a preliminary experiment, phy-
logenetic trees based on single markers were constructed
that led to the detection of some similarities between the
VNTR-based and the spoligotyping-based phylogenetic
trees. In the second step, a more global phenetic ap-
proach based on pairwise comparison of strains within
each typing system was used, followed by calculations of
mean genetic distances based on all the eight loci and the
use of the neighbor-joining algorithm for tree reconstruc-
tion. This analysis confirmed our preliminary observa-
tions and suggested the existence of at least two new
phylogeographical clades ofM. tuberculosis,one defined
as the “East African–Indian family” (EA-I), which may
find its origin on the African or Asian continents, and the
other as the “Latin American and Mediterranean” (LA-
M) family. The existence of these two families was also
validated by an independent phylogenetic analysis of
spoligotyping on a larger set of shared types (n 4 252)
and further corroborated by VNTR andkatG–gyrAre-
sults. The potential origin of these families of bacilli is
discussed based on cattle domestication and human mi-
gration history. In conclusion, the information contained
in insertion sequence and repetitive DNAs may serve as

a model for the phylogenetic reconstruction of theM.
tuberculosiscomplex.
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Introduction

Phylogenetic inferences are premised on the inheritance
of ancestral characters and on the existence of an evolu-
tionary history defined by changes in these characters
according to the concept of “descent with modification”
(Swofford and Olsen 1990; Darlu and Tassy 1993). In
other words, it postulates that the observation and de-
scription of current OTUs (operational taxonomic unit,
or terminal taxon) may help to draw phylogenetic sce-
narios. The study of similarities observed between
OTUs, either through global analysis (phenetic ap-
proach) or after a split between plesiomorphic (primitive
or ancestral) and apomorphic (derived) character states,
allows conflictory approaches of phylogenetics to be de-
veloped, i.e., the phenetic, cladistic, and probabilistic ap-
proachs (Darlu and Tassy 1993). The methods of phylo-
genetics may also be classified into major groups
according to heuristics: distance methods, likelihood
methods, and parsimony methods [for a review of meth-
ods for estimating phylogenies see Nei (1996)].

The chronology of evolution and phylogenetic rela-
tionships among theMycobacterium tuberculosiscom-
plex remains to be elucidated. Although a very homoge-
neous species at the genetic level (Frothingham et al.Correspondence to:C. Sola;email: csola@pasteur.gp
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1994), theM. tuberculosiscomplex, the agent of bovine
and human tuberculosis, one of the oldest known dis-
eases, contains five members (M. tuberculosis, M. afri-
canum, M. bovis, M. microti,and M. canettii) that are
characterized by different but overlapping epidemiolo-
gies (Tsukamura 1976). For epidemiological purposes,
the M. tuberculosiscomplex has been subdivided previ-
ously into five variants (Collins and Yates 1982): clas-
sical human, Asian human, bovine, African I (West Af-
rican), and African II (East African). Recently
phenotypic and genotypic characteristics allowed further
subdivision ofM. bovisandM. africanuminto three and
two groups, respectively (Niemann et al. 2000). How-
ever, traditional genotyping methods are not fruitful for
studying bacterial populations of theM. tuberculosis
complex because of the unusually low structural gene
variation found amongM. tuberculosiscomplex strains,
even when originating from very diverse geographic ar-
eas (Sreevatsan et al. 1997; Kremer et al. 1999). Repeti-
tive DNA markers such as insertion sequences (IS1081
or IS6110), variable number of tandem DNA repeat loci
(VNTR), and the direct repeat locus (DR), provide mark-
ers of choice for phylogenetic reconstruction since they
show extensive polymorphism (Groenen et al. 1993; Sre-
evatsan et al. 1997; Frothingham et al. 1999). Among the
events that generate diversity, IS6110-mediated deletions
or insertions, homologous recombination, and replication
slippage are instrumental to explain the genome plastic-
ity of tubercle bacilli (Brosch et al. 1999; Fang et al.
1999; Filliol et al. 2000). There are other, yet poorly
understood, external selective forces that drive tubercle
bacillus evolution such as passed human demography, mi-
gratory flows, passed tuberculosis epidemiology, and his-
tory of livestock domestication (Bates and Stead 1993).

Two single-nucleotide polymorphisms (SNPs) on the
katGandgyrA genes were recently used to subdivide the
M. tuberculosiscomplex into three major groups: ances-
tral group 1, which contains strains belonging to any of
the five members of the complex, and groups 2 and 3,
which were restricted toM. tuberculosisin the strict
sense (Sreevatsan et al. 1997). Recently, Frothingham et
al. (1999) further subdividedM. africanumfrom group 1
into two subgroups, 1A and 1B, based onkatG 203, a
distinction that corroborates earlier taxonomical studies
on this group of strains (Clavel 1975; David et al. 1978).
Finally, three subpopulations ofM. tuberculosisgeno-
types based on IS6110 RFLP were linked to specific
ethnic groups in a recent multicenter study (Kremer et al.
1999). Consequently, it can be reasonably assumed that
geographically specific clades ofM. tuberculosismay
have emerged in distinct regions by divergent evolution.
Recently, we and others, used spacer-oligonucleotide
typing (spoligotyping) for phylogenetic reconstruction of
M. tuberculosis(Fang et al. 1998; Sola et al. 1999, 2001).
In the present investigation, our aim was to use multilo-

cus genotyping obtained on 90 strains representative of
the worldwide diversity of theM. tuberculosiscomplex
to evaluate global similarities between strains and to
search for new phylogeographical clades or families of
M. tuberculosisby neighbor-joining (NJ) tree building.
Our results demonstrates the existence of two new clades
of M. tuberculosis,one that is specific from Africa and
the Indian subcontinent (EA-I) and another that may find
its origin in the Mediterranean basin and whose descent
is widely spread in Latin America (LA-M). The exis-
tence of these families was confirmed independently by
spoligotyping on 252 shared types representative of 3319
strains. These results are congruent to those obtained by
VNTR andkatGandgyrA genotyping. Some hypotheses
on the origin of these two clades of tubercle bacilli are
discussed.

Methods

Typing Methods

IS6110and IS1081RFLPs have been described previously (van Emb-
den et al. 1993; van Soolingen et al. 1992).

Spoligotyping is a fingerprinting technique based on the polymor-
phism of the direct repeat (DR) locus, which contains 36-bp direct
repeats interspersed by specific 35- to 41-bp inter-DR sequences
(Groenen et al. 1993; Kamerbeek et al. 1997). Some spoligotyping
signatures specific for members of theM. tuberculosiscomplex have
been published (Kamerbeek et al. 1997; van Soolingen et al. 1998;
Aranaz et al. 1999). Variable number of tandem DNA repeats (VNTR)
typing is a method based on the study of five polymorphic loci con-
taining five to seven alleles for each locus, which has been shown to be
useful for M. tuberculosisphylogenetic reconstruction (Frothingham
and Meeker-O’Connell 1998; Frothingham et al. 1999).

Data

A recent multicenter study aimed at comparing fingerprinting methods
for molecular epidemiology of tuberculosis described a set of 90 strains
of M. tuberculosisoriginating from 38 countries (Kremer et al. 1999).
This study constituted the first data set that may be assumed to be
representative of the world wide diversity ofM. tuberculosis.In pre-
liminary experiments (Figs. 1A and B) we included all the strains that
were differentiated either by spoligotyping or by VNTR typing (n 4

71), which were subjected to a multilocus combined numerical analysis
using IS6110RFLP, IS1081RFLP, VNTR, and spoligotyping (Figs. 2
and 3). The second data set, used to construct the trees shown in Figs.
4 and 5 concerned spoligotyping data extracted from a proprietary
database described elsewhere (Sola et al. 2001) and contained 3319
spoligotypes from 47 countries with 252 shared types (identical spol-
igotypes shared by two or more patient isolates).

Phylogeny Reconstruction

The Taxotron package software (PAD Grimont, Taxolab, Institut Pas-
teur, Paris), which includes Recognizer, Restrictotyper, Adanson, and
Dendrograf, was used throughout this study. Spoligo and VNTR data
files were built into Recognizer files. For spoligotyping, the results
were entered into the first 43 cupules under a binary format: 0 or empty
cupule, no hybridization; 1 or full cupule, hybridization with the cor-
responding spacer (cupule number 0 was always kept empty). For
VNTR, the same format was applied, but a maximum of 10 cupules
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was attributed to each exact tandem repeat (ETR) (Frothingham et al.
1999) and the number of alleles was entered as indicated previously;
e.g., when ETR-C was equal to 3, the first three cupules only were
blackened (Frothingham and Meeker-O’Connell 1998). IS6110RFLPs
were transferred and analyzed into Gel Compar (Applied Maths, Kor-
trijk, Belgium) and molecular weights were transferred to Restricto-
typer files. IS1081RFLPs were analyzed with Restrictoscan and Re-
strictotyper; RFLP comparison was done with a 4% error tolerance rate.
Individual pairwise distance matrices were computed using the follow-
ing mathematical indexes: the Jaccard (1908) index was used for spo-
ligotyping and VNTR results, whereas the Dice (1945) index was used
for IS6110and IS1081RFLP. The phylogenetic trees were built using
the neighbor-joining (NJ) algorithm contained in the Adanson soft-
ware; this algorithm is well suited for tree-buiding when a large number
of OTUs is to be compared (Nei 1996). Among the distance matrix-
based approach to phylogeny reconstruction, the NJ method produces
a unique final tree under the principle of minimum evolution. Although
it does not necessarily produce the minimum-evolution tree, computer
simulations have shown that it is quite efficient in obtaining the correct
tree topology and it is applicable to any type of evolutionary distance
data (Saitou and Nei 1987). Combined numerical analysis was per-
formed by averaging individual distance files, all strains being in the
same order in each file, and a final NJ tree was built with this averaged
distance file. Preliminary analyses (Figs. 1A and B) were also per-
formed with the PHYLIP package (Felsenstein 1993) using the
NEIGHBOR and DRAWTREE softwares for tree representation and
gave similar results (results not shown).

Nomenclature

To simplify the handling of spoligotypes, an arbitrary numbering sys-
tem (shared-type designation), which attributes a chronological number
as soon as a new pattern leading to a shared-type is published, was used
throughout the study in the figures (for a full description see Sola et al.
1999, 2001). All the spoligotyping results from the multicenter study
by Kremer et al. (1999) were initially compared with our database and
designated a number according to the above scheme. Patterns already
present were assigned to a shared-type number, whereas new and
unique strains were designated orphan. The VNTR results were ex-
pressed in their original format as described previously for alleles A to
E (Frothingham and Meeker-O’Connell 1998). Country numbers are
given according to ISO code 3166, available on the Internet at
www.un.org/Depts/unsd/methods/m49.htm.

Results

A Preliminary Phylogenetic Reconstruction of theM.
tuberculosisComplex Suggests the Existence of at
Least Two New Clades of theM. tuberculosis
Complex: The East African–Indian (EA-I) and the
Latin American and Mediterranean (LA-M) Types

From the data published by Kremer et al. (1999), a set of
71 strains that contained all strains harboring a unique

combination of spoligotyping and VNTR patterns was
selected and two NJ trees based on either the spoligo-
typing results (Fig. 1A) or the VNTR results (Fig. 1B)
were constructed. Each of these trees showed a specific
spatial clustering of most of the strains according to their
geographical origin. More than the five classical major
branchesdefined previously by phenotypic methods may
be seen on these trees (Collins and Yates 1982). For
example, spoligotypes from strains originating from Tan-
zania, Zimbabwe, Comoro Islands, and India (all coming
from the EA-I region) clustered distinctly into a separate
branch (Fig. 1A). Strains from LA-M were distinctly
located on a new and separate branch on this tree (Fig.
1A). As supported by a recent study suggesting the ex-
istence of various subtypes ofM. bovis(Niemann et al.
2000),M. bovistended to cluster separately into at least
two branchesin this NJ tree (Fig. 1A). The Beijing type
was homogeneous and very distant from all otherM.
tuberculosisstrains, whereas the “Haarlem” family
strains aggregated together in a branch apparently close
to some of the African strains, to a branch ofM. bovis,
and to the LA-M family of strains (Fig. 1A). Finally, the
only two M. africanum strains in this study clustered
with the M. bovis family, however their paucity (only
two strains) precludes any interpretation of evolutionary
branching in this study.

The NJ-VNTR tree suggested similar results as those
obtained by spoligotyping for the LA-M and the EA-I
branches, which again and independently cluster on dis-
tinct branches of this new tree (Fig. 1B). The “Haarlem”
family is homogeneous with a unique 32333 VNTR al-
lele combination if we except a single strain from Czech
Republic (32334). Except for one strain from Russia
(42452), the Beijing type is very homogeneous when
studied by this method (42432). A first combined nu-
merical analysis of spoligotyping and VNTR was drawn
and underlined the neighborhood between strains inside
the LA-M as well as inside the EA-I clade (results not
shown).

Confirmation of the EA-I and LA-M Branches by a
Combined Numerical Analysis Using IS1081,IS6110,
Spoligotyping, and VNTR

Insertion sequences such as IS1081and IS6110may be
informative markers for biogeographical studies as well

<

Fig. 1. Neighbor-joining phylogenetical trees based on spoligotyping (A) and VNTR data (B) on 71 strains from the study by Kremer et al. (1999)
showing the presence of two new phylogeographical clades, designated “East African–Indian” (EA-I) and “Latin American and Mediterranean”
(LA-M). Each branch shows the following levels of information forM. tuberculosis:strain description, with “orphan” (for unique strains) or,
alternatively, with a one- to three-digit number (spoligotype designation for shared types as shown in column G in Fig. 2), and a three-letter ISO
code description for the country of origin.M. bovis, M. africanum, M. microti,andM. canettiare indicated, together with their geographical origin
according to ISO code 3166. Potential clades as well as two highly prevalent shared types (types 53 and 50) are indicated inboldface.In addition,
the VNTR results are shown as a five-digit number (e.g., 32333) in B.
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Fig. 2. Matrix of the repetitive
DNA markers used for
phylogenetical reconstruction of the
M. tuberculosiscomplex extracted
from Kremer et al. (1999).A Serial
number (1 to 90) followed by strain
number as in the original
publication and IS1081 type,
designated A to M according to
Park et al. (2000), e.g., strain 1 is
isolate 25 harboring IS1081 type A.
B IS1081pattern.C IS6110pattern.
D Spoligotype pattern.E VNTR
allele combination.F Geographical
origin expressed as ISO code 3166
(see also the legend to Fig. 3).G
Arbitrary nomenclature of shared
types ofM. tuberculosisaccording
to Sola et al. (2001) or designation
of the M. tuberculosiscomplex
subspecies (M. bovis, M. africanum,
M. microti, M. canettii). Unique
spoligotype patterns are labeled as
“orphan.” Dashesin column G for
isolates 65 and 66 refer to type
strainsM. tuberculosisH37Rv and
H37Ra. Due to different softwares,
the IS6110and IS1081patterns do
not appear exactly as in the original
paper.

684



Fig. 3. Neighbor-joining phylogenetical tree based on the combined numerical analysis of spol-
igotyping, VNTR, IS6110RFLP, and IS1081RFLP results of 90 strains from the study by Kremer
et al. (1999). Each branch shows the following levels of information: spoligotype designation for
shared types as shown in column G in Fig. 2; ISO code 3166; isolate number; five-digit VNTR allele
description; and IS1081type, designated A to M. The EA-I and LA-M clades arecircled.Please note
that the LA-M clade appears to be well separated from the Haarlem clade.
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as for phylogeny reconstruction ofM. tuberculosis(van
Soolingen et al. 1995; Park et al. 2000; Warren et al.
2000). We therefore included IS1081and IS6110geno-
typing data in a new phylogeny reconstruction ofM.
tuberculosisbased on the description of the full collec-
tion of 90 strains published by Kremer et al. (1999) by
spoligotyping, VNTR, IS1081,and IS6110.We decided
to limit our analysis to the most informative genetic
markers, which could be easily analyzed and compared,
using computer-assisted comparison between strains. Re-
sults of this analysis are shown in Fig. 3. We reasoned
that, as each typing method identifies strains with atypi-
cal characters, the combination of these four data sets
would reduce the impact of minor discrepancies and pro-
duce a much more robust tree. As expected, the two
previously defined branches, EA-I and LA-M, remained
distinct; the EA-I branch was related to aM. bovis
branch, whereas the LA-M branch appeared to be part of
a larger clade which may share an ancestor with the
Haarlem family (Fig. 3). However, the LA-M family was
clearly distinguished from the Haarlem family, as all but
one strain in the LA-M branch harbored a typical IS1081
profile, defined as “pattern D” by Park et al. (2000).

Independent Validation of the LA-M and EA-I
Branches Using a Larger Spoligotyping Database and
Hypothetical Scenarios of Their Evolution

Independently, we constructed another NJ tree based on
spoligotyping on a much larger set of data (252 shared
types representative of 3319 strains). The resulting tree
(Fig. 4) is quite complex and is not discussed in detail
here, however, the presence of branches LA-M and EA-I
is clearly indicated, and a preliminary correlation among
spoligotyping, katG–gyrA, and VNTR data for these
branches is illustrated in the enlargement shown in Fig.
5. Some interesting conclusions may be drawn; all strains
of the EA-I branch (Fig. 5A) harbor akatG463 CTG
(Leu) andgyrA95 ACC (Thr) allele and are ancestral
strains as defined previously by Sreevatsan et al. (1997).
Furthermore, the VNTR data show a high ETR-A allele
number (four or more copies) in strains of the EA-I
branch (Fig. 5A), a feature also shared by the isolates of
theM. bovisor M. africanumdescent [Group IA or IB of

Fig. 4. Neighbor-joining phylogenetical tree based on 252 shared
types from a worldwide spoligotyping database containing 3319 spol-
igotypes from the study by Sola et al. (2001). Please note that the EA-I
and LA-M clades are well separated.

Fig. 5. Enlargement of the EA-I and LA-M clades from Fig. 3. Three
levels of information are shown here: spoligotype designation for
shared types according to the study by Sola et al. (2001); spoligotype
designation according to Soini et al. (2000) (numbers starting with S);
and, when given, a number corresponding to the major genetic groups
1 to 3 according to Sreevatsan et al. (1997). Numbers inboxesshow
two levels of information: the first number represents the shared-type
spoligotype designation according to Sola et al. (2001), whereas the
second number represents the five-digit VNTR description. Nodes
shown on the branches (black circles) most likely represent ancestral
and/or intermediate strains during the evolutionary process. Please note
that all data from our laboratory are shown asroman characters,
whereas those from the study by Soini et al. (2000) are initalics.
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Frothingham et al. (1999)]. On the other hand, the strains
of the LA-M branch harbor akatG463 CGG (Arg) and
gyrA95 ACC (Thr) allele, and as defined by Sreevatsan
et al. (1997), these are probably intermediate strains at
the evolutionary level (Fig. 5B). The VNTR data show
that, contrary to the EA-I branch, their ETR-A allele
number is low (two instead of four or more copies).

Discussion

For a disease considered as old as the history of human-
ity (Bates and Stead 1993), its phylogeny remains highly
speculative (Kapur et al. 1994; Stead et al. 1995; Froth-
ingham 1999).M. bovis has been suspected as the an-
cestor ofM. tuberculosis,as tuberculosis was presumed
to be a zoonosis before becoming an anthropozoonosis
(Stead et al. 1995), however, genetic evidence to this
effect is missing. As repetitive DNAs of mycobacteria
have been proposed to be useful for studying the evolu-
tion of M. tuberculosis(Fang et al. 1998; Sola et al.
1999, 2001), we focused on the use of spoligotyping,
VNTR, IS1081,and IS6110 to investigate phylogenetic
links among two sets ofM. tuberculosiscomplex strains
in the present study. One set was composed of an ex-
haustively characterized collection of 90 strains, whereas
the second set contained a larger but less characterized
collection of 3319 spoligotypes for which other genotyp-
ing data (VNTR,katG–gyrA) were available for selected
isolates (Sola et al. 2001). As shown under Results, in-
stead of fiveM. tuberculosisfamilies in the world de-
fined previously by analysis of phenotypic character
(Collins and Yates 1982), spoligotyping and VNTR
analysis suggested the existence of more than five geno-
type families (Fig. 1), an observation corroborated by the
combined numerical analysis based on spoligotyping,
VNTR, IS1081RFLP, and IS6110RFLP (Fig. 3).

However, one may argue that combining markers
with different molecular clocks may not be the best way
to elucidate the different depths of phylogenetic diver-
gence over different time scales, a problem that has re-
ceived theoretical attention only recently (Wilson et al.
2001). Though not perfect, the phenetic approach has the
merit of attempting to define global similarities using all
available characters, which considerably reduces the im-
pact of minor discrepancies and produces a much more
robust tree. Concerning the choice of individual markers,
IS6110 dynamics may reportedly vary between clades
since it may evolve too rapidly among high-copy isolates
such as the Beijing strains (Warren et al. 2000). Never-
theless, it is suitable for slowly evolving clades of low-
IS6110 banders, and consequently, we decided to keep
this marker along with slower molecular clock markers
such as spoligotyping, VNTR, and IS1081.Finally, data
should be interpreted with caution forM. tuberculosis
complex subspecies for which only rare isolates are yet

available such asM. africanum, M. canettii,andM. mi-
croti.

The results obtained showed the existence of new
biogeographical subtypes ofM. tuberculosis,and accord-
ing to the most frequent origins of the strains which
define these branches, two families were baptized the
“East African-Indian” (EA-I) and “Latin American and
Mediterranean” (LA-M) clades. However, it should be
underlined that this designation does not necessarily sig-
nify that the ancestors of these families are to be found in
these regions, e.g., strains of the EA-I branch were in-
dependently reported in Guinea–Bissau (Ka¨llenius et al.
1999). These authors suggested that this family of strains
(designated group C in their study) may find its origin in
West Africa. Concerning the origin and spread of the
EA-I clade, it may be hypothesized that these isolates
were historically endemic in Asia or Africa and spread
with early human migration and/or later through Indian–
Muslim trade from the Indian subcontinent toward East
Africa or the Portuguese–Spanish colonization of the
15th–16th century. Alternatively a potential bovine ori-
gin of this family of strains may also be linked to cattle
migratory routes of taurine or zebu east to west as evi-
denced by the existence of two independent cattle do-
mestication events (Loftus et al. 1994).

Along the same lines, the LA-M family of strains
either were endemic in the Americas in the pre-
Columbus era or originated in the Mediterranean basin
and were introduced later into the Americas through in-
fected cattle and human migration (Fanning 1994). Al-
though it was hypothesized that tuberculosis may not
have been a serious health problem in pre-Columbian
America (Stead 1997), a study performed in South
America, that reviewed 483 skeletons, suggested an es-
timated tuberculosis prevalence of between 1 and 2%
between 2000 B.C. and 1500 A.D. (Arriaza et al. 1995).
The endemic presence of tuberculosis in America before
the settlement of Caucasians is also supported by the
finding of M tuberculosisDNA in a Peruvian mummy
(Salo et al. 1994). At the same time, a potential link to
the Mediterranean basin of this clade is indicated by a
hypothetical scenario of evolution among strains of types
42, 20, and 17 as discussed under Results (Fig. 5), and
also by their current geographical distribution. Indeed no
strain of the “ancestral” type 42 was reported among the
1283 strains described by Soini et al. (2000) in the USA
although derived types were found (type 229, 230).

In conclusion, the precise relationship among the cur-
rent genotype prevalence of theM. tuberculosiscom-
plex, human demographic expansion and migration, and
tuberculosis transmission dynamics should be the focus
of further investigations. Such an approach may help to
elucidate if theM. tuberculosisdiversity followed or pre-
ceded human demographic expansion; e.g., a recent
study suggested that the dynamics of repeated elements
depends more on IS6110transpositional events than epi-
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demic parameters alone (Tanaka et al. 2000). Conse-
quently, today’s molecular diversity of tubercle bacilli
may derive from a relatively recent spreading of tuber-
culosis linked to changes in human demography, life-
style, and tuberculosis epidemiology essentially after
1500 A.D. Alternatively, it may be due to a relatively
ancient spreading which may then have occurred either
before or after the domestication of livestock around
7000 B.C. (Bradley et al. 1996). According to early
hominid biogeography (Strait and Wood 1999), four to
seven early dispersal events may have taken place inde-
pendently between southern and eastern Africa and the
Malawi River. These events may have led to the foun-
dation of M. tuberculosisevolutionary history. Along
similar lines, at least five independent events of livestock
and two of bovine cattle domestication took place (Smith
1995; Loftus et al. 1994); in the latter case two types of
aurochs (Bos primigenius) supposedly led to the current
species, i.e.,Bos bos indicus,on the Indian subcontinent
and in East Africa, and another unknown ancestor which
spread from Africa to Europe and gave rise toBos bos
taurus(Loftus et al. 1994). A more recent reintroduction
of AsianB. indicusinto Africa through the Arab invasion
(670 A.D.) gave rise to the typical East African zebu, a
fact supported by archeological evidence (Loftus et al.
1994). In this context, the recent discovery ofM. bovis
subsp.capraesuggests that a commonM. bovisancestor
may also have diverged to give host-specific variants for
goats (Aranaz et al. 1999). Thus a complex intermingling
of humans and animals for the last 7000–15,000 years
may be responsible for the diversity and evolution of
major M. tuberculosisclades. Likewise, the hantavirus
and the rodent coevolution models show that virus and
hosts phylogeny may be superimposed (Vapalahti et al.
1999).

Data on human diversity reveal that differences
among continents represent roughly one-tenth of human
molecular diversity and that genetic variation is high
even among small population groups (Barbujani et al.
1997), a model that may also hold true for tubercle ba-
cillus diversity. Alternatively, bottleneck events such as
climatic changes may have lowered ancestral human
populations to small effective sizes (Zietkiewicz et al.
1998), limiting the current diversity of tubercle bacilli to
an association between most fit clones of bacilli with
most demographically—and/or migratorily—active hu-
man populations. This would obviously affect the selec-
tion of a limited and recent number of major families of
M. tuberculosisgenotypes.
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