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ABSTRACT One-third of humans are infected with My-
cobacterium tuberculosis, the causative agent of tuberculosis.
Sequence analysis of two megabases in 26 structural genes or
loci in strains recovered globally discovered a striking reduc-
tion of silent nucleotide substitutions compared with other
human bacterial pathogens. The lack of neutral mutations in
structural genes indicates that M. tuberculosis is evolutionarily
young and has recently spread globally. Species diversity is
largely caused by rapidly evolving insertion sequences, which
means that mobile element movement is a fundamental pro-
cess generating genomic variation in this pathogen. Three
genetic groups of M. tuberculosis were identified based on two
polymorphisms that occur at high frequency in the genes
encoding catalase-peroxidase and the A subunit of gyrase.
Group 1 organisms are evolutionarily old and allied with M.
bovis, the cause of bovine tuberculosis. A subset of several
distinct insertion sequence IS67110 subtypes of this genetic
group have IS6110 integrated at the identical chromosomal
insertion site, located between dnaA and dnaN in the region
containing the origin of replication. Remarkably, study of
~6,000 isolates from patients in Houston and the New York
City area discovered that 47 of 48 relatively large case clusters
were caused by genotypic group 1 and 2 but not group 3
organisms. The observation that the newly emergent group 3
organisms are associated with sporadic rather than clustered
cases suggests that the pathogen is evolving toward a state of
reduced transmissability or virulence.

One-third of the world’s population is infected with Mycobac-
terium tuberculosis, and 3 million human deaths annually are
attributed to the organism (1, 2). Although there is a very large
global pool of infected individuals and considerable chromo-
somal heterogeneity based on restriction fragment length
polymorphism (RFLP) patterns generated by probing with
mobile insertion elements (3, 4), studies of drug resistance and
pathogenesis have raised the possibility that synonymous (si-
lent) nucleotide substitutions in structural genes may be
limited (5). To investigate this apparent discrepancy from the
perspective of molecular population genetics, we sequenced
two megabases in 26 structural genes or loci in strains of M.
tuberculosis and the three closely related members of the M.
tuberculosis complex (M. africanum, M. bovis, and M. microti)
collected worldwide.
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MATERIALS AND METHODS

Bacterial Isolates. The study is based on a sample of 842 M.
tuberculosis complex isolates recovered from diverse geo-
graphic localities. The organisms include M. tuberculosis (n =
715), M. bovis (n = 109), and M. africanum and M. microti (n =
9 each). M. tuberculosis isolates were recovered from diseased
patients in the United States (five states), Latin America
(Mexico, Honduras, Ecuador, Peru, Venezuela, Brazil, and
Chile), Europe (Portugal, Spain, The Netherlands, Belgium,
Germany, Switzerland, Italy, former Yugoslavia, and Roma-
nia), Africa (Kenya, Rwanda, Guinea, Algeria, Somalia, and
Zaire), the mid-East (Yemen, Israel, Turkey, and Iran), and
elsewhere (Australia, Burundi, China, India, Japan, South
Korea, Mongolia, Nepal, Philippines, Sri Lanka, Tahiti, Thai-
land, and Vietnam) (6). This collection of M. tuberculosis
isolates represents the range of insertion sequence 1S6110
fingerprint diversity in the species (refs. 3 and 4 and unpub-
lished data) and includes organisms recovered from patients
with pulmonary and extrapulmonary tuberculosis. Organisms
in the sample had from 0 to 21 copies of IS6110. Moreover,
organisms classified into several groups based on a multiplex
PCR analysis (7) were included in the analysis.

The 109 M. bovis isolates were recovered in five countries
and from eight host species (6). The M. microti specimens were
recovered from voles (n = 7), a pig (n = 1) in the Netherlands,
and a rock hyrax (n = 1) in South Africa. Isolates of M.
africanum were recovered from patients with tuberculosis
living in Sierra Leone, Africa.

Species assignment of isolates of M. tuberculosis, M. africa-
num, M. bovis, and M. microti was based on analysis of accepted
phenotypic criteria.

IS6110 RFLP Profiling. IS6110 RFLP profiling was per-
formed by an internationally standardized method with re-
striction endonuclease Pvull (3). Hybridizing bands were
visualized by enhanced chemiluminescence, and banding pat-
terns were compared with computer-assisted image analysis.

PCR Amplification and Gene Sequencing. All or part of 26
genes were characterized (Table 1). Oligonucleotide primers
used to amplify the target regions are available by request from
J.M.M. Sequence data were generated with an Applied Bio-
systems model 373A or 377 instrument. DNA sequence data
reported previously (8) were also included in this analysis. A
total of 2,150,267 bp was characterized.

Determination of the Presence of 1S6110 Between drnad and
dnaN. A total of 162 strains were studied by PCR for the
presence of IS6110 between dnaA and dnaN. We used PCR

Abbreviations: RFLP, restriction fragment length polymorphism; IS,
insertion sequence.
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Table 1. Regions of M. tuberculosis complex genes analyzed for nucleotide sequence diversity

Nucleotides No. of sites GenBank
No. of strains sequenced, with silent accession
Gene Size, bp Product analyzed positions variation no.
katG 2,170 Catalase-peroxidase 55 1,991-4,160 5 X68081
katG 570 Catalase-peroxidase 360 2,881-3,330 2 X68081
rpoB 350 RNA polymerase, beta subunit 305 83-432 2 L05910
mabA 700 Fatty acid biosynthesis enzyme 46 1-700 1 002492
mabA 468 Fatty acid biosynthesis enzyme 92 65-533 1 U02492
inhA 805 Enoyl reductase 72 986-1,794 0 U02492
gyrA 318 DNA gyrase, A subunit 629 2,384-2,701 6 L27512
gyrB 351 DNA gyrase, B subunit 17 1,580-1,930 0 L27512
hsp65 366 65-kDa heat shock protein 267 453-818 0 M15467
rpsL 350 Ribosomal protein S12 178 10-359 1 L08011
rrs 1,042 16S rRNA 122 1-1,046 0 X52917
aroA 349 5-Enolpyruvylshikimate-3-P synthase 8 714-1,063 0 M62708
recA 349 RecA protein 9 1,646-1,995 0 X58485
ahpC 588 Alkylhydroperoxide reductase 97 628-1,216 0 U16243
ahpC (upstream) 421 Alkylhydroperoxide reductase 196 981-1,401 0 U16243
oxyR* 528 Pseudogene 117 1-528 5 U16243
rpoV 288 Principal sigma factor 48 2,192-2,480 0 U21134
16-kDa Ag 656 16-kDa antigen 35 25-680 0 $79751
embC-A 568 Glycosyltransferase 101 80-647 0 U68480
embA 1,197 Glycosyltransferase 43 2,720-3,916 1 U68480
embA 1,850 Glycosyltransferase 7 920-2,770 0 U68480
embB 3,295 Glycosyltransferase 19 1-3,294 1 U68480
embB 2,560 Glycosyltransferase 3 640-3,200 0 U68480
embB 1,952 Glycosyltransferase 86 98-2,050 0 U68480
mpcA 1,563 Phospholipase 30 438-2,000 2 U49511
mpcA-B 501 Phospholipase region 35 1,748-2,249 0 U49511
pncA 488 Pyrazinamidase 50 30-518 0 U59967
pncA 630 Pyrazinamidase 131 —82 to 558 2 U59967
Monooxygenase 340 29 11,121-11,460 0 780108
(upstream)
pzaA 1,567 Pyrazinamidase 30 54-1,620 0 i
mdh 1,551 Malate dehydrogenase 34 928-2,478 0 T
ndh 1,597 NADH dehydrogenase 56 921-2,517 0 f
ideR 850 DtxR homolog 22 —120 to 730 1 U14191
Ag, antigen.

*oxyR is a pseudogene and, therefore, all polymorphisms are silent.
TUnpublished sequence.

analysis with the following oligonucleotide primers: forward,
5'-TCCGAGATGGCCGAGCGCCG-3'; reverse, 5'-CCAC-
CCACGACACCGCATCG-3'. Strains with the insert yielded
an amplicon of ~1,800 bp, and those without the insert had an
~700-bp PCR product.

Assignment of Strains to Three Genotypic Groups. Isolates
of M. tuberculosis complex organisms were assigned to one of
three genotypic groups based on the combinations of poly-
morphisms at katG codon 463 and gyr4 codon 95. Group 1 has
the allele combination katG codon 463 CTG (Leu) and gyrd
codon 95 ACC (Thr); group 2 has katG 463 CGG (Arg) and
gyrA codon 95 ACC (Thr), and group 3 organisms have katG
463 CGG (Arg) and gyr4 codon 95 AGC (Ser). Polymorphism
located at katG codon 463 was identified by automated DNA
sequencing (9) or a PCR-RFLP strategy with restriction
endonuclease Ncil or Mspl (10). Polymorphism occurring at
gyrA codon 95 was indexed by automated DNA sequencing
(11). Strains (n = 850) recovered from patients in Houston
from June 1995 to February 1997 were assigned to one of the
three genotypic groups. Note that only approximately 100
strains of this group of 850 were included in the sample of 842
organisms used for sequencing. Case clusters were defined as
groups of five or more patients infected with the same M.
tuberculosis strain, based on IS6110 pattern analysis and de-
tailed epidemiologic contact investigation data. Because the
New York City strain repository contains greater than 5,000
organisms recovered between 1991 and 1997, we used a

two-pronged sampling strategy. First, random isolates repre-
senting each of the 17 IS6710 types with 20 or more organisms
were analyzed. Case clusters with 20 or more patients were
studied because with ~5,000 strains of M. tuberculosis in the
database, it would be a considerable undertaking to study all
clusters with five or more members. Next, a random sample of
75 isolates with unique IS6110 typing patterns was selected for
analysis. We also analyzed a sample of 25 isolates recovered
from a statewide survey of M. tuberculosis cases in New Jersey
between June 1995 and December 1996. Approximately 300
isolates were obtained during this period, and about 250 of
these organisms had unique IS6710 types. The 25 isolates
analyzed represented a random sample of 21 strains with
unique 1S6110 profiles and four organisms causing case clus-
ters. New Jersey case clusters were defined as groups of five or
more patients infected with M. tuberculosis having the same
IS6110 type. The New Jersey organisms were not included in
the sample of 841 strains used for the nucleotide sequence
database.

RESULTS

Allelic Variation Is Largely Associated with Antibiotic
Resistance. Compilation of the two megabases of sequence
data for the 26 genes revealed that greater than 95% of
nucleotide substitutions caused amino acid replacements or
other mutations in gene regions linked to antibiotic resistance
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Table 2. Levels of allelic polymorphism recorded in genes of
pathogenic bacteria

No. of genes

or gene Relative
Organism segments Dy* variation®
M. tuberculosis

complex 26 <0.01 1
Shigella sonnei 2 0.01 1
Vibrio cholerae 1 0.41 41
Streptococcus pyogenest 3 1.02 102
Neisseria meningitidis 4 6.18 618
M. avium-intracellulare 1 10.10 1,010
Escherichia coli 11 11.77 1,177
Borrelia burgdorferi 3 ~20 ~2,000
Salmonella enterica 5 42.08 4,208

*Average number of synonymous substitutions per 100 synonymous
sites (28), calculated on the basis of sequence information published
elsewhere (12-27). The value reported for S. sonnei includes both
synonymous and nonsynonymous sites and is based on RFLP analysis
(15).

TCalculated relative to the Dy value of the M. tuberculosis complex.

Includes some unpublished data.

and driven to high frequency by direct drug selection (5). Over
all 26 genes examined, only 32 polymorphic nucleotide sites
were identified that have not been directly associated with
antibiotic resistance. Of these, 30 were synonymous (silent)
changes. The 30 substitutions occurred in katG (n = 7), gyrA
(n = 6), oxyR (n = 5), rpoB, mabA, pncA, and mpcA (n = 2
each), and embA, embB, ideR, and rpsL (n = 1 each). Although
there was substantial chromosomal heterogeneity in RFLP
patterns generated by probing with mobile elements, the
striking lack of silent substitutions in M. tuberculosis complex
members from global sources is unexpected given that 1 billion
humans carry the pathogen and, hence, the bacterial popula-
tion size worldwide must be enormous.

Allelic Variation in M. tuberculosis Complex Organisms Is
Restricted Compared with Other Pathogenic Bacteria. The
level of silent nucleotide variation in M. tuberculosis complex
members is greatly restricted and considerably less than ob-
served in other pathogenic bacteria (12-27) (Table 2). Impor-
tantly, the organisms studied include other mycobacteria, and

Group 1

katG463 CTG (Leu)
gyrA95 ACC (Thr)

M. microti
M. africanum
M. tuberculosis

katG463 CTG (Leu)
gyrA95 ACC (Thr)

M. tuberculosis
complex precursor

M. bovis

katG463 CTG (Leu)
gyrA95 ACC (Thr)

—® | katGa63 CGG (Arg) | — | katG463 CGG (Arg)
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species such as Neisseria meningitidis that are strict host
specialists. Thus, although members of the M. tuberculosis
complex have preferred hosts, ecological host specialization
per se does not account for the restricted genetic variation
observed in the M. tuberculosis complex. To put the level of
allelic variation in M. tuberculosis in perspective, it is even less
than that in Shigella sonnei, which genetically is merely a
specialized distinct pathogenic clone of Escherichia coli (29).
Identification of Three Genotypic Groups. Inspection of the
sequence data revealed that only the variants at katG codon
463 and gyrA codon 95 were present at high frequency. These
two sites apparently do not participate in antibiotic resistance
(30, 31) and, hence, were used as genetic markers that record
the history of organism divergence. All members of the M.
tuberculosis complex were assigned to one of three distinct
genotypic groups based on the combination of polymorphisms
located at these two sites (Fig. 1). All isolates of M. bovis, M.
microti, and M. africanum studied had the combination of
polymorphisms characteristic of genotypic group 1. In con-
trast, M. tuberculosis isolates fell into each of the three groups.
IS6110 Frequency Distribution Among Isolates of the Three
Genotypic Groups. To determine the extent to which organ-
isms assigned to the three genotypic groups have diverged in
other properties, we examined the distribution of IS6770, an
insertion sequence present in most M. tuberculosis isolates. The
analysis was based on study of 421 organisms recovered from
patients in Houston, TX, in a 13-month period. To avoid bias
that would be generated by including epidemiologically asso-
ciated organisms, only one isolate was included from each
subtype identified by standard IS6710 typing. The frequency
distribution of IS6110 copy number differed among the three
genotypic groups (Fig. 2). Moreover, there was little sharing of
related IS6110 profiles among groups. These data indicate that
isolates of the three groups have accumulated differences in
IS6110 copy number and pattern and undergone rapid chro-
mosomal differentiation relative to silent mutations.
Correlation of Site of IS6110 Insertion and Genotypic
Group. Two distinct molecular mechanisms could account for
the occurrence of three genotypic groups of M. tuberculosis.
One mechanism postulates that organisms assigned to each of
the three genotypic groups have shared a common ancestor,
and the extensive 1S6110 variation recorded among members
of each group arose after the divergence of the last common
ancestor for each group. An alternative idea postulates that

Group 2 Group 3

gyrA95 AGC (Ser)

gyrA95 ACC (Thr)

M. tuberculosis M. tuberculosis

FiG. 1. Broad evolutionary scenario for M. tuberculosis complex organisms. The precursor of M. tuberculosis complex organisms was
characterized by KatG codon 463 (Leu) and GyrA codon 95 (Thr). Strain Ravenal is a typical M. bovis isolate; New York City IS6110 type strain
W and Houston 1S6110 types 002, 003, 007, 015, and 033 are group 1 organisms; Erdman, Oshkosh, New York City strain C, and Houston 1S6110
types 004, 006, 016, 020, and 030 are group 2; and H37Ra, H37Rv, and Houston 1S6110 type 001 are group 3.
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FiG. 2. Distribution of IS6/10 copy number with respect to three genotypic groups of M. tuberculosis. The data are based on analysis of 427
isolates recovered from patients in Houston, TX. To avoid bias caused by redundant sampling of recent derivatives of epidemiologically linked
isolates, only one isolate per distinct IS6770 subtype was used in the analysis. This resulted in a data set composed of 213 distinct IS6110 subtypes,

of which 21% were group 1, 62% group 2, and 18% group 3.

organisms have repetitively converged by independent evolu-
tionary pathways to form the three genotypic groups. The
distribution of IS6110 copy number described above is strong
evidence against the convergence hypothesis. To differentiate
more fully between the two hypothesis, we used PCR to
examine the distribution of one randomly chosen 1S6170
insertion site located between dnaA and dnaN among the three
groups marked by gyr4 and katG polymorphisms. IS6110 was
located at the target site in 26% of 97 organisms in group 1
having distinct IS6110 profiles. In contrast, all 65 randomly
chosen isolates of groups 2 and 3 tested lacked the element at
this site. All 32 isolates of M. bovis, M. africanum, and M.
microti studied also lacked the element at this site. The
confinement of this insertion site polymorphism to a subset of
group 1 M. tuberculosis further demonstrates an historical
separation and genotypic differentiation of the three groups.

Additional documentation of a common ancestry of many
group 1 isolates with IS6110 located between dnaA and dnaN
was sought by DNA sequencing. Analysis of six randomly
chosen strains with different IS6110 patterns found that all six
organisms had IS6110 integrated at the identical site located 66
bp downstream from dnaA. The integration of IS67/10 at
precisely the same position in these group 1 members adds
further strong support to the idea that the organisms have
shared a common ancestor.

Genotypic Group 1 Organisms Are Ancestral to M. tuber-
culosis Groups 2 and 3. In the proposed evolutionary pathway
presented in Fig. 1, genotypic group 1 organisms are especially
important because they link the predominantly nonhuman
pathogens M. microti and M. bovis and the human specialists
M. africanum and M. tuberculosis. If our evolutionary hypoth-
esis is correct, then we expect that group 1 organisms carry a

greater level of genetic diversity than group 2 and group 3
bacteria because they have had a longer time to evolve and
thereby accumulate variation. Three facts support this hypoth-
esis. (i) Group 1 organisms have the broadest range of 1S6110
copy number, with 0-21 copies of this element. (if) Group 1
organisms had 73% of all synonymous substitutions identified,
despite being only about 15% of all organisms analyzed. (iii)
All five variant sites detected in the pseudogene oxyR were
either in M. bovis or group 1 organisms, and none were present
in organisms assigned to groups 2 or 3. The neutral theory of
molecular evolution predicts that allelic variation in pseudo-
genes exceeds that present in genes encoding protein products
because functional constraints are relaxed (32). The observa-
tion of increased allelic variation in oxyR in group 1 organisms
provides critical independent support of the concept that
group 1 organisms are ancestral to groups 2 and 3. Also
consistent with our thesis that group 1 bacteria are ancestral to
groups 2 and 3 is the fact that all four organisms in our
collection that lack IS6710 are group 1 members. Absence of
1S6110 is the expected condition for a primitive organism from
which M. tuberculosis containing this element may have arisen.

DISCUSSION

Restricted Allelic Variation. The remarkably restricted vari-
ation in M. tuberculosis complex structural genes has important
ramifications for studies of virulence and drug resistance. The
lack of allelic diversity means that when amino acid polymor-
phisms, or regulatory region nucleotide variation are observed,
there should be strong suspicion that the variation has func-
tional consequences, such as antibiotic resistance (5). Re-
stricted allelic diversity also means that identification of pro-
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teins with immunoprophylaxis or diagnostic utility would be of
significant clinical value due to the very low probability for
variation globally. Conversely, should future genomic analyses
uncover highly polymorphic genes, the finding could indicate
that the diversity is being driven by host immunologic re-
sponses.

The spontaneous mutation frequency of M. tuberculosis is in
the range recorded for most other bacteria (33), an observa-
tion that permits us to exclude the possibility that an unusual
DNA repair phenotype or replication fidelity is responsible for
the lack of accumulation of neutral variation. A small popu-
lation size also is unlikely to explain the limited allelic diversity
given that one-third of the world’s population is infected with
this bacterium. We believe that the only reasonable hypothesis
to account for the lack of allelic variation is that M. tuberculosis
underwent a recent evolutionary bottleneck, presumably at the
time of speciation estimated to have occurred roughly 15,000
to 20,000 years ago (8).

Two main processes are driving a considerable proportion of
genomic differentiation in M. fuberculosis. One mechanism
responsible for creating variation is transposition of 1S6110
and other mobile elements, and these events can rapidly
generate new subclones (34). For example, a single multidrug-
resistant organism marked by a distinct IS6710 pattern and
known as strain W within years spawned at least seven variants
differing by one or two copies of IS6110 (34). The level of
species variation also is being profoundly increased by humans
through antibiotic use. In our two-megabase data set, greater
than 95% of nucleotide changes were directly associated with
antibiotic resistance. All antibiotic resistance in M. tuberculosis
is chromosomally mediated, unlike most pathogenic bacteria in
which drug resistance is mediated by plasmid-borne genes that
can be discarded when selection pressure is removed. This
means that the genomic changes arising from drug selection
will be removed from the species gene pool only if the resistant
organisms themselves are extinguished. Given the consider-
able difficulties in successfully treating drug-resistant strains,
and the lack of agents to eradicate latent infections, most of the
resistance-associated diversity is likely to be maintained in the
M. tuberculosis population.

Genotypic Group 1 and Group 2 Organisms Are Dispro-
portionately Represented Among Clustered Cases of Tuber-
culosis. One theme that has emerged from the study of
bacterial population genetics is that there are frequently
important biomedical and ecological correlates of population
structure. Stated another way, groups of related bacterial
genotypes tend to behave nonrandomly. This is especially true
for species (like M. tuberculosis) in which horizontal gene
transfer contributes little to the generation of genomic diver-
sity.

The availability of extensive databases containing 1S6710
typing data for =~6,000 isolates permitted us to determine
whether organisms of the three groups were equally repre-
sented among genotypes causing case clusters of tuberculosis.
The Houston M. tuberculosis database has typing information
for all 850 strains recovered over a 2-year period in a com-

Proc. Natl. Acad. Sci. USA 94 (1997) 9873

prehensive population-based survey. Detailed epidemiologic
data, including contact investigation, are available for all
patients from whom these organisms were cultured. Interest-
ingly, 25 of 26 case clusters involving five or more patients were
caused by genotypic group 1 and 2 organisms (Table 3). This
striking association was confirmed by analysis of strains re-
covered in metropolitan New York City. All 21 case clusters in
the New York City area were also caused by genotypic group
1 and 2 organisms. Nonrandom association of group 1 and
group 2 organisms with clustered cases was independent of the
drug susceptibility phenotype of the strains. Critically, the
dominance of group 1 and group 2 organisms as causes of case
clusters was not due to the formal albeit trivial explanation that
group 3 organisms do not occur in these diverse localities
(Table 3).

Variance in pathogen behavior is likely to be the result of
two processes. Nucleotide changes may result in amino acid
alteration in proteins or modification of regulatory sequences
that produce increased or decreased expression of protein
products. Data have been presented showing that single nu-
cleotide or amino acid changes can significantly alter virulence
of M. tuberculosis for guinea pigs and virulence in other
pathogens (35, 36). A second possibility that has not yet been
explored is that the site of chromosomal integration of 1S6110
or other mobile elements participates. Mobile element inser-
tion or excision from genomic sites can alter expression of
genes involved in host—pathogen interactions or contribute to
bacterial fitness (37, 38). Simonet et al. (37) reported that the
invasin gene (inv) of Yersinia pestis (the cause of plague) is
inactivated by a 708-bp IS200-like element. This single inser-
tion prevents the pathogen from invading host cells, thereby
altering the host—pathogen interaction and selecting for new
virulence properties. Moreover, the site of IS/301 insertion in
Neisseria meningitidis changes expression of cell surface sialic
acid, a critical virulence factor in blood and brain infections
(38). It is reasonable to anticipate that insights about M.
tuberculosis pathogenesis will be revealed by systematic study
of IS6110 integration sites and assessment of resulting func-
tional alterations.

Although clearly more work is required to identify the
molecular basis for our observation that strains of genotypic
group 3 have a reduced capacity to cause large case clusters,
we note that the finding has important implications for public
health strategies, evolutionary biology, and virtually every
aspect of M. tuberculosis investigation. Tuberculosis control
strategies and transmission models have largely relied on the
idea that strains or subclones are roughly equivalent in med-
ically important biological attributes (39). Our data suggest
this is not the case. Public health approaches and tuberculosis
transmission models may benefit from further refinement by
interpreting data in the context of the three genetic groups
described herein. Advances in the study of host—pathogen
interactions, genome sequences (40), antimicrobial agent re-
sistance (5), and the genetics of host susceptibility (41) are also
likely to benefit by the insights into the evolutionary history
revealed by our analysis.

Table 3. Distribution of M. tuberculosis genotypic groups in Houston and the New York City area
Genotypic group*
1 2 3
Case Unique Case Unique Case Unique
Place clusters, no. isolates, no. clusters, no. isolates, no. clusters, no. isolates, no.
Houston 10 (37%) 100 (28%) 16 (59%) 200 (56%) 1 (4%)t 55 (16%)
New York City area 7 (32%) 23 (23%) 15 (68%) 63 (62%) 0 15 (15%)

*Group 1, allele combination katG codon 463 CTG (Leu) and gyr4 codon 95 ACC (Thr); group 2, katG 463 CGG (Arg) and gyr4 codon 95 ACC

(Thr); group 3, katG 463 CGG (Arg) and gyrA codon 95 AGC (Ser).

TGenotypic group 1 versus group 3, P ~ 0.008; genotypic group 2 versus group 3, P ~ 0.015; genotypic group 1 versus group 2, not significant.
P values were calculated with pooled Houston and New York City area samples.
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Note Added in Proof: Analysis of an additional one megabase of
sequence data from 10 genes and the DR region confirmed the broad
evolutionary scenario described in Fig. 1.
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