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The present study investigated the prevalence and diagnostic potential of the most commonly reported
mutations associated with isoniazid resistance, katG 315Thr, katG 315Asn, inhA �15T, inhA �8A, and the
oxyR-ahpC intergenic region, in a population sample of 202 isoniazid-resistant Mycobacterium tuberculosis
isolates and 176 randomly selected fully sensitive isolates from England and Wales identified by using a
directed oligonucleotide array and limited DNA sequencing. The strains were recovered from patients origi-
nating from 29 countries; 41 isolates were multidrug resistant. Mutations affecting katG 315, the inhA
promoter, and the oxyR-ahpC intergenic region were found in 62.7, 21.9, and 30% of 169 genotypically distinct
isoniazid-resistant isolates, respectively, whereas they were found in 0, 0, and 8% of susceptible strains,
respectively. The frequency of mutation at each locus was unrelated to the resistance profile or previous
antituberculous drug therapy. The commonest mutation in the oxyR-ahpC intergenic region, ahpC �46A, was
present in 23.7% of isoniazid-resistant isolates and 7.5% of susceptible isolates. This proved to be a phyloge-
netic marker for a subgroup of M. tuberculosis strains originating on the Indian subcontinent, which shared
IS6110-based restriction fragment length polymorphism and spoligotype features with the Delhi strain and
Central Asian strain CAS1; and this marker is strongly associated with isoniazid resistance and the katG
315Thr mutation. In total, 82.8% of unrelated isoniazid-resistant isolates could be identified by analysis of just
two loci: katG 315 and the inhA promoter. Analysis of the oxyR-ahpC intergenic region, although phylogeneti-
cally interesting, does not contribute significantly to further identification of isoniazid-resistant isolates.

Tuberculosis (TB) is one of the leading causes of death due
to an infectious agent throughout the world, and the increasing
rates of drug-resistant TB are of global concern. In England
and Wales the incidence of TB has risen from 11.3/100,000
population to 12.7/100,000 population over the last decade
(36), although the incidence of drug resistance has remained
stable, with isoniazid and rifampin resistance occurring in 6 to
7% and 1% of isolates from new patients, respectively. Inter-
national and regional studies report an incidence of drug re-
sistance in new cases of TB to any first-line antituberculous
drug ranging from 2 to 37% (median, 10.7%) (13), with resis-
tance to isoniazid being the commonest form. Resistance is
considerably higher among patients previously treated for TB
(median, 23.3%). The present quadruple anti-TB therapy reg-
imens are designed to treat isoniazid-resistant isolates while
clinicians await the results of drug susceptibility testing; how-
ever, administration of isoniazid is not without risk of side
effects. Phenotypic drug susceptibility testing takes between 4
and 6 weeks from the time of receipt of clinical samples.
Genotypic analysis, in contrast, can be performed in a matter
of hours. Commercial and in-house systems are available for
the rapid detection of rifampin-resistant Mycobacterium tuber-

culosis and take 5 to 8 h from the time of collection of primary
sputum samples (9, 52). Unlike rifampin resistance, in which
95% of rifampin-resistant isolates have mutations within an
81-bp region of a single gene encoding the RNA polymerase B
subunit, rpoB (43), isoniazid resistance has been associated
with mutations in several genes. The most commonly reported
mutations occur at three loci: katG, the inhA promoter region,
and the oxyR-ahpC intergenic region.

Although previous studies have investigated the role of mu-
tations in katG alone, inhA, or both katG and inhA (2, 11, 18,
24, 28, 29, 30, 31, 38, 44, 46, 48, 50) in isoniazid-resistant M.
tuberculosis isolates and the frequency of these mutations in
different isolate groups, the value of these studies is often
limited. The reasons include the small numbers of isolates
sampled from collections (18, 29, 30, 38) or populations (11,
23, 24, 31, 32), the lack of DNA fingerprinting defining the
relationship between isolates in population samples (2, 32), a
limited number of genotypically distinct isolates (20, 28, 48),
restriction of investigation to multidrug resistant (MDR) M.
tuberculosis isolates (11, 20, 23, 46), and limited analysis of
sensitive isolates. Mutations in the oxyR-ahpC intergenic re-
gion have been studied less frequently (19, 20, 27, 32, 34, 35,
41, 42), and in those few studies in which katG 315 and the
inhA promoter have also been analyzed, the majority have
been performed with isolates from selected populations (20,
32, 34, 42).

The aims of this study were twofold: first, to analyze the
prevalence and distributions of the most commonly reported
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mutations associated with isoniazid resistance (katG 315Thr,
katG 315Asn, inhA �15T, inhA �8A, and mutations in the
oxyR-ahpC intergenic region) and the katG Arg463Leu poly-
morphism in a large, diverse, unselected population of both
isoniazid-resistant and -susceptible M. tuberculosis isolates and,
second, to assess the efficacies of these loci for the genotypic
detection of isoniazid resistance by using a low-density directed
oligonucleotide array and limited DNA sequencing.

MATERIALS AND METHODS

Bacterial strains. The 378 M. tuberculosis clinical isolates analyzed were iden-
tified in England and Wales between 1 January 1998 and 31 December 1998 and
included all viable clinical isolates that were resistant to isoniazid and 176
randomly chosen susceptible isolates sensitive to all first-line antituberculous
drugs. Isolates were identified from the National Laboratory Mycobacterium
Resistance Network Database and from laboratory records at the National
Health Protection Agency Mycobacterium Reference Unit, London, United
Kingdom. The first available isolate from each patient was analyzed. Drug sus-
ceptibility was determined by the resistance ratio method (8). Isolates were
defined as resistant if the resistance ratio was greater than or equal to 4. The strains
were characterized by IS6110-based restriction fragment length polymorphism
(IS6110 RFLP) analysis and spoligotyping, according to internationally standardized
protocols (17, 47). A cluster was defined as two or more strains with indistinguishable
IS6110 DNA fingerprints. When the IS6110 copy number was less than five, isolates
were considered clustered only if both the IS6110 DNA fingerprints and the spoli-
gotype patterns were identical (17, 47, 49). Epidemiological information was sup-
plemented by the 1998 national tuberculosis survey (36).

Amplification of selected loci. A multiplex PCR was prepared by using four
primer pairs to amplify three gene loci associated with isoniazid resistance and
katG 463, as described previously (12, 25). The final PCR mixture volume of 25
�l included 1 �l of template DNA; 2.5 �l of 10� reaction buffer (Qiagen,
Crawley, United Kingdom); 400 nM each primers tomkp1 (5�-GGCCCCGAAC
CCGAGGCTGC-3�), tomkp2 (5�-AACGGGTCCGGGATGGTGCCG-3�),
tomkp3 (5�-GCCGACGAGTTCGCCAAGGCC-3�), tomkp4 (5�-ACGACGCC
GCCGCCCATGCG-3�), tomap1 (5�-CCGCCGATGAGAGCGGTGAGC-3�),
tomap2 (5�-CCACTGCTTTGCCGCCACCGC-3�), tomip1 (5�-CACCCGCAG
CCAGGGCCTCG-3�), and tomip2 (5�-CGATCCCCCGGTTTCCTCCGG-3�)
(primers tomkp1 and tomkp2 spanned katG codon 315, primers tomkp3 and
tomkp4 spanned katG codon 463, primers tomap1 and tomap2 spanned the
oxyR-ahpC intergenic region, and primers tomip1 and tomip2 spanned the inhA
promoter); 40 �M dGTP, dCTP, and dATP (Bioline, London, United Kingdom);
20 �M dTTP; 20 �M digoxigenin-labeled dUTP (Roche Molecular Biochemi-
cals, Lewes, United Kingdom); and 0.5 U of HotStar Taq DNA polymerase
(Qiagen). Thermocycling (9600; Perkin-Elmer, Norwalk, Conn.) consisted of an
initial denaturation step of 15 min at 95°C, followed by 30 cycles of 15 s at 95°C,
30 s at 60°C, and 60 s at 72°C, with a final extension for 5 min at 72°C.

Preparation of oligonucleotide array. The oligonucleotide array technique
used has been described previously (1, 7, 25), as has the use of the 11 target
oligonucleotides summarized in Table 1 (12, 25). Briefly, the 11 probes (20 mM)
and a color development control (digoxigenin-dUTP-labeled oligonucleotide)
were spotted in 0.1-�l volumes onto a marked nylon membrane (Osmonics,
Minnetonka, Minn.). After the membrane was allowed to dry, the oligonucleo-

tides were cross-linked to the membrane with a UV Stratalinker 1800 cross-
linker (Stratagene, La Jolla, Calif.). Unbound oligonucleotide was removed by
washing the membrane for 5 min in 0.5� SSC (0.075 M sodium chloride plus
0.0075 M sodium citrate [pH 7.0])–0.1% (wt/vol) sodium dodecyl sulfate. Once
the membrane was dry, it was trimmed to produce strips of 5 by 40 mm, which
were individually stored in 1-ml plastic tubes at room temperature.

Hybridization and detection. Hybridization and detection were conducted by
using the conditions and buffers described previously (12). Briefly, successful
amplification was monitored by electrophoresis of 2.5 �l of the PCR product on
a 1.5% (wt/vol) agarose gel visualized under UV light. The product sizes were
250, 212, 238, and 264 bp for the target regions encompassing katG 315, katG
463, the inhA promoter, and the oxyR-ahpC intergenic region, respectively. The
remaining 22.5 �l of the PCR products was transferred to a 1-ml plastic tube
containing a numbered directed oligonucleotide array and 250 �l of hybridiza-
tion solution (5� SSC, 0.1% [wt/vol] N-lauroyl sarcosine [Sarkosyl], 0.02%
[wt/vol] sodium dodecyl sulfate, 1% [wt/vol] blocking reagent [Roche Molecular
Biochemicals]). Following denaturation at 100°C, DNA hybridization was per-
formed for 30 min at 50°C and unbound probe was removed by washing. Hy-
bridization was detected by incubating the membranes for 30 min at room
temperature with antidigoxigenin alkaline phosphatase antibody, followed by
colorimetric visualization.

Interpretation of the directed PCR-hybridization oligonucleotide array. Each
locus was addressed by two to three directed oligonucleotides (Table 1). katG
315, katG 463, and the inhA promoter were characterized by both wild-type and
mutant target oligonucleotide sequences that define the mutations most com-
monly reported in the literature. The oxyR-ahpC intergenic region was defined by
three overlapping wild-type targets. The hybridization stringency was previously
optimized to detect a single base pair change within the target sequences (un-
published data). Hybridization to a wild-type target in conjunction with the
absence of hybridization to mutant targets at the same locus defines a wild-type
strain. Hybridization to a mutant target in conjunction with the absence of
hybridization to the wild-type target or an alternative mutant target defines a
mutant strain with a characterized mutation (Fig. 1). A strain for which the
absence of hybridization to both the wild-type and mutant targets or the unpaired
wild-type targets and in which failure of amplification of the locus in the multi-
plex PCR was ruled out was interpreted as a mutant strain requiring further
characterization by DNA sequencing.

DNA sequencing. When the array did not fully characterize a mutation, the
individual locus was amplified. The amplification products were purified by
precipitation with 20% polyethylene glycol–2.5 M NaCl, and the nucleotide
sequence of each DNA strand was determined with internal nested primers and
the BigDye Ready Reaction Mix (Applied Biosystems, Foster City, Calif.), ac-
cording to the instructions of the manufacturer. Unincorporated dye terminators
were removed by precipitation with 96% ethanol–0.115 M sodium acetate (pH
4.6). The reaction products were separated and detected with an ABI Prism 3700
or an ABI Prism 377 automated DNA sequencer (Applied Biosystems). In
addition, 10 randomly selected isolates representing each polymorphism charac-
terized by the array were sequenced.

RESULTS

Two hundred thirty-two isoniazid-resistant isolates were
identified over the 1-year period, of which 202 were viable and

TABLE 1. Target sequences for isoniazid resistance-directed oligonucleotide PCR and hybridization array

Locus Sequence type Oligonucleotide name (sequence)a

katG 315 Wild type K315WTD20T (5�-CAGCGGCATCGAGGTCGTATTTTTTTTTTTTTTTTTTTTT-3�)
katG 315 Mutant (AAC) TOMK3159-AE10T (5�-CCAACGGCATCGAGGTCGTATTTTTTTTTT-3�)
katG 315 Mutant (ACC) TOMK3150-C10T (5�-CGGGATCACCACCGGCATCGTTTTTTTTTT-3�)
katG 463 Arg TOMK463WB5T (5�-GATCCGGGCATCGGGATTGACTTTTT-3�)
katG 463 Leu TOMK46399-TG10T (5�-GAGCCAGATCCTGGCATCGGGTTTTTTTTTT-3�)
oxyR-ahpC Wild type TOMAWT1A (5�-TTTTTTTTTTGCGACATTCCATCGTGCCG-3�)
oxyR-ahpC Wild type TOMAWT210T (5�-GTGCCGTGAAGTCGCTGTCAGTTTTTTTTTT-3�)
oxyR-ahpC Wild type TOMAWT320T (5�-TCAGGCAAAGGTGATATATCACACTTTTTTTTTTTTTTTTTTTT-3�)
inhA promoter Wild type TOMIWT10T (5�-GGCGAGACGATAGGTTGTCGGTTTTTTTTTT-3�)
inhA promoter Mutant (�15T) TOMIMUT110T (5�-GGCGAGATGATAGGTTGTCGGTTTTTTTTTT-3�)
inhA promoter Mutant (�8A) TOMIMUT210T (5�-GGCGAGACGATAGGATGTCGGTTTTTTTTTT-3�)

a Boldface indicates the specific nucleotides of interest.
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available for analysis. One hundred seventy-six fully suscepti-
ble isolates were selected at random for comparison. Pheno-
typically, 107 isolates were isoniazid monoresistant; 46 isolates
were resistant to both isoniazid and streptomycin; 47 isolates
were MDR M. tuberculosis, i.e., resistant to isoniazid and ri-
fampin (of which 30 were resistant to three or more first-line
antituberculous drugs); 1 isolate was resistant to isoniazid and
ethambutol; and 1 isolate was resistant to isoniazid, strepto-
mycin, and ethambutol. Information regarding previous tuber-
culosis history could be determined for 147 of the 202 (72%)
patients infected with isoniazid-resistant isolates and 138 of
176 (78.4%) patients infected with fully susceptible isolates.
Seventy-five percent (109 of 147) of the patients infected with
isoniazid-resistant M. tuberculosis had no history of TB. Of the
38 patients with a history of TB, 20 were known to be infected
with MDR M. tuberculosis strains and were already undergoing
treatment; however, cultures remained positive. Of the patients
infected with fully susceptible M. tuberculosis, 85% (120 of 138)
had no history of TB. Although the isolates were identified
from patients resident in England and Wales, they were born
in 29 different countries. Only 22.8% of the patients with a
documented country of birth were born in the United Kingdom.

Hybridization to directed oligonucleotide array. The oligo-
nucleotide array fully characterized more than 90% of the 378
isolates analyzed. Loci with paired mutant and wild-type target
sequences were fully characterized in 92.1 to 99.0% of isolates
analyzed (katG 315, 92.1%; inhA promoter, 98.4%; katG 463,
99%). Hybridization to all three target sequences in the oxyR-
ahpC intergenic region occurred for 79.1% of the isolates an-
alyzed, consistent with the presence of wild-type DNA se-
quences. Sequencing was performed for all isolates with
uncharacterized loci.

One or more loci of 23 isolates were sequenced to determine
the accuracy of the array. Ten isolates, when that number was
available, were sequenced for the detection of each locus poly-
morphism. There was 100% congruency between the sequenc-

ing data and the presence or the absence of a mutation, as
determined with the directed oligonucleotide array for all but
one of the nucleotide sequences; the exception was inhA �8A.
The array detected only two isolates that hybridized to this
target and that failed to hybridize to the wild-type and the inhA
�15T targets. One of the isolates did indeed have the defined
base substitution; the other had a inhA T�8C substitution.

Of the isolates not characterized by the array, 30 were un-
characterized at katG 315, 5 were uncharacterized at katG 463,
6 were uncharacterized in the inhA promoter region, and 79
were uncharacterized in the oxyR-ahpC intergenic region. Al-
though 25 of 30 isolates had sequences at the katG 315 locus
that should have been characterized by the array (9 wild-type
isolates, 12 katG 315Thr isolates, and 4 katG 315Asn isolates),
5 of 30 (16.7%) isolates had other mutations that prevented
hybridization. These included one isolate with katG 315Ile
(ATC), one isolate with a synonymous nucleotide substitution
affecting codon 314 (ACC to ACT [Thr]), one isolate with a
double nucleotide substitution in codon 315 (AGC to ACA
[Ser to Thr]) previously reported in the strain W of the Beijing
family (5), and two isolates with probable whole-gene dele-
tions. The last two isolates were uncharacterized by the array at
both katG 315 and katG 463 but were characterized at inhA
and oxyR-ahpC. Repeated amplification attempts with a variety
of primer pairs including primer sequences 60 to 100 bp exter-
nal to the katG gene were all unsuccessful, suggesting a prob-
able gene deletion. In the inhA promoter region, one of six
(16.7%) of the uncharacterized isolates had another mutation
(C3T at position �24) that prevented hybridization to the
target, and the remaining five had wild-type sequences.

Sixty-six of 79 (83.5%) isolates uncharacterized by the array
had a mutation in the oxyR-ahpC intergenic region. The vast
majority (59 of 66 isolates) had a single point mutation (G3A)
at position �46 with respect to the ahpC transcriptional start
site (33). Two isolates had the point mutation at position �46
plus another mutation (T3A at position �34 or deletion of T
at position �34), three isolates had a G3A substitution at
position �6, one isolate had a C3T substitution at position
�20, and one isolate had a C3T substitution at position �30.

Frequency of mutations within the unselected study popu-
lation. The results of sequence characterization at each locus
by directed analysis with a low-density array and limited DNA
sequencing are shown in Table 2. Of the 202 prevalent isoni-
azid-resistant isolates from England in 1998, 59.4% (120 of
202) of the isolates had a mutation that produced an amino
acid change at katG 315, of which the vast majority (94.2%)
possessed the katG AGC315ACC nucleotide substitution.
Only five isolates possessed the katG AGC315AAC nucleotide
substitution. No nucleotide substitutions were identified at the
katG 315 locus in the 176 sensitive isolates. In contrast, the
katG Arg463Leu polymorphism was present in both sensitive
and resistant isolates in similar proportions: among the isoni-
azid-resistant isolates, 104 (51.5%) had an arginine and 96
(48%) had a leucine; among the fully susceptible isolates, 106
(60.2%) had an arginine and 70 (39.8%) had a leucine.

A mutation in the inhA promoter region was present in 55 of
202 (27.2%) of the isoniazid-resistant isolates, almost all of
which (53 of 55) possessed the inhA C�15T nucleotide substi-
tution. However, two isolates reportedly fully susceptible on
phenotypic analysis also possessed nucleotide substitutions in

FIG. 1. Hybridization patterns obtained with the directed low-den-
sity oligonucleotide PCR and hybridization array. Probe numbers are
indicated at the bottom of the array. Probes 1 to 3 target inhA (probe
1, inhA �8A; probe 2, inhA �15T; probe 3, wild-type inhA promoter).
Probes 4 to 6 target the oxyR-ahpC intergenic region (probe 4, posi-
tions �50 to �27; probe 5, positions �30 to �10; probe 6, positions
�12 to �9 with respect to the transcriptional start site). Probes 7 to 8
target the katG 463 polymorphism [probe 7, katG 463Leu(CTG);
probe 8, katG 463Arg(CCG)], and probes 9 to 11 target katG 315
[probe 9, katG 315Thr(ACC); probe 10, katG 315Asn(AAC); probe
11, katG 315Ser(AGC)]. Strip inh 11 is the negative control, and strips
inh 12 to 18 are examples of hybridization patterns obtained with test
isolates.
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the inhA promoter region (one each of inhA T�8A and inhA
C�15T).

Fifty-two of 202 isoniazid-resistant isolates possessed nucle-
otide substitutions in the oxyR-ahpC intergenic region, of
which 48 (23.7% overall) possessed a G3A substitution at
position �46. This mutation was also found in 13 of 176 (7.5%)
fully susceptible isolates. Of the five other mutations identified,
four were present exclusively in resistant isolates and one was
present in a susceptible isolate (C3T at position �20).

Fully susceptible isolates with mutations in the inhA pro-
moter region or the oxyR-ahpC intergenic region were re-
corded and blindly submitted for repeat drug susceptibility
testing at the HPA Mycobacterium Reference Unit. Both iso-
lates with inhA mutations were reported to have raised resis-
tance ratios. The isolate possessing inhA T�8A had a resis-
tance ratio of 2 (i.e., it was elevated but it did not define the
isolate as phenotypically resistant), whereas the isolate pos-
sessing the inhA C�15T polymorphism had a resistance ratio
of 4 (i.e., it was phenotypically resistant). In contrast, all 13
isolates with mutations in the oxyR-ahpC intergenic region
were reported to have a resistance ratio of 1, implying that

mutations in the latter region are unrelated to isoniazid resis-
tance

In combination, 85.6% (173 of 202) of isoniazid-resistant
isolates from England and Wales had a mutation at either katG
315 or in the inhA promoter region. Four isolates possessed
mutations both at katG 315 and in the inhA promoter region.
Three were unrelated MDR M. tuberculosis isolates resistant to
three or more antituberculous drugs, all of which possessed
both katG 315ACC and inhA �15T. The other isolate was
isoniazid monoresistant and possessed katG 315ACC and inhA
�24T.

Isolates lacking mutations at katG 315 or in the inhA pro-
moter region. Twenty-nine isoniazid-resistant isolates had a
wild-type sequence at both katG 315 and in the inhA promoter
region. Eight of the 29 isolates had mutations in the oxyR-ahpC
intergenic region (G3A at position �6, C3T at position �30,
T3A at position �34, and G3A at position �46). Sequencing
of the entire katG gene of these 29 isolates identified other
mutations that resulted in amino acid substitutions in katG,
excluding the katG 463 polymorphism, in 24.1% (7 of 29) of
isolates, as shown in Table 3. Three isolates possessed the katG

TABLE 2. Frequencies of mutations occurring at three gene loci associated with isoniazid resistance (katG 315, the inhA promoter region,
and the oxyR-ahpC intergenic region) in 202 isoniazid-resistant isolates and 176 phenotypically fully susceptible isolates

Mutation

Sequence No. of isolates

katG 315 inhA promoter
region oxyR-ahpC intergenic region katG 463 Isoniazid

resistant
Isoniazid
sensitivea

katG 315 Ser (AGC) 315 Thr (ACC) Wild type Wild type Leu 25 0
Ser (AGC) 315 Thr (ACC) Wild type Wild type Arg 51 0
Ser (AGC) 315 Thr (ACC) Wild type �6 G3A Arg 1 0
Ser (AGC) 315 Thr (ACC) Wild type �46 G3A Leu 31 0
Ser (AGC) 315 Thr (ACC) Wild type �46 G3A and deletion of �34T Leu 1 0
Ser (AGC) 315 Asn (AAC) Wild type Wild type Leu 1 0
Ser (AGC) 315 Asn (AAC) Wild type Wild type Arg 3 0
Ser (AGC) 315 Asn (AAC) Wild type �46 G3A Leu 1 0
Ser (AGC) 315 Ile (ATC) Wild type Wild type Arg 1 0
Ser (AGC) 315 Thr (ACA) Wild type Wild type Arg 1 0

inhA promoter
region

Wild type �8 T3C Wild type Arg 1 0
Wild type �8 T3A Wild type Arg 0 (1)
Wild type �15 C3T Wild type Leu 15 0
Wild type �15 C3T Wild type Arg 27 (1)
Wild type �15 C3T �6 G3A Arg 1 0
Wild type �15 C3T �46 G3A Leu 7 0

katG 315 and
inhA
promoter
region

Ser (AGC) 315 Thr (ACC) �15 C3T Wild type Leu 1 0
Ser (AGC) 315 Thr (ACC) �15 C3T Wild type Arg 2 0
Ser (AGC) 315 Thr (ACC) �24 C3T �46 G3A Leu 1 0

None in katG
315 or inhA
promoter
region

Wild type Wild type �6 G3A Arg 1 0
Wild type Wild type �20 C3T Arg 0 1
Wild type Wild type �30 C3T Arg 1 0
Wild type Wild type �46 G3A Leu 5 13
Wild type Wild type �46 G3A and �34 T3A Leu 1 0
Wild type Wild type Wild type Leu 7 56
Wild type Wild type Wild type Arg 13 104

Other ACC (Thr) 314 ACT (Thr) Wild type Wild type Leu 1 0
Probable deletion Wild type Wild type Probable deletion 1 0
Probable deletion Wild type 46 G3A Probable deletion 1 0

Total 202 176

a Parentheses indicate discordant phenotypic and sequence results, i.e., sensitive phenotype but mutations present in inhA.
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Ser315Thr mutation, which had not been detected by the array.
Two isolates possessed phenotypically silent base substitutions
that did not result in amino acid changes. Only two of the
isolates that possessed isolated oxyR-ahpC intergenic muta-
tions also possessed mutations in the katG gene; both resulted
in a truncated protein product (deletion of A at nucleotide 149
that resulted in a frame shift and Trp107 that resulted in a stop
codon). These were ahpC �34A and ahpC �30T, respectively.
The ahpC �6A substitution was identified in three isolates and
appeared to be unrelated to mutations in katG.

Influence of strain clustering. IS6110 RFLP typing was per-
formed with all resistant isolates and 100 sensitive isolates.
Secondary typing by spoligotyping was performed with isolates
possessing less than five IS6110 copies.

Eighteen clusters involving 51 isolates were identified among
the isoniazid-resistant isolates. Two clusters involving seven
isolates were identified among the 100 randomly selected fully
susceptible isolates typed. The clusters ranged in size from two
to seven isolates, with a median cluster size of two. In total, 169
genotypically distinct isoniazid-resistant isolates were present
in the population. Of these, 106 (62.7%) possessed a mutation
that affected katG 315, 42 (24.9%) possessed a mutation in the
inhA promoter region, and 144 (85.8%) possessed either a

katG or a inhA mutation. Interestingly, neither the spoligotype
nor the IS6110 RFLP type of the isolate with the double
nucleotide substitution katG 315ACA was characteristic of the
W strain or the Beijing family.

Relationship between genotype and phenotype. The fre-
quencies of the katG 315ACC mutation and the inhA �15T
mutation did not differ significantly between the three major
phenotypic groups (isoniazid-monoresistant, streptomycin and
isoniazid dual-resistant, and MDR M. tuberculosis isolates) and
were unrelated to a history of TB (Table 4).

ahpC �46A is a polymorphism confined to highly related
isolates originating from the Indian subcontinent. Although
24% of the prevalent isoniazid-resistant isolates from England
and Wales possessed an ahpC G�46A nucleotide substitution,
this polymorphism was also present in 7.4% of the isoniazid-
susceptible isolates. In all cases the ahpC �46A polymorphism
occurred in combination with katG 463Leu (CTG), although
the latter was also present in isolation. DNA fingerprinting by
spoligotyping and IS6110 RFLP analysis confirmed that highly
related isolates were characterized by a loss of spacer hybrid-
ization at spacers 4 to 7 and 23 to 24 in all isolates, with an
additional lack of spacer hybridization at spacers 25 to 34 in
the vast majority of isolates and a 12- to 17-band RFLP pat-
tern. No two patterns were identical (Fig. 2). Although 29
countries of birth were represented in the population studied,
isolates with ahpC �46A were identified from patients repre-
senting only five countries, India, Pakistan, Somalia, the
United Kingdom, and Uganda, the vast majority of whom
82.5% originated in India and Pakistan.

Relationship between isoniazid resistance genotype and M.
tuberculosis subdivisions defined by the katG 463 and ahpC
�46 polymorphisms. In view of the significantly higher pro-
portion of genotypically distinct isoniazid-resistant isolates
compared with the proportion of sensitive isolates possessing
both the katG 463Leu polymorphism (89 of 167 resistant iso-
lates versus 26 of 83 sensitive isolates [P � 0.002]) and the
ahpC �46A polymorphisms (48 of 167 resistant isolates versus
7 of 83 sensitive isolates [P � 0.0004]), we looked at the
relationship between the isoniazid resistance-conferring muta-
tions katG 315Thr and inhA �15T and each of the polymor-
phisms. Isoniazid-sensitive and -resistant isolates were ana-

TABLE 3. Mutations identified by sequencing the entire katG gene
of the 29 isoniazid-resistant isolates lacking mutations causing an

amino acid substitution at katG 315 or mutations in the inhA
promoter region (excluding the katG 463 polymorphism)

Nucleotide
position Triplet Codon Amino acid

change

Frequency
(no. of

isolates)

�1 before gene Insertion of Ca 1
149 Deletion of A 50 Frame shift 1
321 TGG3TGA 107 Trp3stop codon 1
571 TGG3CGG 191 Trp3Arg 1
701 GGG3GAG 234 Gly3Glu 1
723 CCC3CCGa 241 Pro3Pro 2
942 ACC3ACT 314 Thr3Thr 1
1450 CGT3AGT 484 Arg3Ser 1
1469 CGC3TGC 490 Arg3Cys 1
2096 GGG3GAG 699 Gly3Gln 1

a These mutations occurred together in one isolate.

TABLE 4. Relationship between mutation frequency, drug resistance phenotype, and patient history of TB for 169 genotypically distinct
isoniazid-resistant isolates

Parameter Total no.
of isolates

No. of isolates
with katG 315

mutationa: P for katG 315

No. of isolates
with inhA �15

mutation: P for inhA �15

ACC Other T C

Resistance profile
Isoniazid monoresistant 85 51 33 0.82 20 65 0.88
Isoniazid and streptomycin only 41 27 14 0.42 9 32 0.90
MDR M. tuberculosis 41 21 19 0.43 8 33 0.79
Other 2 0 2 1 1

History of TB
No 89 53 36 0.33 21 68 0.39
Yes 26 11 13 4 22
Unknown 54 35 19 13 41
Total 169 99 68 38 131

a For two isolates, katG 315 could not be characterized; the locus could not be amplified due to a probable gene deletion.
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lyzed together. We found that both katG 463Leu and ahpC
�46A were strongly associated with the katG 315Thr mutation
(56 of 113 isoniazid-sensitive isolates versus 43 of 137 isonia-
zid-resistant isolates for katG 463Leu isolates [P � 0.002] and
34 of 55 isoniazid-sensitive isolates versus 65 of 195 isoniazid-
resistant isolates for ahpC �46A isolates [P � 0.0002]) but not
with inhA �15T (20 of 113 isoniazid-sensitive isolates versus 18
of 137 isoniazid-resistant isolates for katG 463Leu isolates [P

� 0.404] and 8 of 55 isoniazid-sensitive isolates versus 30 of
195 isoniazid-resistant isolates for ahpC �46A isolates [P �
0.95]). When the isolates with katG 463Leu were subdivided
according to those with the ahpC �46 polymorphism, only
isolates possessing the ahpC �46A polymorphism were signif-
icantly associated with isoniazid resistance and katG 315Thr
(34 of 58 isolates with ahpC �46A and 20 of 57 isolates without
ahpC �46A [P � 0.02]). Among the isoniazid-resistant iso-

FIG. 2. IS6110 RFLP and spoligotype patterns for isolates possessing the oxyR-ahpC intergenic mutation �46A.
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lates, only the ahpC �46A polymorphism was significantly
associated with katG 315Thr, although the relationship was
much less marked (P � 0.048).

DISCUSSION

Isoniazid has been a mainstay of antimicrobial chemother-
apy for TB since its discovery more than 50 years ago. The
prodrug requires conversion by catalase-peroxidase into its
active form, which interferes with mycolic acid biosynthesis.
The gene encoding the catalase-peroxidase (katG) gene was
identified in 1992 by Zhang et al. (55), who demonstrated that
deletion resulted in the loss of catalase-peroxidase activity and
resistance to isoniazid. Drug susceptibility could be restored by
gene transfer (55), but the loss of catalase-peroxidase has a
physiological cost (26), and total or partial gene deletion is
rare. More commonly, resistance is associated with a single
G-to-C point mutation, revealed by gene sequencing studies,
which results in a serine-to-threonine amino acid substitution
at codon 315 (33). Mutagenesis experiments confirm that this
base substitution confers isoniazid resistance with only a mod-
erate reduction in catalase-peroxidase activity (37, 53). Other
resistance-conferring substitutions have been reported at the
same site (AGC to AAC [serine to asparagine], AGC to ATC
[serine to isoleucine], and AGC to ACA [serine to threonine])
(5), but much less frequently (33).

The target for the active form of isoniazid is not absolutely
clear; however, in M. smegmatis, isoniazid resistance results
from a single amino acid substitution in inhA, a gene encoding
an enoyl acyl carrier protein reductase involved in mycolic acid
synthesis (3). This mechanism has rarely been reported in M.
tuberculosis, but mutations in the promoter region of inhA have
been reported in about 20% of isoniazid-resistant isolates (33)
and are thought to result in the upregulation of inhA. Plasmid
transformation experiments producing overexpression of inhA
confer both isoniazid resistance and ethionamide resistance to
M. tuberculosis (22) and M. bovis BCG (3, 22).

The roles of mutations in the oxyR-ahpC locus are less clear.
The ahpC gene encodes alkylhydroperoxidase, an enzyme
thought to be important in the oxidative stress response (54).
Mutations upstream of ahpC have previously been reported in
isoniazid-resistant isolates. There is no evidence that overex-
pression of alkylhydroperoxidase confers isoniazid resistance
to susceptible isolates; however, mutations resulting in the
upregulation of ahpC have been associated with the absence of
catalase-peroxidase activity and are thought to be compensa-
tory mutations important for the survival of the organism (16,
39, 41). It has been argued that mutations in the 60-bp inter-
genic region upstream of ahpC could be used as a surrogate
marker for catalase-negative isoniazid-resistant isolates with
missense mutations elsewhere in the 2.7-kb katG gene (35, 42).

In this unselected, population-based study of 202 isoniazid-
resistant isolates and 176 sensitive isolates, representing 87%
of all isoniazid-resistant M. tuberculosis isolates identified in
England and Wales in 1998, the observed frequencies of mu-
tations in katG 315, the inhA promoter region, and the oxyR-
ahpC intergenic region were similar to those reported in pre-
vious studies: 63% (30, 44, 48, 50), 22% (20, 30, 34), and 30%
(41), respectively. However, the range of previously reported
mutation frequencies is wide: katG, 39.4% (34, 42) to 91.3%

(20, 23, 28); inhA promoter, 4.3% (44, 48) to 34.4% (42); and
oxyR-ahpC, 5.7% (20) to 28.5% (41). The prevalence of the
katG gene deletion in our M. tuberculosis population was very
low. The frequency of katG 315 mutations did not differ sig-
nificantly between MDR M. tuberculosis isolates and isoniazid-
monoresistant isolates, in contrast to previous studies, in which
a higher frequency of katG 315 mutations has been reported in
MDR M. tuberculosis isolates (2, 20, 23, 28, 32, 46).

It has been suggested that genetic detection of isoniazid
resistance should be performed by analysis of katG 315 alone
(20); however, this is based on studies from areas with a high
prevalence of TB, often with a predominance of Beijing and
MDR M. tuberculosis strains and evidence of clonal expansion
resulting from high transmission rates. In this study, only 63%
of isoniazid-resistant isolates possessed a katG 315 mutation,
and mutations in the inhA promoter region were present in a
further 21% of the isoniazid-resistant isolates. Combined anal-
ysis of just these two loci revealed that 85.6% of the isoniazid-
resistant isolates in the population and that 82.8% of the ge-
notypically distinct (unrelated) isolates possessed a nucleotide
substitution affecting one or the other locus. The combined
prevalence was similar to those in previous studies (56 to 100%
of all isolates studied and 56.5 to 100% of genotypically distinct
isolates), although the relative contributions of katG 315 and
inhA promoter mutations varied significantly between studies
(11, 18, 29, 30, 38, 44, 48). We found, in contrast to some
previous studies (19), that analysis of the oxyR-ahpC intergenic
region contributed little to the molecular detection of isoniazid
resistance. Although we identified nucleotide substitutions in
the oxyR-ahpC intergenic region in a quarter of the isoniazid-
resistant isolates, mutations in this region were also present in
8% of the susceptible isolates. More than 90% of the isolates,
including all but one of the susceptible isolates with mutations
in the region, possessed a G-to-A substitution at position �46
with respect to the ahpC transcriptional start site. One-fifth of
the isoniazid-resistant isolates analyzed lacked resistance-con-
ferring mutations at katG 315 or the inhA promoter; of these,
almost a third (8 of 26 isolates) possessed mutations in the
oxyR-ahpC intergenic region, but of these only 2 isolates pos-
sessed mutations elsewhere in the katG gene. Interestingly,
both isolates possessed katG mutations which, on translation,
result in premature termination of the catalase-peroxidase pro-
tein. One of the associated oxyR-ahpC intergenic mutations
(C3T at position �30) is known to upregulate alkylhydroper-
oxidase (19); the other mutation (ahpC �34A) has not been
reported previously. These observations support the compen-
satory mutation hypothesis; however, not all oxyR-ahpC inter-
genic mutations are compensatory (19), and other mechanisms
are likely to apply. Interestingly, of the two isolates with prob-
able katG gene deletions, only one had an intergenic mutation,
and this was ahpC �46A. Five isolates had nonsynonymous
nucleotide substitutions elsewhere in katG with no associated
oxyR-ahpC intergenic mutation. This is not necessarily surpris-
ing. However, these katG mutations are previously unreported,
and their effects on catalase-peroxidase activity and isoniazid
resistance are unknown.

The ahpC �46A base substitution found in both isoniazid-
resistant and -susceptible isolates in our population proved
interesting. This base substitution has rarely been reported in
the literature but has been found in both susceptible and re-
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sistant isolates (41). Immunoblot analysis of ahpC expression
in isolates possessing the polymorphism demonstrated a lack of
detectable alkylhydroperoxidase production implying that it is
not a compensatory mutation for gene upregulation (41). Six-
teen percent of all isolates studied in our population possessed
the ahpC �46A polymorphism. In all cases, it occurred with
the katG 463Leu polymorphism. This was also true of the five
isolates that possessed the polymorphism previously reported
in the literature (41). The katG Arg463Leu polymorphism is
present throughout the M. tuberculosis complex, and in con-
junction with the polymorphism gyrA Thr95Ser, it has been
used to divide the complex into three clonally derived phylo-
genetic groups (40). A tight relationship between ahpC �46A
and katG 463Leu (CTG) implies that the former is a genetic
marker for a clonally related subgroup of M. tuberculosis
strains in group 1. DNA fingerprinting analysis confirmed a
closely related group of isolates, which were not the result of
recent transmission, that possessed a characteristic deletion
pattern on spoligotyping and similar IS6110 RFLP patterns.
Demographic data revealed that the isolates were obtained
predominantly from patients originating from India and Paki-
stan. The characteristic pattern of spacer deletion obtained on
spoligotyping of the strains possessing ahpC �46A closely re-
sembles that described as Central Asian pattern 1 (CAS-1) in
the international spoligotyping database (14) and has previ-
ously been observed in strains obtained from northern India
(4). In addition, the IS6110 RFLP pattern shares the 12.1- and
10.1-kb IS6110-bearing PvuII fragments described as charac-
teristic of the Delhi strain family. Taking the above features
together, the ahpC �46A polymorphism defines the CAS-1
and Delhi strain family but may encompass an even larger
subgroup of clonally derived strains originating from the In-
dian subcontinent.

It has been suggested that some strains of M. tuberculosis
may have an increased propensity to support genetic muta-
tions. The best example of this is the Beijing strain. Although
originally described in isolates originating from Beijing, Peo-
ple’s Republic of China (51), the strain has disseminated glo-
bally. Studies of Beijing strains in Southeast Asia do not dem-
onstrate any association with drug resistance, whereas those of
strains from New York City (6), Estonia (21), Cuba (10), and
Russia (12, 45) describe strong associations with drug resis-
tance, most typically MDR M. tuberculosis (15). Only 17 iso-
lates in our study population were Beijing strains, which
formed a population too small for subgroup analysis. However,
strains possessing the ahpC �46A polymorphism were noted
to occur more commonly among isoniazid-resistant isolates
than among fully susceptible isolates. Analysis of genetically
distinct strains revealed a statistically significant association of
the polymorphism with isoniazid resistance and, in particular,
with the katG 315Thr resistance-conferring mutation. Al-
though on first analysis it appears that this is also true of all
group 1 isolates (of which Beijing strains are also a subgroup),
the results are skewed by the ahpC �46A strains. In contrast,
MDR M. tuberculosis strains were not associated with either of
the two common isoniazid resistance-conferring mutations.
The strong association between ahpC �46A and katG 315Thr
may reflect an increased ability of strains to support the katG
315Thr mutation or may purely reflect the widespread use of
isoniazid monotherapy in India and Pakistan following success-

ful trials in the early 1950s and the acquisition of a resistance-
conferring mutation that does not significantly compromise
viability or virulence.

The population of M. tuberculosis isolates from England and
Wales has provided a unique insight into the genotypic analysis
of isoniazid resistance conferred by changes at three commonly
used loci. Although the oxyR-ahpC intergenic region does not
contribute to the genotypic detection of isoniazid resistance, a
single nucleotide polymorphism within the region can define a
previously geographically restricted group of strains. By ana-
lyzing just two loci, katG codon 315 and the inhA promoter
region, by a multiplex PCR and directed low-density oligonu-
cleotide array analysis with limited DNA sequencing when
necessary, 82.8% of genotypically distinct isoniazid-resistant
isolates were identified. PCR and directed oligonucleotide ar-
ray analysis provides a highly cost-effective approach for the
rapid genotypic detection of isoniazid resistance.
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