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Abstract

In order to compare phylogenetic methods and to reconstruct the evolutionary history of the tubercle bacilli, a set of macro-array-based
genotyping data oMycobacterium tuberculosis clinical isolates (called spoligotyping for spacer oligonucleotiggng, which assays
the variability of the Direct Repeat -DR- locus), was analyzed in four settings of the Caribbean region (Guadeloupe, Martinique, Cuba
and Haiti) A set of 47 alleles, split into 26 shared and 21 unique alleles) representative of 321 indMduaderculosis clinical
isolates from patients residing in the above regions was studied. The following methods (and software in brackets) were investigated:
numerical taxonomy distance methods (TAXOTRON), maximum parsimony procedure (PAUP), median-joining networks (NETWORK),
and nested clade analysis (GEODIS). Results using these methods were analyzed, compared and discussed. The latter method (GEODIS
was investigated in detail by introducing geographical data together with genetic variability results to detect a link between population
structure and population history, and to test the null hypothesis of no association between geography and genotypes. Irrespective of the
methods used, our findings demonstrate that a core structure of four families (or clades)asf cul osis strains is highly prevalent within
the islands studied, indirectly reflecting passed colonization history of these different settings. SpecNcitytefcul osis genotypes in
each of the islands is discussed in the light of their respective colonial and contemporary histories.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction (Grmek, 1994. In the Caribbean region, human settlement
goes back to 4000 yearsc., stemming from South Amer-
Directly responsible for more than two millions deaths ica (Adelade-Merlande, 1994 Traditional Amerindian so-
worldwide annually, tuberculosis (TB) is a disease that may cieties disappeared following Spanish, English and French
be as old as civilizationGrmek, 1994, It is a paradigm of ~ successive settlements in the various islands for which Eu-
a threatening re-emerging infectious disease and of all theropean settlers fought for three centuries. The history of the
accompanying changes in host-pathogen interactions that'sugar islands” (Hispaniola now divided into Haiti and the
may be studied together with changes in epidemic dynam- Dominican Republic, St Kitts and others), is also made up of
ics. Phenomena such as Multi-drug-resistance and associamassive West African slave trade. This trade which started at
tion with AIDS pandemic are also of increasing importance, the beginning of the XVIth century, was followed by Indian
hence a renewed interest for this diseagéHQ, 1999. and to a lesser extent Chinese immigrations during the XIXth
TB also happens to be a potential model to study pale- century after the slavery was abolishédiélaide-Merlande,
odemography and paleoepidemiology of infectious diseases1994. Although it may be speculated from history that ma-
jor ways of entry of TB in the Caribbean included sea-borne
immigration of both humans and cattle, the passed incidence
of this disease is poorly documented in the literature.
fax: +590-590-893-880. , This study attempts to reconstruct passed natural his-
E-mail addresses: nrastogi@pasteur-guadeloupe.fr (N. Rastogi), . : . . ; )
csola@pasteur-guadeloupe.fr (C. Sola). tory of TB spreading in a Caribbean setting and to link it
1 Co-corresponding author. to today’s population structure of tubercle bacilli. For this
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purpose, the available genetic variability dataMntuber-

culosis clinical isolates from Cuba, Haiti, Guadeloupe and
Martinique Diaz et al., 2001; Ferdinand et al., 2003; Sola
etal., 1999, 200J)awas subjected to a detailed phylogenetic

(Grimont, 1993, PAUP 4.0 Gwofford, 1993, NETWORK
(Bandelt et al., 1999 and GEODIS Posada et al., 2000

2.2.1. TAXOTRON (numerical taxonomy)

investigation. Phylogenetic analysis has been often termed The Pairwise distance between clinical isolates was com-

as a black box into which data are fed and out of which “the
tree” springs $wofford and Olsen, 1990Nonetheless, it
does permit the study of the evolution of an infectious dis-

puted using the 1-Jaccard£1S;) index. The Jaccard Index
is defined asi/a + ¢, wherea is the number of simulta-
neously positive characters ands the number of discrep-

ease with a complex interplay of demographic and epidemic ancies Jaccard, 1908)The neighbor-joining algorithm was
dynamics, and population migrations. We have previously used for clusteringSaitou and Nei, 1987 Average linkage

used a classical numerical taxonomy approach to investi-

gate the population structure bf. tuberculosis in a set of
90 clinical isolates representative of the worldwide diversity
of the tubercle bacilli ola et al., 2001} The congruence

(UPGMA, unweighted pair-group method using arithmetic
averages) or neighbor joining are indeed fairly popular meth-
ods that have proved to be very useful to define some major
phylogeographical clades within théycobacterium tuber-

obtained between independent genetic markers in this studyculosis complex fan Soolingen et al., 199Kremer et al.,

argued in favor of a clonal structure bf. tuberculosis pop-

1999; Sola et al., 2001b; Filliol et al., 2002

ulation and the existence of geographically structured clades

or families of tubercle bacilli%ola et al., 2001b As addi-
tional information on the frequencies and locations of the
different variants may be useful when studying a collection
of haplotypes from a single specidsxgoffier and Mouse,
1994, we decided to focus on the population structure of
different CaribbearM. tuberculosis strains in the present

2.2.2. PAUP 4.0 (parsimony methods, see Swofford, 1988)
Given the high number of taxa, a unique parsimony ap-
proach was used. This procedure was performed using a
heuristic search based on a branch swapping option, the
tree bisection and reconnection algorithm (TBR), which is
known to give good results in general. The most parsimo-

study. Using distinct phylogenetic procedures, we show that nious tree among 1000 trees generated was kept. However,

a core of four major clades or families M. tuberculosis

present today reflects a combination of TB paleoepidemiol-
ogy, human settlement and demographic history in this re-

gion of the world.

2. Materials and methods
2.1. Data collection, nomenclature

Spoligotyping data on 321 isolates from 321 individual
patients originating from four locations within the Caribbean
region (Cubay = 126; Haiti,n = 56; Guadeloupen =
110; and Martiniquez = 29), were collected from recently
published studiedijaz et al., 2001; Ferdinand et al., 2003;
Sola et al., 1999, 200})aln each case, spoligotyping was
performed following the published procedutsafnerbeek
et al., 1997. Data from the 321 isolates corresponded to 47
distinct spoligotype patterns or allelegaple 1); 26 of these

given the quantity of options available with this software, an
exhaustive search of the best option was not systematically
investigated.

2.2.3. NETWORK (phylogenetic networks)

Interconnected trees are often called networks. Geneti-
cists working on the analysis of human mitochondrial
DNA (MtDNA) variations originally developed this method
(Bandelt et al., 1995; Bandelt et al., 199%ere, the fin-
gerprinting data (most of the time a DNA sequence) are
considered as a set of binary characters. Absence of re-
combination, an hypothesis that may not always be true for
spoligotyping, and a limited amount of ambiguous char-
acters are two prerequisite assumptions. According to the
author Bandelt et al., 1995, 1999a network that displays
alternative potential evolutionary paths in the form of cycles
may best express the multitude of plausible intraspecific
trees. The method (“median joining” or MJ) for constructing
networks from recombination-free population data com-

were shared-types (ST), i.e. a common profile observed inpines features of Kruskal’s algorithm for finding minimum

isolates from two or more patients, and 21 were unique pro-

file, i.e. found only once within this setting (also designated
as “orphan”).
The family and sub-family designation was performed ac-

spanning trees by favoring short connections, and Farris’s
maximum-parsimony (MP) heuristic algorithm, which se-

guentially adds new vertices called “median vectors”. The
MJ method is closely related to an earlier approach de-

cording to the latest available classification and nomencla- scribed for estimating MP trees but it can be adjusted to the

ture, both for shared-types (ST) and famili€sll{ol et al.,
2002, 2003

2.2. Methods of analysis and softwares

The following softwares and methods used for phy-
logenetic reconstruction were as follows: TAXOTRON

level of homoplasy by setting a parameter epsilBaulds
etal., 1979.

2.2.4. GEODIS (cladistic nested analysis)

This program implements the “cladistic nested analysis”
(Posada et al., 2000This methodology was first described
by Templeton Templeton et al., 1992, 1995Using this
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Table 1

Spoligotyping data from 32Mycobacterium tuberculosis clinical isolates from four different areas of the Caribbean Islands
Type n° Spoligotype description (binary) Total n° G M [o4 H
12 | m] mnmmeeemme | W[ e ] ] 2 2 0 0 0
13 | u] memmeeemmy | ] L] ] ] ] | ] 2 2 0 0 0
14 | W] mewwweeey | ] ] ] ] | | 22 21 1 0 0
92 [ | | Wewwweeee | W L] ] ] ] | 2 0 0 2 0
70 [ | | Wewwweeee | W L] ] W] ] | | 6 2 0 0 4
91 [ | | WEmweeeee | L] W] ] | ] 5 0 0 0 5
71 ENEEEEER NN N ESSEEEENEEEEEEEEEE OO0 mE. | ] 5 0 0 5 0
53 ENEEEESEEEEEEEEEEEEEEEEEEEEEEEEER O NEEEEEE 44 20 4 16 4
119 ENEEEEEEEEEEEEEEE  EEEEEEEEEEEEEEO O NEEEEEE 4 0 3 0 1
51 ENEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEOOOONEEOCOO0 5 0 0 0
60 ENEEEEEEEEEEEEEEEEER L NEEEEEER 0NN NN 3 0 0 3 0
81 ENEEEEEEN EEEEEEEEER O NEEEEEERO O NEENEEE 10 0 0 10 0
20 | | [ | [ewwis] ] ] [ | | W] ] 10 3 2 4 1
17 | [ [ | [ ] ] | | W] | 19 9 2 3 5
93 ENEEEEEEEEEN EEEEEER O NEEEEEEEOOO0mEE ] 8 3 0 0 5
33 L L [ ey [ emee ] ][] W] ] | ] 11 0 0 11 0
42 ENEEEEEEEEEEN | | [ | [mmme ] ] || W] | ] 28 9 0 14 5
5 LO0000000EEINE HENEEEEEEEEEEEERO OO0 NENE | 4 1 2 0 1
80 L Ll m ] ] e Eeeeee ewew ][] ]]] 6 0 0 6 0
45 ENEEEEEEEEEEEEEEEEEEEEEOEO 0000000 NNENEEE 10 4 6 0 0
47 ENEEEEEEEEEEEEEEEEEEEREERO O OO0UEDOO0NNEEEEEE 1 0 7 0
2 1 A 1 A 1 o [ (W [ W | (W] e ]| ] ] 35 7 2 15 11
62 ENEEEEEEEEEEEEEEEEEEEEEEE 00RO EEEOREE 0 4 1 0
103 ENEEEEEEEEENEEEEEEEEEE I EEO 00RO EEE I NEE 3 3 0 0 0
50 ENEEEEEEEEEEEEEESEEEESEEEEEEEEOE O NEEEEEE 38 11 2 16 9
58 INEEEEEEEEEEE | [ | | ][] [ || [Wewe [ ] ]]]] 5 0 0 5 0
C231 | [ | [WIW] [ | SIS ] | | || | [Wwwie] | ] ] ] [ | | [Wwee ] 1 0 0 1 0
C260 HEENEEEOEEEEEEE L L[] | Wa Eeeeee ewee | ] ]| W 1 0 0 1 0
C308 HENEEEEROOOENE | L[| mmmia] [ ] ]| | mwwisl || ]]]]] 1 0 0 1 0
C309 HENEEEEEROOONNE | | u] e ][ e ] 1 0 0 1 0
C391 ENEEEEEEEEEEN L L [ ] [ ] [ [W W | ][ ]]] 1 0 0 1 0
C425 HENEENEEEENEEEEEEEEEEEEEEOOOOOEOOOUNNEOOEE 1 0 0 1 0
Cs EEEEEE SN EN RN EEEeeN Eeee ] ] ] 1 0 0 1 0
c7 EEEE SN RN R EEEeee meee ] ][] 1 0 0 1 0
G1 Eewnewwe o L e ] ] ] 1 1 0 0 0
G2 [ [ ||| | WESEEeEaeeew e | W] ] ] ] 1 1 0 0 0
G3 ENEEEEEEEEEEEN_ EEEEEEEEE 00RO e . 1 1 0 0 0
G4 L L] ]| NSNS seee e ] 1 1 0 0 0
G5 Ll ][] MW (] 1 1 0 0 0
G6 LU [ W] | | e ] ] ]]] 1 1 0 0 0
G7 LU LU ] e e | ] ] 1 1 0 0 0
H2 | || | [Wmme | | wee | mwee ] 1 0 0 0 1
H4 AR NEEEEEEEN | [ | | [mmme ] ][ | | W] W] 1 0 0 0 1
H5 L L] 1] | e ] | || | EEmeeEeee | | e ] ] 1 0 0 0 1
H6 ENEEEER EENEEESSEEEESEEEEEEEEEE L NEEEEEE 1 0 0 0 1
M1 ENEER O SN EEEEEEEE O NEEEEEERO O NEEEEEE 1 0 1 0 0
H7 Eewnlawwee oy [ e ] ] 1 0 0 0 1
321 110 29 126 56

G: Guadeloupe; M: Martinique; H: Haiti and C: Cuba. Type no.: nomenclature of the shared-types, types present at least twice, ac8oldieg db,
2001a p 745. Clinical isolates present only once (orphan isolates) are designated according to their country of origin (e.g. C231, isolate no. 234).from Cub

methodology, population structure can be separated fromacteristics, i.e. the presence or absence of a given spacer.
population history through rigourous statistical testing upon The starting hypothesis is that all the types are derived
an estimated nested cladrogram. The input file consists of afrom a single ancestor whose spoligotype was made up
description of the nested cladogram. The input filé-iof. 4 of all 43 spacers. The hypothesis of no recombination be-
is available upon request from the corresponding author. Thetween the order of the spacers (corroborated by recent find-
principles of the construction of the nested cladrogram haveings on the structure of the DR locugan Embden et al.,
been described previouslyémpleton et al., 1992 Spolig- 2000, is also assumed. The network is built by successive
otypes are first clustered according to their common char- deletions of one to many consecutive spacers. These dele-
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tions are assumed to proceed in time by the accumulationtwo, and so on, until all haplotypes are nested. No clades
of genetic elementary events such as replication slippage,are created when no geographical or genetic variations are
insertion-mediated transposition, and homologous recom-observed. Finally, the probabilitid is computed to esti-
bination ¢an Embden et al., 2000The strains harboring  mate the validity of the parsimonious network created with
lesser differences are linked to each other in a parsimo-the datasetTempleton et al., 19920n a given sample of
nious approach. Once the tree has been built, the process haplotypes, H is the probability by which two random
used to create clades and to organize into a hierarchy thetypes differ by more than one step (non-parsimonious state).
tree is followed as previously describetefmpleton et al., Sample locations are treated as categorical variables and an
1992, 1995; Templeton and Sing, 199® this method, one  exact permutational contingency test is performed for any
always starts from the tips. If one or many tip-haplotypes clade at each nesting level. & statistics is calculated from
are directly linked to an inner-haplotype, this group con- contingency tables in which rows represent genetic clades,
stitutes a step-one clade. It is designated as 1-x. The samand columns are geographical locatioR®ff and Bentzen,

is done for clades, i.e. if one or more tip-clades (or haplo- 1989.

types) are directly connected to an inner-clade (or an inner All softwares were run on a first generation iMac
haplotype), then this group constitutes a super-clade of step(Apple computer, Cupertino, California, USA), except for

0.05

Haarlem1

Haarlem3 LAM3
B 33%‘*&
Ccz31
LAMY “¥%\ 308 C3nd
X3 17\ W1
/ H4
12 -1
13 =14y
70
H7
Haarlem2

Fig. 1. Unrooted spoligotyping-based neighbor-joining phylogenetic tree. Results are based on pairwise calculation of the Jaccard siemil@ritySind

across the 47 alleles representative of 321 diffeMytobacterium tuberculosis caribbean clinical isolates used in the present study. Note that four major
groups are clearly defined by the method, and that four strains, i.e. strains G2, 2, C5, C7, are at a wrong place on this tree due to the peculiar structur
of their DR locus.
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NETWORK which was run on a Hewlett-Packard PC “HP 3.2. Results of the PAUP analysis
brio”, (Palo Alto, California, USA).
The PAUP analysis corroborated the previous analysis
(Fig. 2 as the global architecture into four main groups was

3. Results conserved. In this tree, a new phylogenetic link between
ST50 (Haarlem3) and ST47 (Haarlem1) through the G7 hap-
3.1. Results of the TAXOTRON analysis lotype is suggested. As already seenFig. 1, The LAM

family is split into at least two sub-branches ST42 (LAM9)

Fig. 1 depicts the unrooted phylogram constructed with and ST33 (LAMS3), two prevalent alleles world-wide, and
TAXOTRON using the neighbor-joining (NJ) algorithm. a geographic association between ST33 and Cuba may be
This tree is made up of four main branches. These four dis- noticed, which argues in favor of a Spanish origin of these
tinct groups ofM. tuberculosis strains are made up of three  alleles. In agreement withig. 1, another likely phylogenet-
previously defined (Haarlem, LAM, and X) plus a poorly ical link between G5 and ST51 was also suggested. Lastly,
defined (T1) large clade of tubercle bacilli. This branch also strains G2 and the group 2, C7, C5 once again clearly cluster
clusters X1 and Haarlem 3, subfamilies of, respectively, the apart from the rest of the tree due to their peculiar structure
X and Haarlem Filliol et al., 2009. Two minor artefact (seeTable J). As with Taxotron, some major alleles (ST50,
branches are observed, which include four patterns (G2, 2,prototype allele of Haarlem 3 and ST119, prototype allele
C5 and C7) that appear unrelated to any of the other families. X1) are lost among the large undefined group T1.

H5

Haarlem 3

G1

G2

Haarlem 2,

c7 c5

Fig. 2. Unrooted parsimony phylogenetic tree based on similar data as presenkdd. firr Fig. 2 gives similar results as those illustrated Big. 1 in
that (i) the same four phylogenetic groups of strains are clearly identified, and (ii) strains G2, 2, C2 and C7 cluster apart but cannot be analyzed.
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3.3. Results of the NETWORK analysis ST42 (for G2) leads to an artifact in distance calculations,
hence a wrong position in the tree. The congruence observed
The results obtained using the NETWORK software on some Variable Number of Tandem DNA Repeats and
which implements the “median joining” (MJ) algorithm, Mycobacterial Interpersed Repetitive Units (VNTR-MIRU;
were partly similar to those obtained by Taxotron or PAUP Sola et al., 2001a, 2093esults between the Haarlem fam-
(Fig. 3). One important advantage of this last method is that ily and ST2, C5 and C7 (VNTR allele= 32333 in all
the frequency of each haplotype is used in the visual display cases) and the similarities between ST47 and ST2, led us
of the clusters since the diameter of each clade is propor-to include this group of strains within the Haarlem family
tional to the sample size. Consequently, a new population with the designation “Haarlem 2'Flliol et al., 2002. This
genetic dimension related to the sampling representation ofclassification is not displayed using either of the three first
strains within the studied dataset is included witRig. 3. methods.
One major disadvantage is that this type of graphic, built in
three dimensions, may be too complicated. Population ge-3.4. Results of the GEODIS analysis
netic shows thatl. tuberculosis most represented alleles are
located within the central core of the phylogenetic network,  With GEODIS, a new concept—the nested clade concept
e.g. ST53, ST50, and ST42 in tligg. 3. Unfortunately, and a new dimension—the geographical location of the
the three softwares used above (TAXOTRON, PAUP and data, is introduced in the analysiig. 4 andTable 9. This
NETWORK) do not give an exhaustive and true picture of new phylogenetic networke{g. 4) suggests a new scenario
all potential phylogenetical links, e.g. ST2, G2, C5 and C7 of evolution between all the alleles reported in the present
positions on the tree remains unresolved. Indeed, given thestudy. The display of the results is both highly structured and
structure of these alleles (absence of contiguous blocks ofhighly likely from an evolutionary standpoint. The Haar-
spacers), the calculation of the pairwise distance betweenlem 2 strains are now located close to their likely ancestor,
these spoligotypes and ST47 (for ST2, C5 and C7) or with the Haarlem 3 familyKig. 4). Although the overall test of

G1#

|

Fig. 3. Median-joining network constructed using the NETWORKsoftfiasnd based on the same data-set as those used for reconstrigind and
2. The size of the circles is proportional to the number of strains harboring a given spoligotype. Note here that the hypercube in the center of the figure
reflects the impossibility for identifying both the nature and the sense of genetic events at the early origin of the strain epidemics.



V. Duchéne et al./Infection, Genetics and Evolution 4 (2004) 5-14 11

H3

G7

50
C260 | | G4 |
1117 o4 1116) 32 ﬁgg

w |\
4_" 5 c7

\ S

Fig. 4. Cladistic nested analysis (cladogram) based on 47 haplotypes—spoligotyping diataubérculosis clinical isolates from Cuba, Ht and the
French Antilles. On the graph, “0” indicates intermediate haplotype states, which are missing in the sample. Step 1 clades are design@atitt s 1-

the code number of a given clade), and similarly Step 2 clades are labele@dr®&d so on. The nomenclature of superfamilies is based on the analysis
of a world-wide spoligotyping database (SpolDB3.0) which contained 817 shared-types representative of 11708 clinical isolates from 90fauntries (
nomenclature is described ifrifliol et al., 2002, 200}

Table 2 association between nested clades and geographic location
aple . . . . _ X

Analysis of association between nested clades as defindeigord and |s_marg|n_ally non S|gn|f|cantl( . 0'0570)' for 6|ght Clade_s'

their respective geographic locations this contigency test (permutation with 1000 resamplings)
shows a strong correlation, suggesting that there is a strong
geographical association between these clades and their lo-

Exact contigency test

Clade Chi-square observed Probability  cation. This concerns one step-1 clade (1-4) or LAMO, three
11 4.0000 0.2570 step-2 clades (2-1, 2-3 and 2-5, respectively LAM, X3 and
i:g 12'3)(233)?) 8‘?@28 the ST62 clade, two step-3 clades (3-2 and 3-3, respectively
1.4 71.8132 0.0000 the ST45 clade and X), and two step-4 clades (4-1 and 4-2,
1-6 9.5584 0.3530 broadly equivalent to Haarlem and T1). Clade 1-4 is based
1-9 0.0949 1.0000 on the ST42 which is at the node of the LAM9 family. Clade
1-10 6.7407 0.0590 2-1 is the broader LAM superfamily enclosing two nodes,
ﬁ; é'%gg é'gggg ST20 and ST33 (LAM3). These alleles have a high preva-
1-13 0.1406 1.0000 lence as shown in the spolDB3 databdsidi¢l et al., 2003.

1-15 2 4874 1.0000 Clade 2-3 defines the X3 clade, likely to be of Caribbean,
2-1 25.1300 0.0080 English or Indian origin. Clade 2-5 is a specific, yet poten-
2-2 2.4000 1.0000 tially homoplasic, evolution of Haarlem1 (node ST62) since
;:2 622;'(2)38; 8'2328 it is found both in Cuba, Martiniqgue and Guadeloupe. Clade
2.5 9.0000 0.0100 3-2 looks like another specific evolution of Haarleml (node
3.2 14.7600 0.0000 ST45), whereas Clade 3-3 defines the large X family as a
33 23.4433 0.0000 whole (X1+ X3). Last but not least, clades 4-1 and 4-2 de-
4-1 31.3806 0.0000 fine, respectively, “Haarlem” and T1 families.

4-2 66.4122 0.0000

Cladrogram total 12.0038 0.0570

Statistics are based on Chi-square deviation at the 5% level. The overall4. Discussion
test of association is marginally not significarit £ 0.0570), but eight

groups show a strong genetic association with their geographical location: : : _
clade (1-4), clades (2-1, 2-3 and 2-5), clades (3-2 and 3-3) and clades In this StUdy’ we used four methods of phylerneth re

(4-1 and 4-2). For each clade, results relies on permutation analysis baseucc'nStrU(_:tlon on a _Set of randomly selected isolates from
on 1000 resamples. the Caribbean region. Congruent results between the four
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methods were obtained. Geodis provides the best results in33—36, and reported as highly prevalent in English-speaking
terms of likelihood and quality of display. We suggest that, countries such as the United Kingdom and the USAkban
based on the structure of the Direct Repeat locus, four mainet al., 2002. Since this first definition, this group of strains
super-families oM. tuberculosis or super-haplogroups are has been shown to be part of a large group of European
historically prevalent in this region. All of these strains be- (largely English) and American 810 low-copy number
long to the principal genetic groups 2 and 3 in Sreevatsan's strains. Such isolates are highly prevalent today in the
classification $reevatsan et al., 1997arguing in favor American State of Michigan and more generally in the USA
of a recent (after 1492.p.) spread of tuberculosis in the (Cowan et al., 2002a)pbut may also have been prevalent
Caribbean. This feature is in sharp contrast to what is ob- in UK for decades or even centuries. We recently suggested
served in Asia, where Beijing, East African-Indian (EAI) that this superfamily could be subdivided into at least three
and Central-Asian (CAS) TB bacilli all belong to principal distinct families, X1 to X3 Filliol et al., 2003). Studies
genetic group 1 organisms, and are likely to be of more using other markers such as synonymous single-nucleotide
ancient origin Filliol et al., 2002, 2003 polymorphisms agree with the definition of this superfam-
The first major clade, the “Haarlem” superfamily, was ily of strains Qale et al., 2003; Gutacker et al., 2002;
initially found to be prevalent in European countries, and Alland et al., 2003 These strains may reflect the long-
named according to the Dutch town, Haarlem, where it was lasting Anglo-Saxon colonial influences on Caribbean his-
first discovered Kremer et al., 199p It is characterized  tory, and tracking their current evolution and expansion
by the absence of spacers 26-31 and 33-36 (ST47). Themay also help to trace transmission between Central and
absence of spacer 31 inside Haarlem strains is often linkedNorth America in certain setting$-€rdinand et al., 2003
to an asymetrically-inserted second copy 06180 within T1, the last clade (“ill-defined” or defined by default), is
the DR locus hindering its detectiofifliol et al., 2000; characterized by the absence of spacers 33—-36. Its prototypic
Legrand et al., 2001 The Haarlem superfamily is currently  shared type is ST53. It belongs to groups Il and Il organisms
subdivided into at least three families; Haarlem 1 (ST47), according to Sreevatsan 's classificati@oipi et al., 2000

Haarlem 2 (ST2), and Haarlem 3 (ST56)lfiol et al., 2002, This family clusters various strains whose evolution remains
2003. Assuming the hypothesis of evolution of the DR locus unresolved (e.g. 71, H6). ST53 alleles are highly prevalent
by loss of spacersv@n Embden et al., 2000ST50 would in some countries in Africa such as the Ivory Coast (N.

definitively be older than ST47. The presence of Haarlem Guessend, unpublished data). We may suggest the African
may thus be related to European settlers in the Caribbean. origin of these alleles.

The second clade, the Latin American and Mediterranean Understanding the genetic variability dfl. tubercu-
or “LAM” superfamily (split into variants, of which LAM3 losis through space and time is of recent interegan(
and LAM9, Fig. 1), has been recently defined by the simul- Embden and van Soolingen, 200@ne may always argue
taneous absence of spacers 21-24 and 33S8k (et al., the real value of using a single locus (the DR locus), the
20018. This signature (ST42), may in some cases recover evolutionary mode of which is unclear, to derive phyloge-
homoplasic events, however, the congruence observed benetic relationships among strains. However, previous studies
tween spoligotyping and VNTR-MIRU datéS6la et al., have demonstrated, (i) the usefulness of this sole locus to
2001a, 2008 as well as the geographical prevalence of define some highly important families of tubercle bacilli,
the LAM family around the Mediterranean basin and Latin i.e. Beijing (van Soolingen et al. 1995), LAM56la et al.,
America justifies its existence as a broad superfamily of 20013, EAI (Sola et al., 2001 CAS (Filliol et al., 2002,
strains Gola et al., 2001b Based on their respective struc- X (Sebban et al., 2002nd, (ii) given the clonal structure of
tures, ST33 and its sub-lineages are likely to be younger tubercle bacilli populations, the congruence of phylogenet-
than ST42 and would belong to Sreevastan’s group 3 organ-ical analysis whatever the markers used, i.e. MIRU-VNTR

isms as already shown for some of these allefesi{i et al., and spoligotyping has previously been demonstraamla
2000. This family of strains (under the designation F11) has et al., 2001b, 2003
recently been shown to be prevalent in South Afrié&fren Since Cockburn’s hypothesis, the traditional historical

et al., 2002. The ST51 genotypes, are also prevalent in the belief in M. tuberculosis epidemiology was that the bovine
Western Mediterranean islands of Sicily and Sardinia, both tubercle bacilli M. bovis) ‘appeared before the human form’
linked to a Spanish heritage, and are also likely to belong (Cockburn, 1968 Nevertheless, recent genetic evidence
to group Ill organisms in Sreevatsan’s classificati®oi(i opposes this viewpoint, suggesting that human forms of tu-
et al., 2000. As shown for DR structures implying a left bercle bacilli M. tuberculosis, M. africanum) preceded the
or right deletion Warren et al., 200 some convergence bovine subspecieB(osch et al., 2002; Zink et al., 20D3
events on this specific DR structure (ST51) may not be ex- It has been suggested that a close human community of
cluded in this stage. In our setting, the LAM3, LAM9, and around 180—440 persons would be enough in most cases for
ST51 alleles would represent the traces of the pioneeringendemic disease and vertical transmission of TB (from par-
Spanish influence on the Caribbean history. ents to children) to occuMcGrath, 1988 Consequently,
The third clade designating the X superfamily was ini- the hypothesis that tuberculosis bacilli diversity may be
tially defined by the simultaneous absence of spacer 18 andhighly structured on a geographical scale is likely, and the
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analysis of available genotyping TB databases agrees withle Développement) and the C.N.R.S. (Centre National de la

this assumptionGowan and Crawford, 2002Filliol et al., Recherche Scientifique). V. D. was a 3rd year summer stu-

2002, 2003. This fact prompted us to investigate the specific dent from the “Ecole de Biotechnology de Cergy-Pontoise”.

co-evolutionary history between human beings and tubercle Lastly, we are grateful to the two anonymous reviewers who

bacilli in our setting. The Caribbean region, by its insular helped us to significantly improve this paper.

nature and history, is undoubtedly a setting where one may

expect to unravel the TB spreading history using genetic pforences

fingerprinting. Indeed, the Caribbean region constitutes a

h_eterOgeneogs hlﬁma” settlement with a. Nehtubercul o- Adeldide-Merlande, J., 1994. Histoire Générale des Antilles et des

sis genetic diversity $ola et al., 1999; Diaz et al., 2001; Guyanes. L'Harmattan, Paris.

Ferdinand et al., 200Q3This diversity could either reflectan  Alland, D., Whittam, T.S., Murray, M.B., Cave, M.D., Hazbon, M.H.,

Old (pre_C()lumblan hlstory)’ amore recent (post_Columblan Dix, K., Kokoris, M., Duesterhoeft, A., Eisen, J.A., Fraser, C.M.,

history), or an admixture of both. In the last 500 years Fleischmann, R.D., 2003. Modeling bacterial evolution with compa-
ithi ’” h ibb island fri dl ’ rative-genome-based marker systems: applicatioMygobacterium

wit : in all the Caribbean '.S ands, European, A rlcan andlater  ypercuiosis evolution and pathogenesis. J. Bacteriol. 185, 3392-3399.

Indian settlers have rapidly replaced the original anthropo- Arriaza, B.T., Salo, W., Aufderheide, A.C., Holcomb, T.A., 1995. Pre-

logical structure which stemmed from the South American  Columbian tuberculosis in northern Chile: molecular and skeletal

continent. Consequently, it may not be surprising that our _ evidence. Am. J. Phys. Anthropol. 98, 37-45.

sampling does not seem to detect any evidence of an ancienpa"det. H.J. Forster, P, Sykes, B.C, Richards, MB, 1995.
d ific f di demi . f tubercle bacilli th Mitochondrial portraits of human populations using median networks.

and specific founding endemic strfaunso t.u ercle aC|.|t al  Genetics 141, 743-753.

would have been specific for the first Caribbean inhabitants, gandelt, H.J., Forster, P., Rohl, A., 1999. Median-joining networks for

the Amerindians. Our results support the view that the his- inferring intraspecific phylogenies. Mol. Biol. Evol. 16, 37-48.

tory of tuberculosis spread in the Caribbean is linked to the Brosch, R., Gordon, S.V., Marmiesse, M., Brodin, P., Buchrieser, C.,

recent (post-Columbus) human migratory and demographic Eg‘;‘(‘;‘:rﬁw" Gp"’;:ﬁq'e;;" g::fg;z'Sc'baie‘évgnosl;';ef"DK“’C”;T:' gT

events. Neverthe!ess' it should also be mentioned that “?C‘?”t 2002. A new evolutionary scenario for thycobacterium tuberculosis

debates argued in favor of the presence of tuberculosis in  complex. Proc. Natl. Acad. Sci. U.S.A. 99, 3684-3689.

America before the Columbus er@dlo et al., 1994; Arriaza  Cockburn, A., 1963. The Evolution and Eradication of Infectious Diseases.

et al., 1995. Genotyping on ancient TB American DNA John Hopkins Press, Baltimore. ' _

and comparison of the population structure of TB bacilli ©owan L.S., Crawford, J.T., 2002b. Genotype Analysibigéobacterium

in South A . d the Caribb ve this i tuberculosis Isolates from a Sentinel Surveillance Population. Emerg.

in Sou merica and the Caribbean may solve this issue. | ¢ pis. g, 1294-1302.

Among other external influences not studied here, a specificcowan, L.S., Mosher, L., Diem, L., Massey, J.P. Crawford, J.T.,

historical Chinese immigration in Cuba, may explain the  2002a. Variable-Number Tandem Repeat Typing of Mycobacterium

historical presence of the Beijing family of strains in this  tuberculosis Isolates with Low Copy Numbers of6130 by Using

particular settingDiaz et al., 200 However, a particular Mycobacterial Interspersed Repetitive Units. J. Clin. Microbiol. 40,

) X . 1592-1602.

population structure can be the result of distinct processes, .o an |s. Mosher, L., Diem, L., Massey, J.P., Crawford, J.T., 2002b.

e.g. adaptation, acting in different points through time and  variable-number tandem repeat typing Mf/cobacterium tuberculosis

space, or genetic drift resulting from the process of disease isolates with low copy numbers of 6310 by using mycobacterial

transmission dynamics. It may also reflect historical rather  interspersed repetitive units. J. Clin. Microbiol. 40, 1592-1602.

than ongoing genetic population level procesdescoffier Da'Ae' Eﬁ'ﬁngtviciusim' F;'}Beél-HKajml’Gﬁlésggmhsen LF;ra'p';re?:thtker[])S’

and Mouse,_ 199 New_extended_stm#es combining both McHugh, T.D., Pitman, R., Rastogi, N., Sola, C., Yesilkaya, H..

anthropological, genetic and historical approaches are 2003. Evolutionary relationships amongst isolatesvycobacterium

needed to shed further light on the natural history of the tuberculosis with few copies of 1%110. J. Bacteriol. 185, 2555-2562.

TB disease in Central and South America, as well as to Diaz, R., Gomez, R., Restrepo, Evol, Rumbaut, R., Sevy-Court, J.,
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