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We analyzed a global collection of Mycobacterium tuberculosis strains using 212 single nucleotide polymorphism
(SNP) markers. SNP nucleotide diversity was high (average across all SNPs, 0.19), and 96% of the SNP locus pairs
were in complete linkage disequilibrium. Cluster analyses identified six deeply branching, phylogenetically distinct
SNP cluster groups (SCGs) and five subgroups. The SCGs were strongly associated with the geographical origin of
the M. tuberculosis samples and the birthplace of the human hosts. The most ancestral cluster (SCG-1) predomi-
nated in patients from the Indian subcontinent, while SCG-1 and another ancestral cluster (SCG-2) predominated
in patients from East Asia, suggesting that M. tuberculosis first arose in the Indian subcontinent and spread
worldwide through East Asia. Restricted SCG diversity and the prevalence of less ancestral SCGs in indigenous
populations in Uganda and Mexico suggested a more recent introduction of M. tuberculosis into these regions. The
East African Indian and Beijing spoligotypes were concordant with SCG-1 and SCG-2, respectively; X and Central
Asian spoligotypes were also associated with one SCG or subgroup combination. Other clades had less consistent
associations with SCGs. Mycobacterial interspersed repetitive unit (MIRU) analysis provided less robust phyloge-
netic information, and only 6 of the 12 MIRU microsatellite loci were highly differentiated between SCGs as
measured by G, . Finally, an algorithm was devised to identify two minimal sets of either 45 or 6 SNPs that could
be used in future investigations to enable global collaborations for studies on evolution, strain differentiation, and
biological differences of M. tuberculosis.

Compared to many bacterial species, Mycobacterium tuber- however, there is increasing evidence that the interstrain vari-

culosis harbors relatively little genetic diversity (21, 34, 37); ation that exists is biologically significant. Clinical M. tubercu-

losis isolates have variable gene expression profiles (25) and

— have different numbers of genes deleted from their chromo-
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69). Some related types of M. tuberculosis also appear to be
strongly associated with specific geographic locations (20, 22,
32). This observation may be another indication of underlying
biological differences among clinical strains, including an ad-
aptation to a specific host range or a response to variations in
vaccination practices (68).

It has been difficult to directly link differences in the infect-
ing M. tuberculosis bacterium to variations in the course and
outcome of human tuberculosis. Clinical tuberculosis is influ-
enced by numerous factors unrelated to the pathogen, includ-
ing the infected host’s genetic background, underlying diseases,
immune status, diet, and social and economic environment (6, 42,
46, 71, 72). Identifying the bacterial contributions to clinical
phenotypes requires a method to categorize M. tuberculosis
isolates into groups that are likely to share most genotypic and
phenotypic traits. Phylogenetic techniques facilitate such stud-
ies by organizing clinical isolates into genetically related
groups and by providing an evolutionary framework for inves-
tigating polymorphisms with potential biological relevance (2).
However, the appropriateness of the available phylogenetic
tools has not been well characterized, and few reliable evolu-
tionary studies have been performed in M. tuberculosis.

The M. tuberculosis genome is highly conserved, with only
1,075 single nucleotide polymorphisms (SNPs) discovered be-
tween the genomes of M. tuberculosis strains H37Rv and
CDC1551 and only 2,437 SNPs discovered between the ge-
nomes of H37Rv and M. bovis strain AF2122/97 (21, 26, 50, 58,
63), making phylogenetic analysis by multilocus sequencing of
housekeeping genes uninformative and impractical. Instead,
M. tuberculosis has been genotyped by measuring genetic vari-
ation in the number of insertion elements, such as IS6110 (1,
18, 67), repetitive genetic elements in the direct repeat region
(spoligotyping) (14, 36), a number of variable microsatellites
(mycobacterial interspersed repetitive unit [MIRU] analysis)
(24, 48, 64), and large sequence polymorphism analysis (8, 32,
49). These techniques have succeeded in identifying large
groups of isolates that each appear to be related through a
common ancestor. However, these methods have not been
measured against a single gold standard, making it difficult to
fully assess their phylogenetic informativeness. These ap-
proaches also have a common drawback in that the rate of
change of each phylogenetic marker is unlikely to be uniform
across all markers. The diversity of markers used can further
complicate analysis (61). These limitations have made it diffi-
cult to estimate evolutionary distances among and between M.
tuberculosis strains using current techniques.

SNPs are likely to be a more exact tool for phylogenetic
studies (28, 39, 45, 51, 57). SNP-based analysis is less prone to
distortion by selective pressure than genetic markers such as
large sequence polymorphisms (although even synonymous
SNPs may affect RNA translation rates), and SNPs are also
unlikely to converge, as can be the case with spoligotype or
MIRU markers (33, 57). In addition, selectively neutral SNPs
should accumulate at a uniform rate and thus can be used to
measure divergence (i.e., they can act as molecular clocks).
Only a limited number of SNP-based studies have been per-
formed in M. tuberculosis to date. The M. tuberculosis species
was initially divided into three “major genetic” groups using a
combination of two alleles at katG463 and gyr495 (63). Sub-
sequently, the complete genome sequences of two M. tubercu-
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losis strains were used to identify initially 12 (21) and later 77
SNPs (2) to provide additional phylogenetic detail to a larger
sample of isolates. Gutacker et al. (29) identified eight families
of related isolates using SNPs identified by comparing whole
genomes of the four M. tuberculosis complex isolates. However,
these studies did not systematically identify the phylogenetic
groups through model-based clustering analysis; thus, the com-
position and number of SNP cluster groups (SCGs) within M.
tuberculosis has been unclear. Relationships between strains
and country of origin were also not examined. Furthermore,
previous studies have not taken full advantage of the power of
SNP-based phylogenies to serve as a “gold standard” for ex-
amining the accuracy of the other DNA typing methods.

Here we use a combination of previously and newly identified
SNPs based on whole-genome comparisons of M. tuberculosis
strains H37Rv, CDC1551, and 210 and M. bovis AF2122/97 (12,
21, 26) (http://tigrblast.tigr.org) to investigate M. tuberculosis
evolution and phylogeny. Our goals were to identify distinct
groups of M. tuberculosis isolates that might have common
phenotypic traits and to define the relationships between these
groups. We also aimed to test for the presence of recurrent
mutations and for recombination between isolates that could
distort phylogenetic relationships and render individual group-
ing less distinct. The inferred SNP-based phylogeny was used
to examine associations between genetically related groups and
specific geographic regions and to reexamine the evolutionary
relationships between spoligotype-defined clades and the M.
tuberculosis species as a whole. Finally, we recommend a lim-
ited SNP set that could easily be used by international labora-
tories to perform SNP-based studies without repeating the
large-scale SNP analysis presented here.

MATERIALS AND METHODS

Bacterial isolates. A total of 323 clinical M. tuberculosis and M. bovis isolates
were tested in this study. Two-hundred ninety-four M. tuberculosis isolates were
obtained from reference laboratories or large medical centers located in the
United States (Arizona, Arkansas, Colorado, and Oregon), Australia, Brazil,
Colombia, Guadeloupe, India, Mexico (Monterrey, Orizaba, and Huauchi-
nango), Turkey, and Uganda. The Australian samples included isolates from
patients originating throughout Asia (Afghanistan, China, Hong Kong, India,
Indonesia, Korea, Laos, Pakistan, Philippines, and Vietnam). The Arkansas,
Orizaba, and Huauchinango isolates were obtained as part of community-based
studies (10, 15, 38). The Uganda isolates were obtained from an urban medical
center in Kampala; however, virtually all of these samples originated from pa-
tients who were indigenous to the local area. The Australian samples were
obtained as part of a previous study on isoniazid (INH) resistance (31) and
consisted of a diverse group of INH-resistant isolates and an equal number of
pansusceptible controls. Twenty-nine clinical M. bovis strains were obtained from
both human and animal infections isolated in the United States and Colombia.
DNA from M. tuberculosis strains H37Rv and CDC1551 (gifts from John Belisle
at Colorado State University), strain 210 (obtained from Kathleen Eisenach at
the University of Arkansas for Medical Sciences), and M. bovis strain AF2122/97
(a gift from Stewart Cole at the Institute Pasteur) were analyzed in parallel with
the clinical samples as internal assay controls.

SNP analysis. We examined 212 SNPs (159 synonymous SNPs [sSNPs], 35
nonsynonymous SNPs [nsSNPs], and 18 intergenic SNPs [igSNPs]) discovered
through pairwise comparisons of the M. tuberculosis H37Rv, CDC1551, and
strain 210 and M. bovis AF2122/97 genomes. The SNPs had either been identified
previously (2, 29) or were newly identified by performing intergenome compar-
isons as described previously (2). SNPs were selected if they were well distributed
across the M. tuberculosis genome and if they were unique to one of the four
strains (i.e., allele A in one strain and allele B in the other three). Seventy-five
SNPs were unique to H37Rv, 56 SNPs were unique to CDC1551, 38 SNPs were
unique to strain 210, and 42 SNPs were unique to M. bovis. One SNP was
mistakenly common to both M. tuberculosis strain 210 and M. bovis. The SNPs
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FIG. 1. Nucleotide diversity among SNPs identified through in-
tergenomic comparisons. The distribution of nucleotide diversity for
159 sSNPs and 47 non-sSNPs among 219 strains of M. tuberculosis and
M. bovis for which complete SNP data were available.

were detected in clinical strains using hairpin primer (HP) assays as described
previously (30). All HP assays were also tested on M. tuberculosis strains H37Rv,
CDC1551, and strain 210 and M. bovis strain AF2122/97 to confirm the presence
of each allele and to verify the performance of the SNP assays. Assays on the
clinical DNA samples were considered reliable only if the cycle thresholds gen-
erated in the paired wells differed by three or more cycles. Assays with fewer than
three cycle differences were repeated and, if necessary, were confirmed by DNA
sequencing (using the ABI Dye Terminator kit and analyzed using an ABI 3100
Genetic analyzer) or labeled as “unknown” in the final database. It was possible
to assign an allele to every SNP locus in 219 of the 327 M. tuberculosis and M.
bovis isolates (including the reference strains) using this approach. A small
number of SNP loci had indeterminate alleles in the remaining 104 isolates.
Primers for the HP assays and a complete list of the SNP alleles are included as
online supplemental materials (Table S1).

Population genetic and phylogenetic analysis. Nucleotide diversity and linkage
disequilibrium were analyzed using the computer program DNA Sequence Poly-
morphism (DnaSP) (56). The primary analysis was performed using the complete
data for the sSNPs at 159 loci and the 219 isolates. The concatenated sSNP data
were analyzed by the parsimony method with 500 bootstrap replicates, and the
results were used to generate a consensus parsimony tree (43). A similar dis-
tance-based analysis was conducted by the neighbor-joining algorithm using the
number of nucleotide differences (43). Model-based clustering analysis was done
using STRUCTURE (54), in which isolates are assigned to clusters probabilis-
tically, assuming Hardy-Weinberg equilibrium and linkage equilibrium within
populations. The sSNP haplotypes were analyzed using the no-admixture model
(each individual comes purely from one of the clusters) with 30,000 burn-in
length and 100,000 replicates. Simulations were run by setting the K value from
1 to 10 to estimate the cluster number (K). A second analysis was performed
including all 212 SNPs (both sSNPs and nsSNPs) and 327 isolates.

Other phylogenetic markers. Spoligotypes were derived and assigned to spo-
ligotype clades (or identified as either “orphan” or “unknown” type) as described
previously (20, 36, 58, 61). MIRUs were derived by PCR amplification of the 12
variable M. tuberculosis microsatellites and assigned an allele number based on
the number of repeats as described previously (48). A dendrogram of MIRU
genotypes was constructed from a distance matrix based on the proportion of allele
differences between MIRU genotypes using the neighbor-joining algorithm (43).

Determination of minimal SNP set. A computer program called “SNPT”
(single nucleotide polymorphism typing) was developed to identify the minimal
number of sSSNP loci required to resolve the same sSNP types (STs) as the entire
SNP set. The minimal number of SNP loci was determined recursively as follows.

(i) The program identifies the number of SNP haplotypes defined in
original input data on the basis of all SNP loci and then calculates the
corresponding D value with the following equation (35):
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FIG. 2. Linkage disequilibrium among study loci. The distribution
of the linkage disequilibrium coefficient (D) for 12,246 pairwise com-
parisons of alleles at 159 sSNP loci. A total of 5,822 (47%) of these
comparisons are significant by a chi-squared test, and 3,008 (52%)
remained significant using a Bonferroni correction for multiple tests.
The insert shows the distribution of the standardized coefficient of
linkage disequilibrium (D'). Ninety-six percent of the locus pairs are in
complete linkage disequilibrium (i.e., D' = 1).
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where N is the total number of isolates in the input data set, s is the number of
SNP haplotypes, and #; is the number of isolates in the jth SNP type. (ii) The
program simulates genotyping of the input isolate population on the basis of a
single locus, calculates the D value for the simulated typing scheme, and then
identifies the loci producing the greatest D values by iterating through all input
loci. (iii) If the highest D value from the previous simulated typing scheme is less
than that of the original input scheme, for every locus/loci combination produc-
ing the highest simulated D value the program generates a new loci combination
by adding one new locus, based on which genotyping of the input isolate popu-
lation is simulated. This process is repeated until the simulated D value for a
subset of SNP loci equals the D value of the input typing scheme.

To estimate the number of sSSNPs needed to resolve the same phylogeny as the
comprehensive set, simulated haplotypes containing 5 to 158 sSNP loci were
generated by randomly sampling 100 times from the original ST profile of the 159
sSNPs loci. For each genotype length (number of sSNPs), cluster structure was
inferred by the model-based method in STRUCTURE and the number of sSSNP
sets that gave the same cluster structure inferred from the comprehensive sSSNP
set was counted.

RESULTS

Levels of variation. In the first step of the analysis, we ex-
amined 215 isolates of M. tuberculosis and M. bovis in which the
nucleotides at all 159 sSNP loci were resolved. This yielded a
total of 219 isolates with complete data when the four se-
quenced genomes were included. The frequency of the rare
allele at each sSNP locus ranged from 1 to 82, with an average
of 25.7 (11.8%) out of the 219 isolates. The nucleotide diversity
ranged from 0.05 to 0.50 across the 159 loci with an average
diversity of 0.19 (Fig. 1). This level of nucleotide diversity
means that two isolates selected at random from this collection
will differ at an sSNP locus 19% of the time.

The alleles at the sSNP loci are highly nonrandom in their
haplotype distribution. This statistical association can be seen
in the distribution of the linkage disequilibrium coefficient (D)
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FIG. 3. Phylogenetic trees of a global collection of M. tuberculosis isolates. A. Distance-based neighbor joining tree of M. tuberculosis and M.
bovis based on 159 sSNPs resolved the 219 isolates into 56 sequence types (STs). Each ST is indicated by a dot color coded for membership in an
SCG and a numerical value. The bootstrap values associated with SCG-1 and SCG-2 to SCG-7 are 84% and 99%, respectively. Reference strains
M. tuberculosis 210, M. tuberculosis CDC1551, M. tuberculosis H37Rv, and M. bovis AF2122/97 are present in SCG-2, -4, -6b, and -7, respectively.
The modeling-based clustering analysis of the same comprehensive set of the genotype data (159 sSNPs in 219 isolates) identified the same seven
clusters. B. Model-based neighbor-joining tree based on a comprehensive data set of 212 SNPs resolved the 327 isolates into 182 STs and presented
identical clusters as shown in panel A. Numbers designate each SCG; SC subgroups are indicated by colored symbols. The SNP lineages that belong
to the three “major genetic” groups based on combination of two alleles at katG463 and gyrA95 are also highlighted. The scale bar indicates the
number of SNP differences.
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for 12,246 pairwise comparisons of alleles at 159 sSNP loci
(Fig. 2). A total of 5,822 (47%) of these comparisons are
significant by a chi-squared test, and 3,008 (52%) are signifi-
cant using a highly conservative Bonferroni correction for mul-
tiple tests (56). The standardized coefficient of linkage disequi-
librium (D’) is strongly U-shaped and shows that 96% of the
locus pairs are in complete linkage disequilibrium (i.e., D' = 1),
that is, there are at most three out of the four possible haplo-
types for most locus pairs. The fact that only 4% of the locus
pairs have —1 < D' < 1 suggests that recurrent mutation and
recombination have played only a minor role in generating
haplotype diversity.

Phylogenetic analysis of clinical isolates. The 159 sSNPs
resolved 212 isolates into 56 haplotypes or STs (Fig. 3A). Both
the parsimony analysis and distance-based neighbor-joining
method grouped these strains into seven SNP cluster groups
(SCGs) (bootstrap values, >80%) comprised of six distinct M.
tuberculosis SCGs and a seventh group that contained all the
M. bovis isolates but no M. tuberculosis isolates. Five subgroups
were also identified. The model-based clustering recovered the
same seven SCG groups (Fig. 4). All known M. bovis strains
were placed in the M. bovis group by both clustering methods.
We next performed a second analysis using all 323 M. tuber-
culosis and M. bovis study isolates and all 212 SNP loci (in-
cluding sSNPs, nsSNPs, and igSNPs). This resolved the isolates
into 182 SNP types and the same seven SCGs and five sub-
groups that were identified using only the sSNPs, although the
subgroups became more apparent with the increased number
of SNP types (Fig. 3B). All but four nsSNPs and igSNPs were
phylogenetically informative. However, all isolates that were
assigned to a particular group using sSNPs were assigned to the
same group using all SNP markers without exception.

Our results showed that most clusters were separated from
each other by multiple mutations. It was particularly striking
that we did not detect any M. tuberculosis isolates that were
situated intermediately between cluster types. This distribution
is consistent with past subdivision of the M. tuberculosis species
through geographic barriers or evolutionary bottlenecks as has
been suggested by others (2, 4, 23, 63), and it demonstrates the
degree to which M. tuberculosis appears to be diverging into
lineages containing distinct subspecies.

Previous studies based on frequency and distribution of
chromosomal deletions have convincingly argued that M. bovis
and M. tuberculosis share a recent common ancestor (8). Using
this information, we rooted the total SNP tree with M. bovis
haplotypes to infer an evolutionary timeline for the common
ancestors of each SCG. SCG-1 appears to have diverged early
after the most recent common ancestor with M. bovis; this was
followed, in order, by SCG-3abc, then SCG-2 and SGC-5, and
then by SCG-4 and SCG-6ab. These results largely agree with
the assignment of isolates to one of the three major genetic
groups defined by katG463 and gyr495 SNP polymorphisms
(63). All major genetic group I isolates fell into SCG-1, -3a,
and -2; all major genetic group II isolates fell into SCG-3b, -3c,
-4, and -5; and all major genetic group III isolates fell into
SCG-6a and -6b (Fig. 3B). Thus, none of the major genetic
group assignments contradicted the phylogeny elucidated by
the SNP trees, although SCG-3abc can be viewed as “transi-
tional” SCGs where the major genetic groups diverged.
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FIG. 4. Inferring the number of clusters in an M. tuberculosis phy-
logeny. The number of clusters (K) were inferred for the genotype data
of 219 M. tuberculosis and M. bovis strains on the basis of 159 sSNPs
using the model-based clustering method implemented in STRUC-
TURE. Five independent simulations were run for K values ranging
from 1 to 10. The top and bottom boundaries of each box indicate the
25th percentile and the 75th percentile, respectively. The thick black
line and the thin black line within the box mark the median and the
mean, respectively. The estimate of the posterior probability of K,
P(X K), was the highest when K = 7.

Geographic distribution of SNP clusters. Several recent in-
vestigations have suggested that, on a global scale, the geo-
graphic origin of the human host has a strong influence on the
type of infecting M. tuberculosis strain (32). To address this
hypothesis we examined the distribution of SCGs by the coun-
try where each M. tuberculosis isolate was identified (Fig. 5A).
Only countries contributing 40 or more isolates were included
in this analysis. Each country did indeed appear to have one or
two predominant SCGs, with the exception of the United
States and Guadeloupe. United States and Guadeloupe iso-
lates appeared to have relatively equal numbers of isolates
from most SCGs. These results are consistent with the epide-
miology of tuberculosis in the United States where a large
proportion of tuberculosis cases occur among the foreign born
(11); Guadeloupe is an island of the lesser Antilles of a mixed
African, European, and Indian descent and where today’s tu-
berculosis epidemiology is also partly driven by the foreign
born. Australia, which also contains large immigrant popula-
tions, appeared to have two predominant SCGs. Subdividing
the Australian isolates by the country of birth for each human
host permitted resolution of the samples into isolates from the
Indian subcontinent, which were predominantly SCG-1, and
isolates from East Asia, which were predominantly SCG-2
followed by SCG-1 (Fig. 5B). The ancestral placement of
SCG-1 suggests that M. tuberculosis originated in the Indian
subcontinent.

Our study also included samples from one indigenous com-
munity in Uganda and one indigenous community in Mexico
(Huauchinango) that were unlikely to have a large number of
imported tuberculosis cases. A second Mexican community in
Orizaba is predominately mestizo in origin; however, as with
Huauchinango, this community has not experienced any recent
migration to or from the region. The Ugandan samples showed
the largest predominance of a single SCG (SCG-5). However,
this predominance is unlikely to represent recent epidemic
spread of a single strain, because we found that there was
significant diversity among the Ugandan SCG-5 isolates as
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FIG. 5. Distribution of the SCGs by country of origin. The proportion of M. tuberculosis isolates with a particular SCG is shown for various
geographic regions. A. The country where the isolate was cultured. B. The place of birth of the human host from which the isolate was cultured
for isolates obtained from Australia. C. The place of birth of the human host from which the isolate was cultured for isolates obtained from Mexico.
“Indian subcontinent” includes M. tuberculosis isolates from India, Pakistan, and Afghanistan and seven additional M. tuberculosis isolates obtained
independently from India. “East Asia” includes M. tuberculosis isolates from Vietnam, China, Philippines, Indonesia, Korea, Hong Kong, and Laos.
“Others” includes M. tuberculosis isolates from Australia, Europe, and Africa. Huauchinango and Orizaba represent relatively closed populations,
while Monterey represents a more urban population. Two Mexican isolates for which the origin of host was unknown were not included.

determined by SNP and MIRU type diversity. The Mexican
isolates were obtained from three different geographic loca-
tions. M. tuberculosis isolates from communities in the adjoin-
ing districts of Orizaba and Huauchinango predominantly be-
longed to SCG-3, while isolates from a more urban Monterrey
population were predominantly SCG-5 and SCG-6 (Fig. 5C).
Interestingly, substantial numbers of SCG-6 isolates were only
detected in the United States and Monterrey. Monterrey is
located approximately 112 miles south of the United States
borders; this geographic pattern suggests cross-border spread
of SCG-6. The predominance of different SCGs in the Mexican
regions demonstrates that different SCGs can achieve high
frequencies even within a single country. In the case of Mexico,
it suggests that M. tuberculosis has been introduced several
times into the population from different geographic sources.
Phylogenetic composition and relationships of spoligotype-
defined clades. Worldwide collections of M. tuberculosis have
been classified into approximately nine different clades using
the spoligotyping system (20, 58). Thus, spoligotyping has also
been used to formulate hypotheses about the global evolution
and spread of M. tuberculosis and to identify groups of isolates
that may have common virulence or other biological attributes.
However, multiple and repeated genetic events can result in
indistinguishable spoligotypes, which can obscure phylogenetic

signals. Indeed, genetic convergence of spoligotypes already
has been demonstrated (70). To assess the robustness of the
spoligotype typing system, we compared the SCG and spoligo-
type clade assignments for the 246 isolates for which spoligo-
types were available (Fig. 6). The results show that some spo-
ligotype clades were phylogenetically accurate while others
were less so. In particular, the spoligotype-defined Beijing
clade, a group overrepresented in drug-resistant isolates and
which appears to have unique virulence properties (5, 16, 47,
55), was exclusively present in SCG-2 (i.e., no other clade was
assigned to this SCG, and all of the spoligotyped isolates within
this SCG were members of the Beijing clade). The SNP tree
also demonstrates the relatively large genetic distance among
Beijing isolates, suggesting that this group is relatively diverse
despite their common membership in a single SCG and clade.
Furthermore, although the Beijing clade is often thought an-
cestral (belonging to major genetic group I), SCG-1 and -3
appear to have more ancestral roots than Beijing, and SCG-5
appears to be equidistant with the Beijing clade from SCG-1
(even though all SCG-5 isolates were classified into major
genetic group II). Thus, the SNP tree both confirms the spo-
ligotype Beijing clade assignment and clarifies the evolutionary
relationships between this clade and other members of the M.
tuberculosis species.
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FIG. 6. Distribution of the spoligotype clades on the SNP-based phylogeny. Each isolate is indicated by a dot, which is color coded according
to the spoligotype clade assignment. CAS, Central Asian clade; EAI, East African-Indian clade; H, Haarlem clade; LAM, Latin American and
Mediterranean clade; PINI, Mycobacterium pinnipedii clade; S, S clade; T, T clade; X, X clade.

Several other spoligotype clade assignments are concordant
with the SNP tree. The East African-Indian (EAI) clade was
uniquely present in SCG-1, and the Central Asian (CAS) clade
was confined to SCG-3a (although not uniquely present), sug-
gesting that the EAI clade has the most ancestral roots of all
clades, followed by CAS. The PINI clade (a spoligotype highly
similar to a classic M. bovis pattern but initially identified in a
new species of mycobacteria [13]) was contained within SCG-7
(M. bovis), and the X clade was well associated with SCG-3c
and -4. Other clades associated less well with either individual
or adjoining SCGs and SC subgroups. For example, the T
superfamily is an ill-defined group of isolates with similar spo-
ligotype patterns (58). Our results showed that the T clade
comprised the majority of SCG-6a and -6b, but it could also be
found in SCG-3abc, -4, and -5, suggesting that the T clade
classification in fact includes a number of phylogenetically dis-
tinct subgroups. The Haarlem (H) clade is another spoligotype
group that occurs at high frequency in human tuberculosis
studies (20, 44). Our results showed that the H clade could be
found in two distinct genetic clusters, SCG-3b and SCG-5,
although neither of these SCGs contained only H clade iso-
lates. The Latin American and Mediterranean (62) clade iso-

lates were also associated with SCG-3b and SCG-5, suggesting
that some H and LAM clade isolates are more closely related
to each other than to other isolates within their respective
clades. The relatively high concentration of “orphan” and “un-
known” spoligotypes in SCG-5 points to other isolates that are
also likely to have common ancestry with the LAM and possi-
bly the H clades.

Evolutionary dynamics of the principal M. tuberculosis micro-
satellites. The M. tuberculosis genome contains a number of
polymorphic microsatellites (i.e., short tandem repeats) that
can be used to generate highly diverse DNA fingerprints in a
technique called MIRU typing (48). As with spoligotyping,
variation at these loci mimics a stepwise mutation model so
that the extent to which this variation retains a phylogenetic
signal is not known. To address this, we MIRU-typed 263 study
isolates, including all of the isolates that had been spoligo-
typed, producing 183 MIRU types (MTs). We then examined
the distribution of SCGs onto a MIRU tree (Fig. 7). We plot-
ted the distribution of SCGs onto the MIRU tree instead of
plotting the MIRU groups onto the SNP cluster tree (as was
the case for the spoligotyping analysis), because MIRU groups
have not yet been rigorously defined in a fashion similar to that
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FIG. 7. Distribution of SCGs on the distance-based neighbor-joining tree representing the MIRU phylogeny. SCG assignment (SCG-1 through
SCG-7) of each MIRU type is based on the same colors and symbols used in Fig. 3B. The location(s) of the SCG-3a isolates (red triangles) are

not shown, because MIRU results were not available for this group.

for spoligotype clades. As with spoligotyping, MIRU typing
was completely concordant with SNP analysis for M. bovis
isolates and for M. tuberculosis isolates belonging to SCG-1
(EAI clade). MIRU typing also had relatively good concor-

dance with SNP analysis for SCG-2 (Beijing clade) isolates,
although SCG-3a and -3b isolates were also found intermin-
gled with SCG-2 isolates on the same MIRU branch. Other
SCGs were generally more mixed on the branches of the
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TABLE 1. Measures of diversity and genetic differentiation of
mycobacterial interspersed repetitive unit (MIRU) loci

No. of

MIRU loci allolos H Hy Gy
2 4 0.056 0.058 0.046
4 7 0.223 0.427 0.478
10 8 0.428 0.751 0.431
16 6 0.435 0.508 0.143
20 3 0.071 0.077 0.080
23 7 0.242 0.581 0.583
24 3 0.053 0.317 0.832
26 8 0.544 0.758 0.282
27 5 0.270 0.265 0.000
31 6 0.338 0.572 0.409
39 6 0.201 0.456 0.559
40 7 0.548 0.779 0.297
Avg 5.8 0.284 0.462 0.386

“ Hy is the within population diversity.
® H is the diversity in the total population.
¢ Ggr is Nei’s coefficient of genetic differentiation.

MIRU tree, although some SCGs appeared to be concentrated
in specific regions. These results indicate that MIRU typing, in
its current 12-allele format, is a poor tool for phylogenetic
analysis despite the extensive pattern diversity that is produced
by this method.

Informativeness and diversity of individual MIRU micro-
satellites. Two variables affect the ability of microsatellite loci
to identify specific SCGs: (i) the allelic diversity within an SCG,
expressed as the coefficient of diversity Hy, and (ii) the allelic
diversity between SCGs, expressed as the difference between
total diversity (H,) and H. Microsatellites with divergent al-
lele frequencies across SCGs will have low H values and high
H; values (where the theoretically ideal microsatellite would
have Hg = 0 and H, = the maximum possible value). Con-
versely, loci with high H values will harbor most MIRU allelic
diversity within SCGs and thus provide little useful phyloge-
netic information but may generate a high degree of diversity,
which can be useful for distinguishing between closely related
isolates. Hg and H-can also be combined to derive a coefficient
of differentiation (Gg;) (52) which measures the overall ability
of a microsatellite to differentiate among SCGs and ranges
from 0 (no subpopulation differentiation) to 1.0 (complete
differentiation) (52).

We examined the distribution of alleles within and between

GLOBAL SNP PHYLOGENY OF M. TUBERCULOSIS 767

each SCG for each of the microsatellite loci used in MIRU
typing. The allele frequencies and single-locus diversities were
calculated for each cluster, and then Hg, H,, and Gy, were
derived (Table 1). Using a G4 of 0.4 as a cutoff, the results
show that MIRU microsatellite loci 4, 10, 23, 24, 31, and 39
(especially loci 23, 24, and 39) with high G ¢, values were likely
to be useful phylogenetic markers. Conversely, the loci 2, 16,
20, and 27 did not appear to contribute significant phylogenetic
information. Other microsatellite loci had intermediate values.
Further examination of H, and H indicated that loci 16 and 27
were likely to provide substantial diversity to MIRU patterns,
while loci 2 and 20 provided little phylogenetic information or
diversity even though all four of these loci had similar low G,
values.

Diversity within SNP cluster groups. Phylogenetic trees con-
structed with previously identified SNP markers can be biased
by branch collapse (2). Branch collapse hides strain diversity
that would normally be observed if an SNP tree was con-
structed with multilocus sequence typing results. The wide
range of DNA patterns generated by the MIRU typing per-
mitted us to analyze each SCG for genetic diversity that might
be hidden within collapsed branches (Table 2). The results
show that SCG-3a and SCG-5 contained more sequence diver-
sity than the other clusters. Notably, SCG-1 showed sequence
diversity that was equal to that of most of the other SCGs, even
though it had a limited number of SNP types assigned to it. The
M. bovis isolates showed diversity that was similar to one of the
M. tuberculosis clusters, even though these isolates represent a
geographically diverse collection of an entire species. This sug-
gests that M. bovis is even more clonal than the M. tuberculosis
species or that microsatellite evolution occurs at a slower pace
in M. bovis.

Determination of the minimal SNP set. SNP analysis is rel-
atively expensive, and it would be advantageous to define a
minimal SNP set that could robustly identify all known SNP
types or at least all known SCGs. The 219 isolates used to
generate the initial SNP tree (Fig. 3A) were analyzed using
SNPT to determine a minimal SNP set that could be used to
identify all 56 STs. Phylogenetic simulations of haplotypes con-
taining 5 to 158 sSNP loci were performed using STRUC-
TURE to determine a minimal SNP set that could be used to
identify all seven SCGs. This work identified a minimal set of
45 sSNPs that could identify all 56 STs (Table 3) and a minimal
set of 16 sSNPs that could be used to group all 219 isolates into

TABLE 2. Estimates of genetic diversity within SNP cluster groups (SCGs) using mycobacterial interspersed repetitive unit (MIRU) typing

SCG No. of MTs Polymo.rphic Mean no. of MT* Isolate

loci alleles H SE (H) H SE (H)
1 25 0.67 2.75 0.300 0.083 0.281 0.082
2 23 0.83 2.58 0.269 0.057 0.215 0.047
3a 10 0.92 292 0.431 0.081 0.431 0.081
3b 24 0.75 2.58 0.281 0.075 0.252 0.062
3c 9 0.42 2.08 0.229 0.090 0.212 0.086
4 17 0.58 2.25 0.218 0.080 0.207 0.078
5 52 0.92 3.58 0.427 0.072 0.414 0.071
6a 17 0.75 2.58 0.291 0.075 0.285 0.075
6b 5 0.42 1.42 0.183 0.067 0.158 0.060
7 (M. bovis) 6 0.50 1.58 0.211 0.069 0.060 0.022

“ Mean average genetic diversity (H) and standard errors (SE) of single locus diversity within each population across the MIRU types (MTs) and isolates.
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TABLE 3. A minimal set of 45 sSNPs that can be used to resolve M. tuberculosis and M. bovis isolates into the 56 sSNP types and 10 SNP cluster-subgroups®

SNP position and allele in H37Rv
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“ ST, sequence type; SCG, SNP cluster group and subgroup.
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FIG. 8. Determining the size of the minimal SNP set. Graph rep-
resenting the number of sSNP sets that give the same cluster structure
as that inferred from the comprehensive set of the 159 sSNPs versus
the number of sSNP loci per set (ranging from 5 to 80). For each
genotype length, sSSNPs were generated by 100 random samples from the
original source of 159 sSNPs. Cluster structure was inferred by the model-
based method in STRUCTURE. In this simulation study, the minimum
number of sSSNP loci needed to resolve the same clusters was 16.

the same six SGCs (plus an additional M. bovis cluster) as the
comprehensive set of 159 sSNPs (Fig. 8, Table 4). Visual in-
spection of the 16 sSSNP set permitted us to further reduce this
number to a minimal subset of 6 SNPs that could be used to
classify all isolates into all SCGs (Table 4). These two limited
SNP sets should make it possible to perform significantly larger
studies which will further define the evolution and global dis-
tribution of the M. tuberculosis species.

DISCUSSION

Our SNP-based phylogenetic analysis of a global collection
of M. tuberculosis isolates suggests that this species can be
divided into six phylogenetically distinct groups (with a seventh
group containing all M. bovis isolates), and that two of these
SCGs can be further subdivided into five subgroups, resulting
in a combination of nine SCGs and subgroups plus an M. bovis
SCG. These results differ somewhat from an earlier study, by
Gutacker et al. (29), that identified eight major groups of M.
tuberculosis without subgroups as well as a three-branch tree
rather than the four-branch tree that we obtained in our anal-
ysis. This discrepancy may be explained by our use of a model-
based clustering analysis using the program STRUCTURE
(54) to identify and assign SCGs. In contrast, Gutacker et al.
appear to have made visual SCG assignments based on a phy-
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logenetic tree constructed using MEGA software. Our study
also differed in the use of SNPs that were unique to one of the
four sequenced strains, while Gutacker et al. may have in-
cluded SNPs shared by two of the four strains. This fact could
accentuate the degree of divergence that we found. Interest-
ingly, both studies demonstrate that all of the M. tuberculosis
SCGs are distinct and deeply branching. Thus, the M. tubercu-
losis species appears to consist of very distinct strain “families.”
We propose that these families (or SCGs) are the ideal units to
investigate biological variations among clinical isolates.

Our results provide additional insights into prior observa-
tions that M. tuberculosis strains have stable associations with
their human host populations (32). We found that the predom-
inant SCG varied depending on the country where M. tuber-
culosis isolates were collected and, in the case of Australia,
with the birth country of the patient. Isolates from countries
with large immigrant populations, such as the United States,
represented a mixture of most SCGs. This result is consistent
with observations that United States tuberculosis is due to a
mixture of strains imported from around the world (11). The
isolates from Uganda and the provinces of Orizaba and Hua-
uchinango in Mexico were obtained predominantly from indig-
enous or relatively closed populations, and the distribution of
SCGs in these populations is particularly noteworthy. These
isolates had the least cluster group diversity compared to iso-
lates from other countries, suggesting that tuberculosis began
in each of these regions with the introduction of a single,
founding cluster group. The predominance of a different SCG
in Monterrey, Mexico, suggests that tuberculosis was intro-
duced separately into this region, where it became the most
commonly observed SCG. Isolates originating from the Indian
subcontinent predominantly belonged to the most ancestral
cluster SCG-1, and isolates from East Asia predominately be-
longed to SCG-1 and SCG-2. These results suggest that the
evolutionary radiation of human tuberculosis began on the Indian
subcontinent, spreading to East Asia and then elsewhere.

The availability of a “gold standard” phylogeny makes it
possible to evaluate the informativeness of other DNA finger-
printing systems for phylogenetic analysis. Our results support
the major genetic group phylogeny assigned by katG463 and
grA95 gene polymorphisms (63). However, the SNP tree re-
vealed much more phylogenetic detail, including the group
where major phylogenetic groups I and II diverge. This is not

TABLE 4. Sixteen sSNPs identified by STRUCTURE and a minimal subset of six sSSNPs that can be used to resolve M. tuberculosis
and M. bovis isolates into the seven SNP cluster groups (including the M. bovis cluster)

SNP position and allele in H37Rv¢

192197 473687 519804 1830293 1920118 2156023 2361602 2376133 2460626 2598398 3057134 3111473 3352929 3440539 3550786 4314642

SCG
1 G G g g T g g a
2 G G g g G g g a/g"
3 G G g g G g g a
4 G G g g G g g a
5 G G g g G g g a
6 T G g g G g c a
7 G A a/g’ a T t g a

C g c C G g c g
C g c T G a g g
C g c C G a c g
A g t C G a c g
C g c C C a c a
C a/g’ c C C a c a
C g c C G g c g

¢ Either allele defines SCG-2.
® Either allele defines SCG-6.
¢ Either allele defines SCG-7.
4 Capital letters indicate the minimal six-SNP subset.
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surprising given that both systems are based on SNP markers.
The SNP tree also revealed a number of strong concordances
with spoligotyping. EAI and Beijing clades were strongly asso-
ciated with SCG-1 and -2, respectively. Moreover, our results
conclusively show that EAI clade isolates are the most ances-
tral, as has been suggested by previous observations that the
TbD1 deletion is absent in EAI isolates (8, 19). CAS, PINI,
and X clades also correspond relatively well to a small number
of SCGs, although intermixing with other SCGs is apparent.
Other clades appeared to be less successful at grouping isolates
into genetically related clusters. It is possible that a more
detailed comparison of spoligotype patterns and the SNP tree
might result in more accurate clade assignments. MIRU typing
appeared to be the least successful at accurately assigning
isolates to genetically related groups. A MIRU tree correctly
classified all SCG-1 isolates together, and other MIRU
branches showed some concordance with the SNP tree. How-
ever, no other MIRU branch corresponded either to a single
SCG or to a logical combination of neighboring SCGs. These
results are supported by our analysis of individual MIRU mi-
crosatellites, which demonstrated that a number of loci are not
phylogenetically informative. MIRU remains an attractive
method to distinguish among potentially related isolates, be-
cause this typing system generates a large and diverse set of
DNA fingerprints. Phylogenetic analysis using this system
could potentially be improved using a staged approach. We
suggest that MIRU typing be modified so that an initial anal-
ysis classifies M. tuberculosis isolates into clusters using the
most phylogenetically informative microsatellites. This process
could be followed by secondary, and perhaps tertiary, classifi-
cation using the microsatellites that were less phylogenetically
informative but that provided fingerprint diversity.

There are a few potential limitations to this study. The
phylogenetic analysis was performed using SNP markers that
were obtained by comparing only four sequenced M. tubercu-
losis genomes. Trees generated using this type of phylogenetic
marker may be distorted by branch collapse, which may cause
distinct lineages to become combined into a single cluster
group (2). However, it has been demonstrated that branch
collapse will not alter the position of each ancestral branch
point on the overall tree, so these results remain highly infor-
mative (2, 53). Furthermore, our analysis of MIRU diversity
demonstrated that most SCGs on the tree were equally diverse,
with the exceptions of SCG-3a and SCG-5, which had only
moderately increased diversity. This suggests that no SCG con-
tains an excessive number of collapsed branches, although
SCG-3a and SCG-5 are worthy of further study. Future
genomic sequencing studies will be required to identify addi-
tional SNP markers to expand the branches that are collapsed.
Although the M. tuberculosis isolates analyzed in this study
were obtained from diverse locations around the world, the
number of geographic locations and the number of isolates
sampled from each location remain limited. However, several
of our conclusions are supported by previous studies. For ex-
ample, our observation that SCG-1 isolates predominated in
the Indian subcontinent isolates and that SCG-2 isolates pre-
dominated in East Asia is supported by similar observations
based on the geographic distribution of EAI, CAS, and Beijing
clades (41, 60; K. Brudey and N. Rastogi, unpublished obser-
vations). However, a much larger study will be required to
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firmly delineate the origin and global spread of M. tuberculosis
and to definitively identify all M. tuberculosis SCGs. Our iden-
tification of a smaller number of highly informative SNPs that
can replace the 212 SNPs used in this study should make such
investigations possible. Investigations of this worldwide disease
will be best performed through collaborations between many
different centers internationally. A single basic SNP set will
need to be agreed upon for this work to progress. We suggest
that the minimal SNP set presented here should comprise the
core markers for these future studies.
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