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Mycobacterium tuberculosis is an important human pathogen in
virtually every part of the world. Here we investigate whether
distinct strains of M. tuberculosis infect different human popula-
tions and whether associations between host and pathogen pop-
ulations are stable despite global traffic and the convergence of
diverse strains of the pathogen in cosmopolitan urban centers. The
recent global movement and transmission history of 100 M. tu-
berculosis isolates was inferred from a molecular epidemiologic
study of tuberculosis that spans 12 years. Genetic relationships
among these isolates were deduced from the distribution of large
genomic deletions, which were identified by DNA microarray and
confirmed by PCR and sequence analysis. Phylogenetic analysis of
these deletions indicates that they are unique event polymor-
phisms and that horizontal gene transfer is extremely rare in M.
tuberculosis. In conjunction with the epidemiological data, phy-
logenies reveal three large phylogeographic regions. A host’s
region of origin is predictive of the strain of tuberculosis he or she
carries, and this association remains strong even when transmis-
sion takes place in a cosmopolitan urban center outside of the
region of origin. Approximate dating of the time since divergence
of East Asian and Philippine clades of M. tuberculosis suggests that
these lineages diverged centuries ago. Thus, associations between
host and pathogen populations appear to be highly stable.

M ycobacterium tuberculosis is a global pathogen, killing 1.9
million people each year and infecting ~2 billion people
worldwide (1, 2). Although it is primarily a scourge of the devel-
oping world, tuberculosis affects virtually every nation and every
ethnicity (2). In view of this ubiquity, 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 M. tuber-
culosis is relatively common but between which transmission is far
more limited. Do global traffic and “small world” effects result in
a single, panmictic population of M. tuberculosis, or is the pathogen
population somehow subdivided, with genetically distinct varieties
carried in distinct populations of human hosts?

The answer to this basic question may have direct implications for
the development and administration of tuberculosis vaccines. Ge-
netic variability in the pathogen population, as in Plasmodium and
Streptococcus pneumoniae, can render vaccines ineffective against
certain strains or in certain geographic regions. There is substantial
geographic variability in the efficacy of the world’s current tuber-
culosis vaccine (3, 4), and the reasons for this variation are not yet
well understood. Although it is possible that genetic differences
among strains of M. tuberculosis play a role in the variable efficacy
of bacillus Calmette—Guérin, actual associations between distinct
strains of M. tuberculosis and their human host populations have not
been demonstrated, and the significance of such genetic structure
for vaccine design and administration has not been addressed.

The population genetic structure of such an important pathogen
may also have implications for the study of human genetic variation.
Work in this area, from classic studies (5) to a number of recent
discoveries (6), has shown that certain human polymorphisms,
some of which are responsible for genetic diseases, are also asso-
ciated with resistance to common infectious diseases. An equally
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important but as yet incipient area of research will elucidate how the
genetic variation of pathogen populations (7-11) is related to
genetic structure among their human hosts (12-14). An initial step
in this undertaking is to determine the nature and stability of
associations between host and pathogen populations.

Cosmopolitan centers of immigration draw strains of M. tuber-
culosis from diverse locations around the globe. Furthermore,
because of the natural history of M. tuberculosis, with which
individuals may remain latently infected for decades before they
develop active disease, the M. tuberculosis population in cosmopol-
itan centers consists of strains contracted not only in a diversity of
locations but also over an extended period. Hence, such centers are
concentrations of geographically and temporally disparate samples
of M. tuberculosis as well as potential crossroads in global trans-
mission. They therefore represent a promising setting in which to
investigate whether M. tuberculosis shows stable associations with
certain human host populations or is instead relatively panmictic.
The population of M. tuberculosis in San Francisco has been the
subject of a comprehensive, 12-year program of conventional and
molecular epidemiology (15). This long-term dataset allows us to
study strains of M. tuberculosis that arrived in San Francisco over a
period of >10 years and to infer whether each case of tuberculosis
is the result of recent transmission or reactivation of an earlier
infection. In reactivated cases, the host’s personal history provides
information on the isolate’s geographic provenance.

In addition to long-term data on the geographic origin and
recency of transmission of a large number of tuberculosis cases,
investigation of the stability of association between host and
pathogen populations calls for a genetic marker with appropriate
properties. The mobile insertion sequence (IS)6110 and other
genetic markers associated with repetitive DNA (16-19) have
proven invaluable for tracing chains of recent transmission. Fur-
thermore, when analyzed with distance metrics and clustering
algorithms, these markers suggest larger family groups, revealing
population genetic structure (20, 21). However, the genotypes
generated by these markers tend to change relatively rapidly, and
identical patterns can occur as a consequence of convergence.
Consequently, phylogenies constructed according to these markers
are ambiguous if strains are not closely related, making the detec-
tion of longer-term associations between host and pathogen pop-
ulations more difficult.

In contrast, synonymous single-nucleotide polymorphisms
(sSNPs) and genomic deletions are more likely to behave as unique
event polymorphisms (UEPs), meaning that each mutation is
unique and irreversible. Over 200 sSSNPs were recently identified by
genomic sequence comparison and used to construct a phylogeny
for 306 M. tuberculosis isolates and 126 isolates from other species
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in the M. tuberculosis complex (22). The unambiguous identification
of eight distinct clades of mycobacteria suggests that most sSSNPs are
indeed behaving as UEPs. Brosch et al. (23) analyzed 20 polymor-
phic genomic deletions identified by differential hybridization
arrays, in silico comparison of Mycobacterium bovis and M. tuber-
culosis, and pulsed-field gel electrophoresis techniques. Eleven of
these deletions were not flanked by repetitive DNA, and these
genetic markers appeared to behave as UEPs, allowing Brosch et al.
to construct a rooted phylogeny for the M. tuberculosis complex.

In the present study, the genomes of 100 distinct strains of M.
tuberculosis isolated from patients in San Francisco were examined
with DNA microarrays to comprehensively identify large-sequence
polymorphisms. Roughly half of the isolates are from probable
cases of reactivation of M. tuberculosis contracted earlier, providing
a sample of the pathogen from 17 different countries on four
continents. Each of the remaining isolates was involved in a chain
of transmission within the city, but no two were involved in the same
chain of transmission. DNA array hybridization and sequence
analysis unambiguously identified 68 genomic deletions to the base
pair, and the presence or absence of each of these deletions was
determined in all 100 isolates. Initial phylogenetic analysis of this
dataset showed that large genomic deletions generally behave as
UEPs and can therefore be used to construct an unambiguous
phylogeny for the 100 isolates. This phylogeny, in conjunction with
the basic epidemiological data on the likely geographic origin of
each isolate and the window of time in which it was contracted,
allows us to investigate the relationship between host and pathogen
population structures, delineating human populations that carry
distinct genotypes of the pathogen.

Materials and Methods

Bacterial Isolates. From 1991 to 1999, 1,802 M. tuberculosis isolates
from the city of San Francisco were genotyped for an IS6110
restriction fragment length polymorphism (RFLP) band pattern
(16); in the event that an isolate had fewer than six bands, it was
genotyped for Pro-Glu polymorphic GC-rich repetitive sequence
RFLP pattern (24). We refer to isolates with identical genotypes as
members of the same “strain.” From the 1802 genotyped isolates,
we selected 50 that were linked by genotype to two or more
tuberculosis cases in San Francisco. We refer to these isolates and
the cases they were from as “clustered,” because they were impli-
cated in chains of transmission. Note, however, that no two clus-
tered isolates in our sample were implicated in the same chain of
transmission. The other 50 selected isolates had genotypes that were
unique in the San Francisco collection. We refer to these isolates
and the cases they were from as “unique” or “nonclustered.”

Detection and Confirmation of Putative Deletions. Sequences that
were present in H37Rv but absent from one of the 100 clinical
isolates were detected by hybridization of genomic DNA to a M.
tuberculosis DNA microarray. All putative deletions were con-
firmed and mapped to the base pair by sequencing. Details of
experimental procedure are provided in ref. 25.

Construction of Phylogenies. Each deletion, defined by the address
of its first and last base pair in the H37Rv genome, was considered
a two state, irreversible mutation. Parsimonious trees were found
by using heuristic searches in PAUP (26). The strict consensus tree
was then used for maximum parsimony reconstruction of ancestral
characters (27, 28). In subsequent tree constructions, phage-
associated deletions (198a and 149) were excluded. Patient place of
birth was not a character in tree construction but was traced as an
unordered character on the maximum parsimony phylogeny. In
comparisons of IS6110 RFLP band patterns, two bands were
identified as matched if their sizes differed by <2.5% of the larger
band (20). For comparison between band patterns A and B, a
Jaccard distance, d, was calculated, where d = 100 — 100 (number
of matched bands)/(number of bands in A + number of bands in
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B — number of matched bands). These distances were used in
neighbor joining (29), with the maximum parsimony phylogeny
based on deletions enforced as a constraint.

Clock Calibration. To minimize the number of undetected changes
in IS6110 RFLP band patterns, we compared only isolates from the
same terminal clade of the phylogeny shown in Fig. 4. These clades
are (16, 44), (2, 9, 10, 15, 33, 43, 65, 68, 72, 74), (4, 14, 23, 57, 86),
(7,56,70), (28, 58, 84), (47,55, 67, 69, 95, 97), (46, 79), (76, 83), (18,
22, 35, 40, 81), (38, 60), (51, 96), and (61, 62, 99). The number of
deletions per band change was then estimated as
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where m is the number of terminal clades in the phylogeny, ny
is the number of isolates in clade k, d;; is the number of deletions
by which isolates i and j differ, and #; is the number of bands by
which the IS6110 fingerprints of isolates i and j differ.

Time to Most Recent Common Ancestor (TMRCA). Unbiased estima-
tion of the TMRCA based on deletions requires that the reference
isolate (in our case, H37Rv, the sequence used to create the
microarray) is an outgroup to the isolates whose most recent
common ancestor is dated. H37Rv belongs to the same clade as
most American isolates. Therefore, when estimating a TMRCA, we
considered only the East Asian clade (see EA in Fig. 4) and the
Philippine clade (see P in Fig. 4), for which H37Rv is in fact an
outgroup. The TMRCA was estimated by the frequentist method
of Tang et al. (30) and by maximum likelihood. In the frequentist
method, isolates were divided into the predefined clades EA and P.
In the likelihood model, a rate matrix without zero entries was
constructed by assuming that back-mutation occurs at a rate 107°
times the rate of deletion. A molecular clock was enforced, and
likelihood maximization was performed by the method imple-
mented in PAUP (26).

Results and Discussion

Phylogenetic Analysis Reveals Two Categories of Deletions and Indi-
cates That Horizontal Gene Transfer Is Rare. Microarray analysis of
genomic DNA from each of the 100 isolates, followed by PCR
confirmation of all putatively deleted sequences (see Materials and
Methods), revealed a total of 68 distinct genomic regions that were
present in the fully sequenced M. tuberculosis strain H37Rv but
absent from one or more of the 100 clinical isolates. Although it has
long been thought that horizontal gene transfer is very rare in M.
tuberculosis, population genetic investigation of this supposition has
begun only very recently (31). If horizontal transfer is indeed very
infrequent, then genomic deletions are effectively irreversible, and
deletions distributed around the genome all participate in a single
coalescent genealogy. In this case, application of maximum parsi-
mony to our dataset of deletions should reveal an unambiguous
phylogeny in which each deletion occurs only once and is not
reversed. By contrast, if horizontal transfer occurs, then deletions
are not irreversible and different sites in the genome participate in
distinct genealogies. In this case, different deletions will suggest
different parsimonious phylogenies.

Initially, the application of maximum parsimony to our dataset of
68 deletions in 100 isolates did not yield a single, unambiguous
phylogeny, but instead suggested contradictions among deletions.
We therefore constructed the strict consensus tree of multiple
heuristic searches and used maximum parsimony reconstruction of
ancestral characters to trace each deletion on the polytomous
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Fig. 1.

The distribution of a phage-associated deletion (deletion 149) on the strict consensus tree. Lineages in which deletion 149 was observed or reconstructed by

maximum parsimony reconstruction are gray. The other phage-associated deletion (deletion 198a) also exhibited more than one occurrence on the consensus tree. By
contrast, deletions that were not associated with phage occurred only once. For example, deletions 145, 178, and 182 exhibited the same pattern of occurrence,

appearing in lineages shown in black.

consensus tree (see Materials and Methods). This tracing revealed
that the two deletions comprising mycobacteriophage DNA be-
haved differently from the other deletions. As illustrated in Fig. 1,
phage-associated deletions exhibit a distribution on the consensus
phylogeny that can only be explained by invoking multiple inde-
pendent genetic events. This pattern is consistent with the mobility
of phage DNA, and we do not know whether the independent
genetic events represent phage-specific excisions, insertions, or a
combination of the two. By contrast, all deletions not associated
with phage are monophyletic on the consensus tree; their distribu-
tions among isolates can be explained without invoking multiple
independent events.

Excluding the two phage-associated deletions, we repeated the
heuristic search for parsimonious phylogenies. This yielded two
equally parsimonious trees. In both trees, 65 of 66 deletions behaved
as UEPs. In one of the two maximum parsimony trees, deletion 236
exhibited two independent occurrences; in the other, deletion 147c
exhibited two independent occurrences. Sequencing of the region
around deletion 147c revealed that it is flanked by copies of IS6110,
which is known to mediate deletion by homologous recombination
(32). This deletion was therefore deemed more likely to exhibit
independent occurrences, and we accepted as the most likely
phylogeny the tree in which deletion 236 is a UEP and 147c¢ is not.

In summary, when we set aside three deletions associated with
mobile DNA, all deletions behave as UEPs, allowing maximum
parsimony to converge on a single tree in which there is no
homoplasy, i.e., no two deletions exhibit contradiction. This is
noteworthy for two reasons. First, it offers confidence that the
resulting phylogeny reflects the actual evolutionary history of the
isolates. Second, it is consistent with the long-held but little tested
belief that horizontal gene exchange is extremely rare in M.
tuberculosis.

In principle, there are two plausible explanations for the com-
plete absence of homoplasy in the phylogeny. First, perhaps M.
tuberculosis participates in horizontal gene transfer extremely
rarely. Second, perhaps horizontal gene transfer occurs, but is
invisible in our sample simply because the population is so strongly
structured that genetic exchange never takes place between indi-
viduals who are distinct at our markers. However, as will be clear
when we consider the association between geographic and phylo-
genetic structure, there is no evidence of genetic exchange even
within apparently sympatric populations of bacteria, suggesting that
biological properties of M. tuberculosis do in fact result in low rates
of horizontal transfer. Nonetheless, we cannot rule out the possi-
bility that extremely fine-scale geographic structure invisible in the
current study contributes to the apparent absence of horizontal
transfer.

Exactly how low are the rates of horizontal transfer in M.
tuberculosis? Statistical tests of congruence among gene trees (33)
and analysis of sequences from sequential isolates (34) have sug-
gested that Helicobacter pylori has high rates of horizontal transfer;
Neisseria meningitidis, Streptococcus pneumoniae, and Staphylococ-

Hirsh et al.

cus aureus have somewhat lower rates of horizontal transfer; and
Escherichia coli and Hemopholis influenzae have still lower rates of
transfer. Comparison of our own results with microarray investi-
gations of the genomes of several of these pathogens provides at
least a relative estimate of the rate of horizontal transfer in M.
tuberculosis. In a microarray investigation of the genomes of 36
strains of S. aureus (9), most of the 18 large genomic regions that
were present in one strain but absent from others were widely
distributed among strains of divergent lineages. Microarray-based
genomic comparisons of 26 pathogenic E. coli (35) strains allowed
hierarchical clustering, but did not reveal a unique tree without
homoplasy. Similarly, in the close relative of E. coli, Salmonella
enterica, at least five major horizontal transfer events were detected
in a phylogeny of 20 isolates (36). In contrast with these results, in
our set of 100 M. tuberculosis isolates, only three of 68 deletions
appear in divergent lineages; two of these three are mycobacteri-
ophage, and one is likely to represent a parallel deletion due to
recombination between nearby copies of 1S6110. Thus, M. tuber-
culosis appears to have substantially lower rates of horizontal
transfer than most other pathogenic bacteria.

Geotemporal Sampling of M. tuberculosis. Because of the compre-
hensive nature of the San Francisco epidemiological database, we
can be fairly confident that cases of tuberculosis that cannot be
linked to any other case by conventional contact tracing or DNA-
fingerprint clustering are not due to recent transmission in the city
of San Francisco. These nonclustered cases are far more likely to be
caused by reactivation of an infection acquired outside of San
Francisco. In such cases, the patient’s place of birth provides
information on the likely geographic origin of the isolate, and the
patient’s dates of birth and immigration to the U.S. indicate the
temporal interval in which the infection was acquired (Fig. 2a).
Consider, for example, the nonclustered patient represented by the
top bar in Fig. 2a (indicated by an arrow). We may reasonably infer
that this patient’s M. tuberculosis infection was contracted between
February 10, 1962 (the patient’s date of birth) and July 15, 1983 (the
patient’s date of arrival in the US). The most likely geographic
origin of the infection is Cambodia, the patient’s place of birth.
Taking the right side of each bar as the most recent possible date
that each patient’s infection could have taken place, we note that for
each of the fifteen countries sampled, at least one isolate was
contracted more than three years ago. For most regions (Mexico
and Central America, China, South-East Asia, and the Philippines)
we have sampled at least one isolate that was contracted >20 years
ago.

Inference of Phylogeographic Structure of M. tuberculosis. If M.
tuberculosis exhibits genetic differentiation between geographic
regions and this population genetic structure is stable over the time
interval sampled by the isolates in this study, then a nonclustered
patient’s place of birth should be predictive of the genotype of that
patient’s M. tuberculosis isolate. In short, if stable phylogeographic
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Fig. 2. (a) The temporal intervals in which nonclustered isolates were contracted by their patients. Each nonclustered patient’s place of birth and, thus, the strain’s
likely place of origin is indicated by a color corresponding to the points on the world map in b. Each horizontal bar represents a single, nonclustered patient. The bar
spans the time interval over which the M. tuberculosis isolate is likely to have been contracted by the patient, starting from date of birth and ending at immigration
to the U.S. The point to the right of each bar indicates the date of diagnosis of active tuberculosis in the U.S. For the five nonclustered patients born in the U.S., the
bar spans the interval from date of birth to date of diagnosis. (b) The places of birth of the patients whose isolates were studied. Each point represents a patient, and
each color corresponds to a country; both clustered and nonclustered cases are indicated on the map.

regions exist, then each case of reactivated tuberculosis should be  Although the isolates from Hong Kong and Macau are grouped
caused by an isolate belonging to a phylogeographic clade corre-  together, isolates from Vietnam appear to be as closely related to
sponding to the patient’s place of birth. isolates from China as they are to isolates from Cambodia or to

To determine whether this is in fact the case, we mapped each  other isolates from Vietnam. In principle, the absence of population
nonclustered patient’s place of birth onto the maximum parsimony  genetic structure at a finer geographic scale could be due either to
phylogeny of nonclustered patients’ isolates. When we divide places  real panmixis within the larger, more clearly delineated regions or
of birth into four larger regions, an association between patient  to our inability to resolve the close genetic relationships within each
place of birth and isolate phylogenetic clade is apparent (Fig. 3a).  of the larger groups in the phylogeny. It could be, for instance, that
One clade is dominated by isolates from East Asia, a separate clade  the Vietnamese isolates are closely related to each other but that
is dominated by isolates from the Philippines, and in two other  this relationship is not apparent because we are using a genetic
clades isolates from North America predominate. This suggests that ~ marker that changes relatively slowly and, therefore, does not
in the time frame sampled by the isolates in our phylogeny, there  resolve close relationships in the phylogeny. Below, we discuss the
is far less transmission of tuberculosis between these continental — use of a marker with a higher rate of change to determine whether
regions than there is within them. (Approximate estimation of this ~ the panmixis within continental regions is real or only apparent.
time frame will be discussed below.)

When we focus on a finer geographic scale, turning our attention ~ Association Between Host and Pathogen Populations Is Stable in a
to the individual nations in which patients were born, there is less ~ Cosmopolitan Urban Setting. Among nonclustered cases, patient
evidence of phylogeographic structure (see taxon labels in Fig. 3a).  place of birth is indicative of the place tuberculosis was contracted.
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Fig.3. (a) Phylogeny of M. tuberculosis isolates from cases that were nonclustered and, therefore, very likely to be caused by reemergence of latent infection. Patient
place of birth, the likely location of origin of the M. tuberculosis isolate, is mapped onto the maximum parsimony tree based on deletions. Four large geographic regions
are indicated by colors: blue corresponds to East Asia; pink to the Philippines; black to the Americas; and orange to Africa, Europe, and the Middle East. Here and in
b and Fig. 4, country of origin is indicated by the abbreviations at the top of the tree: CB, Cambodia; CH, China; CO, Colombia; ET, Ethiopia; HK, Hong Kong; IR, Iran;
MC, Macau; MX, Mexico; RP, Philippines; RQ, Puerto Rico; US, United States; VM, Vietnam; YO, Yugoslavia. Isolates for which deletions are not phylogenetically
informative (i.e., they do not reveal membership in any clade with more than one nonclustered member) are not shown. (b) Phylogeny of M. tuberculosis isolates from
cases that were clustered and, therefore, very likely to be from recent transmission in the city of San Francisco. Asin a, patient place of birth is mapped onto the maximum

parsimony tree based on deletions. Note that genetic groups of M. tuberculosis remain associated with patients from certain regions, despite the occurrence of infection
in San Francisco.
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Fig. 4.
deletions were not phylogenetically informative are not shown.

By contrast, cases that are “clustered,” linked by DNA fingerprint-
ing to local outbreaks, are very likely to be due to recent transmis-
sion, indicating that tuberculosis was contracted in San Francisco,
irrespective of the host’s place of birth. Does the urban convergence
of diverse host and parasite populations erode the phylogeographic
pattern found among hosts who contracted their tuberculosis
abroad, or do the associations between host and parasite popula-
tions remain stable even when distinct host populations live in
proximity? As is shown in Fig. 3b, when patient place of birth is
mapped onto the maximum parsimony tree for clustered isolates,
the phylogeographic regions defined among nonclustered isolates
once again occupy separate regions of the tree. Thus, hosts who
contract tuberculosis in San Francisco tend to contract a genotype
associated with the phylogeographic region in which they were
born. An “East Asian” strain, for example, is very likely to be found
not only in a host who contracts tuberculosis in China, but also in
a Chinese individual who contracts tuberculosis in San Francisco.
This population genetic structure would be entirely unsurprising if
our clustered isolates were members of the same outbreak. How-
ever, no two isolates in our sample belong to the same cluster, and
they represent outbreaks that occurred over a 12-year period
(1990-2002).

To observe the combined effects of geographic differentiation
and stable associations between host and pathogen populations, we
map host place of birth onto the maximum parsimony phylogeny for
both reactivated and recently transmitted cases (Fig. 4). The clear
segregation of distinct regions of host origination into separate
regions of the tree suggests that over the time frame sampled by our
phylogeny, distinct families of M. tuberculosis are associated with
both large geographical regions and emigrant host populations who
are from those regions. As in the phylogeny of nonclustered isolates
alone, there is no clear indication of differentiation of M. tubercu-
losis within the large continental regions. Although two Vietnamese
isolates (76 and 83) are closely related, other Vietnamese isolates
are more closely related to Chinese isolates. Similarly, the Mexican
isolates are not clearly separated from other American groups.

Population Genetic Structure on a Finer Scale. To determine whether
the apparent absence of population genetic structure on the geo-
graphic scale of national boundaries was due to relatively fluid
movement of M. tuberculosis within the larger phylogeographic
regions or rather to a limitation in the resolution of our genetic
marker, we considered genetic relationships defined by a second,
more labile marker. As discussed above, IS6110 fingerprints are
ideal for tracing the close relationships present in outbreaks. In
addition, although they are not UEPs, fingerprint comparisons can
be converted to distance metrics to provide approximate measures
of more distant relationships as well (20, 21). It is this intermediate
range of genetic distances that interests us, and we resort to this
marker to resolve relationships when the deletion genotypes change
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Host place of birth mapped onto the maximum parsimony phylogeny for both reactivated and recently transmitted cases. As in Fig. 3, isolates for which

too slowly to reveal differences. For example, we would like to use
IS6110 to determine whether isolate 10 (Mexico) is more closely
related to 15 (Mexico) than it is to 72 (Cuba) (Fig. 4).

By enforcing the phylogeny based on deletions as a constraint, we
resolved genetic relationships by applying the neighbor-joining
algorithm to a matrix of Jaccard distances based on IS6110 finger-
prints (see Materials and Methods). The resolved tree (Fig. 5, which
is published as supporting information on the PNAS web site) does
not suggest genetic structure within the broad regions defined
above (East Asia, Philippines, Americas, Africa, and Europe).
Distinct clades are not composed of isolates from any one intra-
continental region, such as South East Asia (Vietnamese and
Cambodian), South China Sea (Hong Kong and Macau), or Mex-
ico. This suggests that the movement of M. tuberculosis within the
broad boundaries defined above is more fluid than it is between
them.

Longevity of the Observed Associations. Fig. 4 shows associations
between pathogen and host populations delineated by three broad
geographic regions. To obtain a rough estimate of the time frame
over which M. tuberculosis carried by distinct human populations
has been separated, we estimated the TMRCA of East Asian and
Philippine clades of M. tuberculosis. Calculation of times from
phylogenetic branch-lengths measured in numbers of deletions
requires an estimate of the number of deletions per year. Direct
measurement of mutation events per year has not been attempted
for deletions and probably would not be feasible, but it has been
performed for IS6110 RFLP band patterns (37-41). We therefore
calibrated the rate of deletions against the rate of change in IS6110
fingerprints. We must note, however, that for two important
reasons the rate estimate obtained in this way is quite rough. First,
the rate of change of IS6110 fingerprints is itself uncertain. The
instantaneous probability of RFLP band loss or gain is likely to be
a nonlinear function of the number of IS6110 in the genome and
may depend on the infection’s state of activity (37-41). We
therefore considered a fairly wide range of values, assuming that a
single band change in IS6110 fingerprint occurs, on average, once
every 5-20 years.

The second reason calibration with IS6110 fingerprints provides
only a rough estimate of the rate of deletion is that some changes
in RFLP band patterns may be invisible to us because they occur
and are reversed in the time period spanned by our sequence
comparisons. This problem of “multiple hits” causes us to under-
estimate the actual time between deletions, because many trans-
position events go undetected. To minimize the bias introduced by
the problem of multiple hits, we compared only the most closely
related pairs of sequences in Fig. 4. Specifically, we confined
sequence comparisons to the terminal clades in the phylogeny (see
Materials and Methods). Within these clades, we performed all
pairwise comparisons, counting the numbers of deletions and band
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changes (gains or losses) in each comparison. Ninety-four sequence
comparisons in 12 terminal clades yielded an estimate of 13 changes
in IS6110 genotype per deletion. However, even among our com-
parisons between relatively closely related isolates, undetected
fingerprint changes are likely to have occurred, which is evident in
the frequency of band differences between the fingerprints of
isolates that share exactly the same deletion genotype (Fig. 6, which
is published as supporting information on the PNAS web site). With
amean of 8 (and as many as 17) band differences separating isolates
with identical deletion genotypes, it is certain that many differences
have gone undetected. Therefore, our estimate of the average time
between deletions is likely to be biased downward.

The TMRCA of the East Asian and Philippine clades shown in
Fig. 4 was estimated by two different methods (see Materials and
Methods). A maximum likelihood approach with enforcement of a
molecular clock placed the TMRCA at 3.94 deletions. A frequentist
estimator yielded a similar result, placing the TMRCA at 3.7
deletions. If we adopt our lower limit of 5 years per change in IS6110
fingerprint and the estimate of 13 band changes per deletion, which
is also likely to be biased downward, the TMRCA estimates suggest
that East Asian and Philippine lineages of M. tuberculosis have been
separated for at least 240 years. Slower rates of fingerprint change
(one event every 10-20 years) would place the TMRCA of East
Asian and Philippine clades at 500-1,000 years. Performing the
same calculations to obtain the maximum likelihood depths of the
East Asian and Philippine clades separately, we find that the most
recent common ancestor of the East Asian clade occurred at least
130 years ago and perhaps as long ago as 500 years. Similarly, the
TMRCA of the Philippine clade occurred at least 100 years ago, and
perhaps as many as 400 years ago.

In summary, our TMRCA estimates suggest that East Asian and
Philippine human populations carry M. tuberculosis belonging to
distinct lineages that have been separated for 240-1,000 years.
Furthermore, in view of the finding that the last common ancestor
of East Asian strains occurred well over a century ago, we can infer
that the strong association between host place of birth and parasite
genotype is not due to the movement of individual M. tuberculosis
lineages through distinct human populations over the last few
decades. The strong associations between host and parasite popu-
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lations we see today are likely to be well over 1, and perhaps as many
as 10, centuries old.

Concluding Remarks

Because this study focused on a single urban center, the geo-
graphic diversity of our sample of M. tuberculosis isolates was
dictated largely by the composition of the local immigrant
population. Consequently, we have sampled certain geographic
regions, such as East Asia, far more thoroughly than others, such
as Africa and the Indian subcontinent. Within the bounds of this
limitation, however, this study suggests that M. tuberculosis is
organized into several large, genetically differentiated popula-
tions, which are stably associated with host populations that can
be delineated according to place of origin.

In our view, the most important factors in the maintenance of
stable associations between host and pathogen populations are
likely to be epidemiological and sociological. M. tuberculosis is not
a highly contagious pathogen, and transmission generally requires
extensive contact. In combination with sociological patterns of
assortment, this low transmissibility might generate the kind of
stable association between host and pathogen populations that we
observe. This explanation is consistent with previous observations
of very limited transmission from ethnically defined, foreign-born
patient populations to U.S.-born individuals (42, 43). However, the
apparent longevity of the associations revealed by this study is
surprising. Such stability of population structure increases the
likelihood of adaptation by specific M. tuberculosis lineages to the
genetic, cultural, or environmental characteristics of particular
populations of hosts. Although this study does not provide direct
evidence for the adaptation of different clades of M. tuberculosis to
different host populations, it does suggest that associations between
host and parasite populations are sufficiently stable for such
adaptation to evolve.
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