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Mycobacterium tuberculosis adapts to the environment by selecting for advantageous single-nucleotide poly-
morphisms (SNPs). We studied whether advantageous SNPs could be distinguished from neutral mutations
within genes associated with drug resistance. A total of 1,003 clinical isolates of M. tuberculosis were related
phylogenetically and tested for the distribution of SNPs in putative drug resistance genes. Drug resistance-
associated versus non-drug-resistance-associated SNPs in putative drug resistance genes were compared for
associations with single versus multiple-branch outcomes using the chi-square and Fisher exact tests. All 286
(100%) isolates containing isoniazid (INH) resistance-associated SNPs had multibranch distributions, sug-
gestive of multiple ancestry and convergent evolution. In contrast, all 327 (100%) isolates containing non-
drug-resistance-associated SNPs were monophyletic and thus showed no evidence of convergent evolution (P <
0.001). Convergence testing was then applied to SNPs at position 481 of the iniA (Rv0342) gene and position
306 of the embB gene, both potential drug resistance targets for INH and/or ethambutol. Mutant embB306
alleles showed multibranch distributions, suggestive of convergent evolution; however, all 44 inid(H481Q)
mutations were monophyletic. In conclusion, this study validates convergence analysis as a tool for identify-
ing mutations that cause INH resistance and explores mutations in other genes. Our results suggest that
embB306 mutations are likely to confer drug resistance, while ini4 (H4810Q) mutations are not. This approach
may be applied on a genome-wide scale to identify SNPs that impact antibiotic resistance and other types of

biological fitness.

Mycobacterium tuberculosis continuously adapts to the envi-
ronment by selecting for single-nucleotide polymorphism
(SNPs) that can confer selective advantages on the bacterial
populations. While this is most apparent in the development of
drug resistance (29, 35, 37, 38), similar events may be related to
the increased fitness and virulence observed for some clinical
strains. It would be of great interest to assign a role to each of
the numerous SNPs that have been discovered among clinical
isolates of M. tuberculosis. M. tuberculosis would appear to be
an ideal bacterial species for this type of analysis. M. tubercu-
losis genomes are highly conserved and do not naturally con-
tain plasmids or exhibit significant levels of horizontal gene
transfer (11, 14). Only 1,075 SNPs and 86 large-sequence poly-
morphisms have been detected between the complete genome
sequences of the laboratory strain H37Rv and the clinical
strain CDC1551 (13). M. tuberculosis also exhibits considerable
differences between strains in growth rates, the ability to ac-
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quire drug resistance, and other virulence attributes (3, 10, 15,
22, 24, 25, 36), despite this relative lack of genetic polymor-
phism. Finally, 10 M. tuberculosis genomes have now been
completely sequenced (9, 13; Broad Institute, Mycobacterium
tuberculosis Database [http://www.broad.mit.edu/annotation
/genome/mycobacterium_tuberculosis_spp/MultiHome.html]),
providing excellent opportunities to study the genetics of phe-
notypic variation using a comparative genomic approach.
Unfortunately, even the relatively small numbers of poly-
morphisms that exist among clinical M. tuberculosis strains
loom large when considered in light of the allelic exchange
experiments and subsequent bioassays that must be performed
in order to definitively determine the phenotypic relevance of
a particular mutation. As a result, in-depth studies of genetic
changes among clinical isolates have been restricted to the
few drug resistance-associated mutations where the evi-
dence for a true role in disease phenotype is already strong.
For example, katG(S315T) (20, 27, 32, 41), inhA —15 C-to-T,
and inhA(S944) mutations (40) have been proven to confer
resistance to the drug isoniazid (INH) in careful allelic ex-
change studies, while some drug resistance-associated muta-
tions originally believed to confer resistance to INH [i.e., mu-
tations kasA(G269S) and kasA(G312S)] have been shown not
to be involved in INH resistance by using a similar approach
(40). The complexity of these studies demonstrates the critical
need to complement comparative genomic investigations with
simpler methods that can identify the mutations most likely to
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TABLE 1. Molecular beacon and HP assays used for the first time in this study

Assay Purpose Primer or MB“ Sequence”
IniA(H481Q) (cat to caG) MB assay forward primer FiniA481 ggccggatggaatcgaaa
MB assay reverse primer RiniA481 cgcegecataggaacce
MB complementary to iniA(481H) MBIniA481T FAM-TCCGCGcggggccataaaatgat CGCGGA-
DABCYL
MB complementary to iniA(481Q) MBIniA481G TET-ACCGCCcggggccagaaaatgat GGCGGT-
DABCYL
HP assay primer complementary FHPIniA481 atggccactgececggggecat
to iniA(481H)
HP assay primer complementary FHPIniAH481Q ctggccactgeeceggggeeag
to iniA(481Q)
HP assay shared primer RIniA481 cgeegecataggaacce
GyrA(T95S) (acc to aGce) HP assay primer complementary RHPGyrA95 cectgggecatcegeaccaggg
to gyrA95 T
HP assay primer complementary RHPGyrAT95S gcctgggecatcegeaccagge
to gyr495 S
HP assay forward primer FGyrA95 cgagaccatgggcaactaccacc

“ MB, molecular beacon.

b Capital letters indicate molecular beacon stem sequences; lowercase letters indicate the probe region. FAM, 6-carboxyfluorescein; DABCYL, 4{[4'-

(dimethylamino)phenyl]azo}benzoic acid; TET, tetrachloro-6-carboxy fluorescein.

affect bacterial phenotypes such as drug resistance or patho-
genicity.

Phylogenetic analysis has the potential to aid in studies of
bacterial pathogenesis by ordering isolates into genetically re-
lated groups and by situating isolates and genetic polymor-
phisms with potential biological relevance within an evolution-
ary context (2, 11, 14). We have hypothesized that mutations
conferring a selective advantage on a bacterial species can also
be identified using phylogenetic techniques (2). Neutral muta-
tions are likely to appear as unique events in a finite study
population of a species such as M. tuberculosis. This is because
mutations occur so infrequently that they are unlikely to be
detected unless first amplified by selective pressures against
wild-type bacteria. Random neutral mutations will become de-
tectable only if they become linked to an advantageous change
within the bacterial population. However, strictly neutral mu-
tations are unlikely to become independently linked to advan-
tageous mutations a second time, and without a selective ad-
vantage, most of these mutations will be lost by random drift
and bottlenecks. Phylogenetic analysis can be used to confirm
that a mutation arose only once in a population and to identify
such a mutation as likely to be neutral. Conversely, mutations
that provide a selective advantage to M. tuberculosis should
increase in frequency and become detectable each time they
arise. This suggests that the independent presence of a specific
polymorphism on multiple phylogenetic branches would be
strong evidence for convergent evolution and biological rele-
vance.

Several sets of synonymous SNPs have been described that
enable relatively detailed phylogenetic analysis of M. tubercu-
losis (2,4, 11, 14). More recently, nine synonymous SNPs were
described using cluster analysis that can be used in place of a
much larger number of SNPs to divide the M. tuberculosis
species into 10 distinct groups and subgroups that have been
termed SNP cluster groups (SCGs) and subgroups (SCG sub-
groups) 1, 2, 3a, 3b, 3c, 4, 5, 6a, 6b, and 7 (1). More than 1,000
M. tuberculosis isolates of clinical origin have also been ana-
lyzed recently for mutations hypothesized to contribute to re-
sistance to the antibiotics INH and ethambutol (EMB) (17,

18). Although many of these mutations were uniquely associ-
ated with drug-resistant strains (and likely to provide a selec-
tive advantage to the bacterium), a number of others were
found to be present in both drug-susceptible and drug-resistant
isolates (and likely to be neutral polymorphisms with respect to
resistance). Here, we examined this large collection of well-
characterized M. tuberculosis isolates in order to formally test
the hypothesis that phylogenetic analysis for convergent evo-
lution can identify mutations that provide a strong selective
advantage to M. tuberculosis. We further explore the phyloge-
netics of an additional mutation in the ini4 gene (Rv0341) with
uncertain significance. This analysis revealed for the first time
mutations that are likely to be beneficial to M. tuberculosis
versus mutations that are unlikely to provide a selective ad-
vantage in antibiotic environments. This study establishes the
utility of phylogenetic investigations in determining the biolog-
ical relevance of mutations discovered through comparative
genomics and suggests that phylogenetic investigations may be
applied more broadly in future genomic studies.

MATERIALS AND METHODS

M. tuberculosis clinical isolates. A total of 1,013 clinical M. tuberculosis isolates
were obtained from reference laboratories or major medical centers in Australia,
Colombia, India, Mexico, New York City, Spain, and Texas (17, 18). Of the 1,013
isolates, 10 were unavailable to this study because the DNA was no longer
available or had degraded, leaving a total of 1,003 isolates included in the
analysis.

Drug susceptibility testing and strain typing. All isolates were subjected to
susceptibility testing and DNA fingerprinting as described previously (18). In
brief, each center or laboratory tested susceptibility to at least INH, rifampin
(RIF), streptomycin (STR), and EMB by the agar proportion method (21)
(Colombia, India, New York, and Spain), the Bactec MGIT 960 system (19)
(Australia), or the radiometric Bactec 460 method (23) (Mexico and Texas).
DNA fingerprinting, performed as described previously (18), demonstrated that
this study population included 339 unique and 267 clustered drug-susceptible
isolates, 190 unique and 199 clustered isolates resistant to INH, and 47 unique
and 55 clustered isolates resistant to EMB (this total is greater than the size of
the total study because 43 unique and 54 clustered EMB-resistant isolates were
also INH resistant). The restriction fragment length polymorphism patterns for
three of the isolates were unknown.

Detection of mutations in clinical isolates of M. tuberculosis. INH resistance-
associated mutations in the katG, kasA, mabA, inhA, oxyR, ahpC, and ndh genes
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FIG. 1. Phylogenetic locations of the study isolates. Study isolates
were placed on a previously created phylogenetic tree (which had been
based on an analysis of 212 SNPs in a global collection of 327 M.
tuberculosis isolates). The SCGs, including subgroups, and the posi-
tions of the M. tuberculosis reference strains 210, CDC1551, and
H37Rv and of M. bovis strain AF2122/97 are indicated. The total
number of distinct strains, as defined by DNA fingerprinting, within
each SCG is given in parentheses.

(or upstream promoter regions) and EMB resistance-associated mutations in
embB codon 306 were detected as described previously (16, 18). Mutations at
positions 481 of iniA and 95 of gyrA were detected using hairpin-shaped primer
(HP) assays designed for this study (Table 1) and performed as described pre-
viously (16). All mutations were confirmed by DNA sequencing, except when
they were abundant, in which case a subset of mutations was confirmed. ini4481
HP assays with uncertain results were retested by a molecular beacon assay
(Table 1), and subsets of the molecular beacon assays were confirmed by DNA
sequencing. All mutations occurring in at least three different isolates were
included in this study. Two INH resistance-associated mutations [katG(N138D),
resulting from an aac—Gac change, and katG(A172T), resulting from a
geg—Acg change] and one non-resistance-associated mutation [katG(G316S),
resulting from a ggc—Agc change] were present in only two isolates and mapped
to a single phylogenetic branch. (Capital letters in codons indicate mutated
nucleotides.) These three mutations were excluded from analysis because their
frequencies were deemed to be too low to permit reliable detection of multi-
branch distributions.

Phylogenetic and statistical analysis. Each isolate (n = 1,003) was assigned to
an SCG as described previously (1) and then mapped onto the previously de-
scribed phylogenetic tree (11) using nine SNP markers developed for this pur-
pose (1). These SNP markers are prevalent in different proportions across the
various SCGs, and their distribution in the tree diagram was observed; the
presence of a marker in more than one branch of the tree was noted. The SNP
type of the INH-resistant isolates had been reported previously (6). The chi-
square and Fisher exact tests were used to assess association in single versus
multiple-branch outcomes and drug-resistant versus non-drug-resistant status.
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RESULTS

SCG assignments. The 1,003 M. tuberculosis isolates in this
study were SNP typed, assigned to 1 of 10 SCGs and SCG
subgroups, and situated on a previously described phylogenetic
tree (11) using nine SNP markers developed for this purpose
(1). The number of isolates ranged from 15 in SCG 6b to 363
in SCG 5 based on the phylogenetic classification (Fig. 1).
Strains of all seven SCGs were originally isolated in Mexico,
and only strains of three SCGs were originally isolated in Spain
(Table 2). Three SCGs were recovered from patients in all six
countries of origin (seven populations); four were recovered
from four to five countries of origin; and three were recovered
from fewer than four countries, presumably because of smaller
sample sizes (Table 2). Isolates belonging to all 10 SCGs and
subgroups were present, although a larger proportion of iso-
lates belonged to SCGs 3b and 5. Two isolates belonged to
SCG 7, which harbors Mycobacterium bovis. One of these iso-
lates was obtained from a patient with AIDS who developed a
tuberculosis-like disease after receiving an M. bovis BCG vac-
cination. No additional information was available about the
second SCG-7 isolate. All of the isolates had been character-
ized for a large number of mutations associated with resistance
to INH or EMB in previous studies (17, 18). In the current
study, isolates were also tested for mutations at iniA481, which
has been postulated to be associated with INH or EMB resis-
tance in clinical M. tuberculosis isolates (28, 29), and gyr495,
which is in the quinolone resistance-determining region but
has been shown not to be associated with resistance to quino-
lones (34).

INH-resistant SNPs. The phylogenetic distribution of “INH-
resistant SNPs” was examined. These SNPs had been identified
previously to be present in INH-resistant M. tuberculosis iso-
lates but not in INH-susceptible isolates (18). INH-resistant
SNPs included mutations in katG, the inhA promoter, the inhA
open reading frame, and the aipC promoter except for aphC
—46. The combined results subdivided by SCGs are shown in
the supplemental material.

When plotted on the phylogenetic tree, the katG SNP alleles
were found to be distributed across multiple branches. Each
branch was also found to contain a mixture of wild-type and
different mutant alleles. Furthermore, the same mutations
could be found within multiple strains (as defined by 1S6110-

TABLE 2. Distribution of the SCGs of the isolates studied by geographic origin

No. (%) of isolates in the following SCG:

Geographic No. of
origin isolates 1 2 3a 3b 3c 4 5 6a 6b 7
Australia 56 19(34)  17(30) 6 (11) 4(7) 0 1(2) 5(9) 2(4) 24) 0
Colombia 301 1(0) 0 2(1) 88(20)  9(3) 72)  170(56) 23 (8) 1(0) 0
India 39 4100 1(3)  28(72) 1(3) 0 0 4(10) 1(3) 0 0
Mexico 196 2(1) 1(1) 1(1) 76(39)  19(10)  20(10)  45(23)  24(12)  6(3) 2(1)
New York City 146 10(7)  23(16)  1(1) 27(18)  27(18)  5(3) 39027 11(8) 32 0
Spain 109 0 0 0 25(23) 0 0 69(63)  15(14) 0 0
Texas 156 8(5) 3824 2(1) 16(10)  18(12)  11(7) 31200 29(19)  3(2) 0
Total isolates 1,003 44(4)  80(8)  40(4)  237(24) T3(7)  44(4)  363(36) 105(11)  15(1)  2(0)
Total strains’ 810 42(5)  70(9)  40(5)  185(23) 50(6)  40(5)  271(33)  95(12) 15(2) 2(0)

¢ “Total strains” refers to the number of isolates with different restriction fragment length polymorphism patterns, mutation profiles, and SCGs.
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FIG. 2. Distribution of INH-resistant SNPs. The location of each
isolate containing the indicated drug resistance-associated SNPs was
mapped to the phylogenetic tree shown in Fig. 1. The number of
isolates harboring the mutation is shown for each allele (the number of
DNA fingerprinting-defined strains is given in parentheses when it is
less than the total number of isolates). (A) Mutations within katG315;
(B) mutations within inhA (promoter and open reading frame);
(C) mutations within the promoter region of aipC (except for position
—46, which is a non-drug-resistant SNP).

based DNA fingerprinting) even when a single branch was
examined (Fig. 2A). These observations support the hypothesis
that INH-resistant SNPs arose multiple times by independent
events in each phylogenetic branch and became common in the
M. tuberculosis population through convergent evolution. A
similar analysis was performed on INH-resistant SNPs in the
inhA promoter and open reading frame (Fig. 2B) and in the
aphC promoter (Fig. 2C). Again, we found that each INH-
resistant-SNP allele was distributed on multiple phylogenetic
branches, suggesting independent selection and convergent
evolution. In total, 286 of 286 (100%) of the isolates containing
INH-resistant SNPs (P = 0.0001 by the Fisher exact test) and
15 of the 15 (100%) different INH-resistant SNP alleles were
distributed across the phylogenetic tree in patterns suggestive
of multiple ancestry and consistent with convergent evolution
(P = 0.001 by the Fisher exact test).
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FIG. 3. Distribution of non-drug-resistance-associated SNPs. The
location of each isolate containing a SNP known to be found in both
INH-resistant and INH-susceptible isolates is shown. The number of
isolates harboring the mutation is shown for each allele (the number of
DNA fingerprinting-defined strains is given in parentheses when it is
less than the total number of isolates). (A) Mutations at positions 269
and 312 of kasA, —46 and 73 of ahpC, 18 of ndh, and 95 of gyrA. The
colored line connecting the gyrA(795S) isolates indicates that all iso-
lates in these two SCGs contained this mutation, a result suggestive of
a single mutational event in a common ancestor. (B) Mutations found
in inhA at position 194 (I1194T). The asterisk indicates the single isolate
with an “intermediate” INH resistance phenotype; both of the other
isolates were INH resistant.

SNPs present in both INH-resistant and INH-susceptible
isolates. Some of the SNPs in our study had originally been
thought to be responsible for INH resistance but were later
found in both INH-resistant and INH-susceptible M. tubercu-
losis isolates, indicating that they did not have a role in resis-
tance mechanisms (18). These “non-drug-resistance-associated
SNPs” provided a good control group for our analysis of INH-
resistant SNPs. Non-drug-resistance-associated SNPs included
ahpC —46, ahpC(D73H), kasA(G269S), kasA(G312S), and
ndh(V18A4) mutations (see the supplemental material). As an
additional control, we also analyzed each isolate for a mutation
in codon 95 of gyrA, since this mutation is present within a
fluoroquinolone antibiotic resistance-determining region but
this mutation has been shown not to be related to antibiotic
resistance (34).

When the distribution of the non-drug-resistance-associated
SNPs was examined on the phylogenetic tree, we found that all
327 (100%) of the isolates containing non-drug-resistance-as-
sociated SNPs (P = 0.0001 by the Fisher exact test) and all 6
(100%) of the different non-drug-resistance-associated SNP
alleles were monophyletic and thus showed no evidence of
convergent evolution (Fig. 3A).

Every non-drug-resistance-associated SNP was found within
many different M. tuberculosis strains, indicating that the
monophyletic distribution was not an epidemiological artifact
caused by clonal disease outbreaks. The distribution of the
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non-drug-resistance-associated SNPs suggested that they each
arose from a single common ancestor. This contrasted remark-
ably with the distribution of the INH resistance-associated
SNPs (P = 0.0001 by the Fisher exact test). Our results provide
strong statistical support for using convergent-evolution anal-
ysis as a test for significant mutations in putative drug-resistant
genes.

A third type of SNP deserves special comment. Our study
included three isolates with inhA(1194T) (atc-to-aCc) muta-
tions. Two of these isolates were INH resistant, and one isolate
was INH susceptible, suggesting that inhA(I194T) should be
classified as a non-INH-resistance-associated mutation. How-
ever, the “INH-susceptible” inhA(I194T) isolate was noted to
have significant growth on plates containing 0.1 pg/ml of INH,
even though growth remained less than 1% of that of the
no-antibiotic control. This culture became contaminated and
could not be studied further. These results identify inhA
(I7194T) mutants as qualitatively different from the other non-
INH-resistant isolates, and we have classified the single
INH-susceptible isolate containing this mutation as having “in-
termediate” resistance (Fig. 3B; also data not shown). Inter-
estingly, isolates containing this mutation had a phylogenetic
distribution similar to that of the INH resistance-associated
mutants shown in Fig. 2. We reanalyzed our results, this time
including the inhA([194T) mutation in the non-drug-resis-
tance-associated SNP category, to exclude any possible biases
caused by misassignment of this mutation. In this analysis, only
327 of (99%) of the 330 isolates containing non-drug-resis-
tance-associated SNPs and 6 (83%) of the 7 non-drug-resis-
tance-associated SNP alleles were monophyletic, with the
difference in phylogenetic distribution between the INH resis-
tance-associated SNPs and the non-drug-resistance-associated
SNPs remaining highly significant (P = 0.001 by the Fisher
exact test).

SNPs in the embB gene. The embB gene is widely considered
to be a target for the antituberculosis drug EMB. Mutations in
embB306 were detected in many EMB-resistant M. tuberculosis
isolates, and many groups consider embB306 mutations to be
both a cause and a molecular marker for EMB resistance (26,
39). More recently, several groups have detected embB306
mutations in EMB-susceptible isolates, although these muta-
tions were invariably found in association with resistance to at
least one antituberculosis drug and usually in association with
multidrug resistance (MDR) (17, 33). Thus, embB306 muta-
tions had an unusual association with drug resistance, and the
actual role of embB306 mutations in drug resistance was un-
clear. We tested each embB306 SNP allele for evidence of
convergent evolution using the approach already described for
INH-resistant SNPs (Fig. 4A). The results show that four of
the five mutant embB306 alleles could be mapped to more than
one phylogenetic branch. The embB(M30061) allele caused by
an atg (Met) to atT (Ile) mutation represented the lone ex-
ception to this convergent-evolution pattern: all five isolates
with this mutation were confined to SCG 5a. However, the two
other embB alleles for this amino acid change, which involve a
change of atg (Met) to atC or atA (Ile), as well as all other
embB306 changes from the wild-type sequence, were widely
distributed across the phylogenetic tree. Thus, it is possible
that our failure to observe the atg-to-atT mutation in multiple
SCGs was due to the small number of isolates carrying this
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FIG. 4. (A) Distribution of mutant embB306 alleles. The location
of each isolate containing a mutant embB306 allele is shown. The
number of isolates harboring the mutation is shown for each allele (the
number of DNA fingerprinting-defined strains is given in parentheses
when it is less than the total number of isolates). (B) Location of
isolates containing a mutant inid(H481Q) allele. The number of iso-
lates harboring the mutation is shown, and the number of DNA fin-
gerprinting-defined strains is given in parentheses.

mutation in our study sample. Together, these results provide
strong evidence that most embB306 mutations provide a selec-
tive advantage to M. tuberculosis, likely through an association
with drug resistance. Our findings provide population-based
support for the allelic exchange studies recently performed by
Safi et al. (31) with M. tuberculosis strain 210, demonstrating
that embB306 mutations result in moderate increases in EMB
MICs.

Exploring the significance of SNPs in the iniBAC genes. As
seen in the case of embB306 mutations, the link between mu-
tations and drug resistance phenotypes may not always be
clear-cut. For example, some mutations may predispose to the
development of drug resistance without, in themselves, confer-
ring a fully drug-resistant phenotype. The genes of the M.
tuberculosis iniBAC operon have been proposed to play such a
role in both INH and EMB resistance. The wild-type ini4 gene
appears to be essential for the activity of an MDR-like pump
that confers multidrug tolerance on M. tuberculosis while not
affecting the MIC of any drug (8). Interestingly, a number of
mutations in iniA, iniB, and iniC have also been described for
INH- or EMB-resistant M. tuberculosis isolates, although each
of these isolates also had another mutation that might explain
the observed drug resistance phenotype (28, 29).

The prevalence of iniBAC mutations in our study sample
permitted us to subject these mutations to phylogenetic anal-
ysis. We analyzed our entire collection of 1,003 isolates for the
known mutations in iniBAC. Only the iniA(H481Q) mutation
occurred at a sufficiently high frequency for phylogenetic anal-
ysis. The results showed that this mutation localized to a single
branch (Fig. 4B). There were 44 isolates and 42 different DNA
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fingerprint patterns with this mutation, making it unlikely that
this finding was due to chance or to the presence of a clonal
outbreak. The results suggest that ini4A(H481Q) mutations do
not arise under selective pressure and are thus unlikely to
contribute to drug resistance or to have a significant beneficial
effect on the fitness of M. tuberculosis strains.

DISCUSSION

Our results and analyses of genes implicated in antibiotic
resistance demonstrate the utility of phylogenetic analyses for
identifying mutations likely to have a role in the biological
fitness of M. tuberculosis. It is rather humbling to look a decade
back to the early years of comparative genomics, when it was
widely believed that the secret of pathogenicity could be
quickly discovered by comparing the genomes of virulent and
avirulent mycobacteria (for example, by comparing the virulent
M. tuberculosis strain H37Rv to the avirulent strain H37Ra or
by comparing M. tuberculosis to avirulent BCG). It has since
become clear that comparative genomics only provides the
starting point for pathogenicity studies. Genomic studies must
be followed by allelic exchanges, gene knockouts, and often
animal experiments to confirm which allelic variants have bi-
ological significance. In the case of M. tuberculosis, this involves
a substantial investment in time and resources, because M.
tuberculosis grows slowly and requires strict attention to bio-
safety. Furthermore, genetic manipulations are practically lim-
ited to a small number of laboratory or clinical strains, which
may obscure important effects due to background variation in
the clinical M. tuberculosis population. Our proposed phyloge-
netic approach circumvents these limitations by using simple
SNP assays and by examining allelic variation in a large pop-
ulation of clinical M. tuberculosis isolates.

We demonstrated that SNPs in putative targets of INH re-
sistance exhibit different phylogenetic distributions depending
on whether these SNPs are strongly associated with INH re-
sistance (and are likely to be the cause of INH resistance) or
are not associated with INH resistance. INH resistance-asso-
ciated SNPs appeared to have evolved multiple times in the M.
tuberculosis populations, whereas the SNPs that were not as-
sociated with resistance were all monophyletic (i.e., limited to
a single SCG) and appeared to have arisen only once. Our
findings confirm the phylogenetic distribution of some katG
and inhA promoter region mutations noted in two smaller
studies (2, 4) and are consistent with the observation that
the aphC —46 mutation can serve as a population genetic
marker (5). However, our work is the first to systematically
demonstrate the phylogenetic differences between INH re-
sistance-associated and non-drug-resistance-associated SNPs
and to propose a phylogenetic test for SNPs of uncertain function.

Our phylogenetic approach made it possible to test whether
mutations in embB306 or iniA were likely to affect bacterial
fitness. We detected strong convergent-evolution signals for
virtually all embB306 mutations. These results support the hy-
pothesis that embB306 mutations are linked to survival and
growth in antibiotic environments despite the conflicting data
from clinical laboratories. Thus, the current study may be used
to justify the efforts required to perform definitive allelic ex-
change studies. In fact, allelic exchange studies performed in
our laboratory do indeed suggest that some embB306 mutants
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have decreased susceptibility to EMB (31). Conversely, our
results did not support the hypothesis that inid(H481Q) mu-
tations are worthy of further investigation. The large number
of isolates and strains with this mutation available in our study
sample made it highly unlikely that the observed monophyletic
distribution of this mutation was due to chance alone. Rather,
we conclude that this mutation shows no evidence of conver-
gent evolution. The iniA(H481Q) mutation would normally
have been a potentially interesting mutation, deemed worthy
of molecular studies given its widespread distribution in clini-
cal M. tuberculosis isolates, its previously reported association
with INH and EMB resistance, and the known function of the
iniA gene. Although it remains possible that the iniA(H481Q)
mutation has an important biological function that is limited to
the SCG 1 background, our phylogenetic approach strongly
suggests that this SNP has a low priority with respect to studies
of resistance.

Phylogenetic analysis is likely to become increasingly valu-
able as a tool for investigating the biological significance of
SNPs as MDR and extensively drug resistant M. tuberculosis
genomes are sequenced. Many of the mutations revealed by
these sequencing studies have an uncertain role in the drug
resistance phenotype (9, 13; Broad Institute, Mycobacterium
tuberculosis Database [http://www.broad.mit.edu/annotation
/genome/mycobacterium_tuberculosis_spp/MultiHome.html]),
and a phylogenetic approach may help identify a subset of
mutations that are particularly worthy of additional study. Fur-
thermore, our analytic approach does not necessarily have to
be limited to studies of antibiotic resistance. Antibiotic resis-
tance served as a good model for this investigation because
the resistance phenotype was relatively easy to confirm and
the order of SNP acquisition (i.e., from “wild type” to “mu-
tant”) could be inferred from the historical record showing
antibiotic resistance as a recent phenomenon. However, it is
likely that all mutations that provide strong selective advan-
tages to clinical M. tuberculosis isolates will exhibit similar
behavior. Thus, our approach may be used to screen entire
classes of SNPs for biological relevance on a much wider
scale. Finally, the phylogenetic approach for fitness muta-
tions can be widely applied to studies of organisms in addi-
tion to M. tuberculosis. This type of analysis will be of little
use for bacteria with high rates of lateral gene exchange or
high mutation rates, such as Helicobacter pylori (12). How-
ever, a number of clinically important or scientifically inter-
esting organisms, such as Bacillus anthracis or Francisella
tularensis (7, 30), that have highly conserved genomes
should be amenable to our approach.
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