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Isoniazid (INH) resistance is most frequent among drug-resistant Mycobacterium tuberculosis clinical iso-
lates. This study was conducted to investigate whether INH could induce its own resistance. During INH
susceptibility testing in BACTEC 12B and MGIT 960 media, weekly subcultures were made from the drug-
containing media into fresh medium without drug and susceptibility testing was performed. Rifampin (RIF)
was used as a control drug. M. tuberculosis H37Rv and three clinical isolates were tested in this study.
INH-resistant subcultures were analyzed for catalase activity, INH susceptibility, and mutations associated
with INH resistance. With inoculum size (104 bacilli) smaller than a size that contains spontaneously INH-
resistant mutants, INH was found to induce resistance to itself in INH-tolerant persisters but not to other
drugs. The minimum time required for induction of INH resistance was 5 to 6 days. In contrast, RIF did not
induce RIF resistance. Eight subcultures with INH-induced resistance were analyzed, and two had a MIC of
0.4 �g/ml INH and six had MICs of over 2 �g/ml INH. Four of the eight subcultures with INH-induced
resistance had lost catalase activity, with three having katG mutations. Despite being a powerful frontline
tuberculosis drug, INH has the potential drawback of inducing its own stable genetic resistance in INH-
tolerant persisters. This finding helps to explain the higher frequency and prevalence of INH-resistant isolates
than isolates with resistance to other drugs in patients.

Isoniazid (INH) is an important first-line tuberculosis (TB)
drug that, along with rifampin (RIF) and pyrazinamide, forms
the basis of the widely used directly observed treatment short
course for the treatment of TB (16). INH is highly active
against Mycobacterium tuberculosis, with MICs of 0.01 to 0.25
�g/ml, but the activity of INH is demonstrated only for growing
tubercle bacilli, not nongrowing bacilli (21). INH is a prodrug
that requires activation by the M. tuberculosis catalase-peroxi-
dase (KatG) (18) to its active species including isonicotinic acyl
radicals (10, 11) and reactive oxygen species (12). The molec-
ular target of INH is InhA (1), an NADH-dependent enoyl
acyl carrier protein reductase, involved in cell wall mycolic acid
synthesis.

Shortly after INH was introduced in clinical treatment of TB
in 1952, M. tuberculosis strains resistant to INH, many of which
had defective catalase activity, were reported (8). INH resis-
tance is primarily mediated by mutations in katG (18) and inhA
(1). Mutation in the katG gene which leads to loss of or re-
duced catalase-peroxidase activity is a major mechanism of
INH resistance in M. tuberculosis (20, 22). Mutations in the
inhA encoding the drug target or mutations in its promoter can
cause INH resistance (1). Mutations in ndh, encoding type II
NADH dehydrogenase, could also potentially be as involved in
INH resistance (7, 9, 14).

Resistance to INH is the most frequent among all drug-
resistant clinical isolates, with incidence as high as 20 to 30% in
some regions (4). Strains resistant to INH and RIF (multidrug
resistant) or other drugs are a significant public health concern
and threaten the effective control of TB (6; World Health
Organization Global Tuberculosis Program [http://www.who.int
/gtb/]). It is unclear whether the high incidence of INH resistance
is due to frequent use of the drug as monotherapy or to the
intrinsic property of INH of inducing its own resistance. Resis-
tance to INH develops readily, with a high frequency of 10�6 (17),
which is higher than that of most TB drugs, such as RIF, which
has a mutation frequency of 10�7 to 10�8 (17). The basis for this
high mutation frequency to INH resistance is unclear but may be
related to the reactive oxygen radicals generated during INH
activation, which can cause mutagenesis of DNA. While the mu-
tation frequency determination is done with actively replicating
cultures, it is unclear whether the nonreplicating bacteria that are
not killed by INH, i.e., INH persisters (which are nonreplicating
and show phenotypic resistance but not genetic resistance and are
still susceptible to antibiotics upon subculture), can develop mu-
tations during exposure to INH. This study was conducted to
evaluate this possibility.

MATERIALS AND METHODS

Study protocol. An outline of the protocol is given in Fig. 1. M. tuberculosis
H37Rv and three clinical isolates TB 7, TB 19, and TB 20, which were obtained
from U.S. TB patients, were used in this study. All these strains were susceptible
to 0.1 �g/ml INH and also to 1 �g/ml RIF as tested by the BACTEC or MGIT
method. The inoculum for antibiotic susceptibility testing (AST) was prepared
and CFU were established for each inoculum. The target inoculum for 12B
medium was 104 to 105 CFU/ml, and that for MGIT medium was 106 to 107

CFU/ml. BACTEC 460 susceptibility testing was carried out according to the
standard procedure (13). MGIT susceptibility testing was carried out as recom-
mended by the manufacturer. One growth control medium and four drug-con-
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taining media for each concentration were set up. Once the growth index (GI) of
the control vial reached 30 or more, results were interpreted. The drug-contain-
ing vials were further incubated and tested on BACTEC 460 instruments three
times a week for a total of 4 weeks. Also, weekly CFU counts from drug-
containing vials were made by plating out dilutions on Middlebrook 7H11 agar.
On weeks 1, 2, 3, and 4, 0.1 ml of the culture in one drug-containing vial from
each set of INH concentrations was subcultured into vials of fresh 12B medium
without drug. The subculture vials were incubated and tested two or three times
per week until the GI reached 10 or more and then daily until the peak GI was
achieved. Once the subculture from a drug-containing 12B or MGIT medium
was positive, AST was set up for INH at 0.1 and 0.4 �g/ml and for RIF at 1.0
(BACTEC 460) and 2.0 �g/ml (MGIT 960). If a subculture was resistant to INH,
a subculture was made on Lowenstein-Jensen (LJ) slants. These LJ subcultures
were used for catalase and molecular testing. Throughout the study the incuba-
tion temperature was 37°C.

Determination of MIC of INH-resistant cultures and catalase activity. The
INH MIC for INH-resistant cultures was determined by the agar dilution method
as described previously (3). Cultures which had developed INH resistance after
drug exposure were tested for susceptibility to streptomycin, RIF, and etham-
butol in 12B medium to determine possible development of any secondary
resistance. Catalase activity was assayed as described previously (19).

Genomic DNA isolation, PCR amplification, and sequencing analysis of katG,
inhA, and ndh genes. Genomic DNA was isolated as previously described (19).
Primers were designed from the M. tuberculosis H37Rv genome sequence (20) to
amplify the whole 2.2-kb katG, the 1.5-kb region of mabA-inhA, and the 1.4-kb
ndh by PCR. The standard PCR mixture (50 �l) contained 1.5 units of HotStart
Taq DNA polymerase, 1� PCR buffer supplemented with 2.5 mM MgCl2
(QIAGEN, Chatsworth, CA), 500 nM of each forward and reverse primer, 200
�M of deoxynucleoside triphosphates, and 0.1 �g of DNA template. PCR was
performed with the following parameters: 95°C for 10 min, followed by 40 cycles
at 94°C for 40 s, 55°C for 40 s, and a 72°C extension for 120 s and the final
extension at 72°C for 10 min. The entire katG, inhA-mabA, and ndh genes
contained in the PCR products were sequenced using primers that amplified
these genes and also appropriate internal sequencing primers.

RESULTS

The phenomenon of late bacterial growth during INH sus-
ceptibility testing. For INH susceptibility testing, an inoculum of
2 � 104 bacilli for H37Rv and an inoculum in the range of 2.4 �
104 to 2.2 � 105 bacilli for clinical isolates were used in BACTEC
12B medium containing 0.1 and 0.4 �g/ml INH. The GI values in

the BACTEC vials were initially low due to INH inhibition but
subsequently started to rise upon continued incubation for 4
weeks (Table 1). The GI values correlated with the CFU data
(Table 1). Overall, the total CFU counts decreased within 1 week
when mycobacteria were incubated in the INH-containing media.
The decrease in CFU with the high concentration of INH (0.4
�g/ml) was greater than that with the low concentration (0.1
�g/ml) (Table 1). However, after the first week the CFU counts
started rising, sometimes reaching the starting CFU level at the
end of 4 weeks. In order to rule out the possibility that the
bacterial growth after INH exposure for 4 weeks is due to deg-
radation of INH in the medium, we tested the INH-containing
medium after incubation on a weekly basis and found no loss of
drug activity. On the other hand, in the presence of RIF (2
�g/ml), the GI values did not increase within the 4-week incuba-
tion, the CFU counts dropped considerably, and no viable bac-
teria were recovered even after 1 to 2 weeks of incubation (Table
1). Similar findings with INH and RIF as those found in the
BACTEC 12B medium were also seen in MGIT medium (data
not shown). This kind of study is possible only in liquid media, as
solid media do not support growth of mycobacteria stressed by a
drug as shown here.

When cultures in drug-containing vials at both INH con-
centrations were subcultured in fresh 12B or MGIT medium
at different intervals, growth was obtained with all the test
cultures. Time to positive subcultures was much shorter in
MGIT medium than in 12B medium. In the case of RIF,
subcultures in 12B became negative after exposure of only 1
week with strains TB 19 and 20 and 3 weeks with H37Rv,
while TB 7 remained positive all 4 weeks. Most of the time
the subculture from 12B medium containing RIF did not
show good growth, and it had to be subcultured one or two
times to achieve good growth. No CFU were detected dur-
ing subculture on 7H11 medium even after 1 week of expo-
sure to RIF.

FIG. 1. Study design.
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Emergence of INH resistance among the drug-exposed bac-
teria. All the subcultures after the drug exposure were sub-
jected to a second round of susceptibility testing. Subcultures
made weekly from 12B vials containing 0.1 and 0.4 �g/ml INH
and inoculated with H37Rv, TB 7, or TB 20 showed complete
resistance to INH at 0.1 and 0.4 �g/ml while TB 19 showed
susceptibility at week 1 at only the 0.4-�g/ml level and resis-
tance for the rest of the 3 weeks (Tables 2 and 3). Cultures
recovered after RIF exposure and tested for RIF susceptibility
were found completely susceptible to RIF (Table 3). Cultures
in MGIT medium, containing RIF, when subcultured in fresh
MGIT medium grew, but very slowly (not shown). AST was
performed for RIF, and all these subcultures were found sus-

ceptible to RIF (Table 3), indicating that the RIF persisters,
unlike INH persisters, did not develop any RIF resistance.

Minimum time required for induction of INH resistance. In
order to determine the minimum time required for emergence
of INH resistance, we performed daily subculture of H37Rv
from cultures exposed to INH at 0.1 and 0.4 �g/ml and tested
their susceptibility to INH and also determined daily CFU
counts (Table 4). H37Rv culture exposed up to 4 days in 12B
medium showed complete susceptibility at 0.1- and 0.4-�g/ml
INH concentrations (Table 4). However, the culture developed

TABLE 1. GIs and CFU counts of M. tuberculosis H37Rv in INH and RIF susceptibility testing by the BACTEC 460 methoda

Drug, concn (�g/ml),
and culture

GI at day: Final count
(CFU/ml)1 2 3 4 5 6 7 8b 15b 22b 28b

INH, 0.1
Control 3 0 1 3 7 15 22 37
Wk 1 16 12 8 6 4 6 5 5 1.2 � 103

Wk 2 20 14 10 8 7 9 5 5 18 3.1 � 103

Wk 3 18 13 8 7 4 7 4 4 19 72 2.4 � 104

Wk 4 16 11 7 8 3 5 3 3 17 60 251 1.22 � 105

INH, 0.4
Control 3 0 1 3 7 15 22 37
Wk 1 15 9 0 6 4 5 4 2 55
Wk 2 18 12 9 8 6 7 6 5 17 3.6 � 103

Wk 3 17 10 7 6 4 6 5 4 14 93 1.45 � 104

Wk 4 15 11 8 7 4 0 4 3 9 36 106 1.32 � 104

RIF, 2
Control 3 0 1 3 7 15 22 37
Wk 1 10 5 3 1 0 1 0 0 0
Wk 2 11 8 3 2 0 1 2 0 0 0
Wk 3 10 6 2 1 0 1 1 1 0 1 0
Wk 4 15 4 2 2 0 1 0 0 0 2 0 0

a M. tuberculosis H37Rv was inoculated into vials containing 0.1 or 0.4 �g/ml INH or 2 �g/ml RIF and incubated at 37°C for 4 weeks. GI values were measured daily
within the first week and then weekly for 4 weeks. Colony counts were measured once a week by taking aliquots from each vial and plating on solid media without
antibiotic. The beginning CFU for this experiment is 2.0 � 104.

b Time when a culture vial was taken out and subcultures and colony counts were made.

TABLE 2. Colony counts of M. tuberculosis clinical isolates after
exposure to INH in 12B mediuma

Isolate and INH
concn (�g/ml)

Inoculum
(CFU/vial)b

Colony count (CFU) at wk:

1 2 3 4

TB 7
0.1 2.4 � 104 1.7 � 105 7.6 � 103 2.5 � 104 7.9 � 104

0.4 2.4 � 104 0 5.6 � 102 1.2 � 104 1.1 � 105

TB 19
0.1 1.4 � 105 25 1.1 � 103 4.8 � 103 7.0 � 103

0.4 1.4 � 105 0 2.0 � 102 3.4 � 104 4.8 � 104

TB 20
0.1 2.2 � 105 2.4 � 102 1.4 � 104 1.6 � 104 2.5 � 104

0.4 2.2 � 105 40 1.3 � 104 7.5 � 104 8.0 � 104

a Three clinical strains of M. tuberculosis were inoculated into vials containing
0.1 or 0.4 �g/ml INH and incubated at 37°C for 4 weeks. Colony counts were
measured once a week by taking aliquots from each vial and plating on solid
media without antibiotic.

b Total CFU inoculated into each drug vial containing 4 ml of 12B medium.
The counts/ml of medium will be one-fourth of this.

TABLE 3. Drug susceptibility results after exposure to the test
drugs in 12B mediuma

Culture Drug, concn
(�g/ml)

Susceptibility resultb for subculture
at wkc:

1 2 3 4

H37Rv INH, 0.1 R R R R
INH, 0.4 R R R R
RIF, 2.0 S S S NG

TB 7 INH, 0.1 R R R R
INH, 0.4 R R R R
RIF, 2.0 S S S S

TB 19 INH, 0.1 R R R R
INH, 0.4 S R R R
RIF, 2.0 S NG NG NG

TB 20 INH, 0.1 R R R R
INH, 0.4 R R R R
RIF, 2.0 S NG NG NG

a The weekly subcultures of H37Rv and clinical isolates TB 7, TB 19, and TB
20 after drug exposure in 12B vials up to 4 weeks were subjected to a second
round of susceptibility testing in 12B vials containing 0.1 or 0.4 �g/ml INH or 2
�g/ml RIF.

b R, resistant; S, susceptible; NG, no growth.
c Exposure time after which a subculture was done and susceptibility test was

performed using the subculture growth.
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resistance on day 5 at 0.1 �g/ml INH and on day 6 at 0.4 �g/ml
INH. Once the culture developed resistance, it was complete at
both low and high INH concentrations. The CFU counts in the
original drug vials declined significantly up to 6 days and then
started rising. Similar results were observed with MGIT me-
dium though the overall CFU counts were higher than those
for 12B medium.

Stability of test drugs in the medium. In order to rule out
the possibility that the bacterial growth after INH exposure for
4 weeks was due to degradation of INH in the medium, we
tested the INH-containing medium after incubation on a
weekly basis by the BACTEC method. Drug susceptibility test
results showed no loss of drug activity when the drug-contain-
ing medium was incubated at 37°C for 0, 1, 2, 3 and 4 weeks.
This result suggests that INH is stable during the 4-week in-
cubation of drug susceptibility testing.

Stability and specificity of resistance developed by INH ex-
posure. H37Rv exposed to 0.4 �g/ml INH that had developed
resistance was subcultured, and AST from the subculture was
performed for 0.1 and 0.4 �g/ml INH. The induced INH re-
sistance was found to be stable when cultures were repeatedly
subcultured without INH at least five times, testing each time
for INH susceptibility. Cultures which had developed INH
resistance after exposure were tested for susceptibility to strep-
tomycin, RIF, and ethambutol and were found completely
susceptible to all the three drugs.

Levels of INH resistance, catalase activity, and INH resis-
tance mutations in INH-induced cultures. To further charac-
terize the INH-resistant cultures that developed after INH
exposure, we isolated single clones from the exposed culture of
H37Rv, four clones, SC1 to -4, from the culture exposed to 0.1
�g/ml INH, and four clones from the culture exposed to 0.4
�g/ml INH. We then determined the level of INH resistance,
catalase activity, and potential mutations in INH resistance
genes, katG, inhA, and ndh (Table 5). Isolates SC1 and SC5
had a MIC of 0.4 �g/ml INH, whereas the remaining six clones
were all highly resistant to at least 2 �g/ml INH. The two
isolates resistant at the 0.4-�g/ml level, SC1 and SC5, were still
catalase positive, with slightly reduced activity compared with

drug-susceptible control strain H37Rv. SC2 and SC3 had sig-
nificantly reduced catalase activity. In contrast, SC4, SC6, SC7,
and SC8 had no detectable catalase activity. DNA sequencing
analysis revealed that isolates SC3, -6, and -7 had mutations in
katG. Mutation of TGG to CGG at codon 328, causing
Trp328Arg, was observed in INH-resistant clones SC6 and
SC7. Mutation of GAC to CAC at codon 329, causing
Asp329His, was found in INH-resistant clone SC3. No muta-
tions in the inhA gene or its promoter or the ndh gene were
identified in any strains. The other five INH-resistant isolates
had no mutation in any of the known INH resistance genes,
katG, inhA, and ndh. SC4 and SC8, which were catalase neg-
ative, could be due to mutations in katG regulatory genes.

DISCUSSION

In this study we found that during INH susceptibility testing
a subpopulation of tubercle bacilli that are not killed by INH
(INH persisters) could develop INH resistance within 1 week
of incubation in liquid media (Tables 1 and 4). In contrast, RIF
did not induce RIF resistance, and the subcultures from RIF-
exposed liquid media were still susceptible to RIF. These ob-
servations suggest that INH can induce INH resistance in INH
persisters whereas the RIF persisters, if any, do not develop
any RIF resistance. The INH-induced resistance is specific to
INH, as the INH-resistant cultures were still susceptible to
other TB drugs.

INH is activated by catalase-peroxidase (KatG) to produce
reactive species that can potentially damage DNA and have a
mutagenic property (12, 21), which could be responsible for
the generation of INH-resistant mutants at a high frequency
(10�6) (17). Mutation frequency is generally determined by
selection of preexisting mutants present in a growing bacterial
population. However, in the case of INH, the drug INH not
only selects preexisting mutants in a large bacterial population
but could also induce true genetic resistance in relatively small
numbers of INH-tolerant persisters, as shown in this study
(Tables 1 and 3). It is of interest that the minimum time

TABLE 4. Minimum time required for development of INH
resistance for a subculture (H37Rv) exposed to

INH in 12B mediuma

Exposure
time
(day)

0.1 �g/ml INH 0.4 �g/ml INH

CFU/ml
in 12B

medium

AST susceptibility
result after

subculture in
INH at:

CFU/ml
in 12B

medium

AST susceptibility
result of

subculture in
INH at:

0.1 �g/ml 0.4 �g/ml 0.1 �g/ml 0.4 �g/ml

0 30,000 S S 30,000 S S
1 6,275 S S 2,050 S S
2 1,130 S S 520 S S
3 125 S S 45 S S
4 55 S S 20 S S
5 55 R R 10 S S
6 30 R R 10 R R
7 475 R R 445 R R

a To determine the minimum time required for emergence of INH resistance,
daily subcultures of H37Rv from INH-exposed cultures at 0.1 and 0.4 �g/ml were
tested for susceptibility to INH at 0.1 and 0.4 �g/ml and CFU.

TABLE 5. Characterization of INH-resistant subcultures derived
from INH-exposed culture of H37Rva

Subculture
AST

result by
BACTEC

MIC
(�g/ml)

Catalase
activityb

Mutation in
katG product

H37Rv control ��� None (WTd)
SC1 Rc 0.4 �� None (WT)
SC2 R �2 � None (WT)
SC3 R �2 � D329H
SC4 R �2 � None (WT)
SC5 R 0.4 �� None (WT)
SC6 R �2 � W328R
SC7 R �2 � W328R
SC8 R �2 � None (WT)

a INH-resistant subcultures derived from an INH-exposed H37Rv culture
were characterized for level of resistance, catalase activity, and resistance muta-
tions. SC1 to -4 and SC5 to -8 are subcultures derived from INH susceptibility
testing vials inoculated with H37Rv containing 0.1 �g/ml and 0.4 �g/ml INH,
respectively.

b The number of � signs indicates relative catalase activity; � indicates no
catalase activity.

c R, resistance.
d WT, wild type.
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required for INH resistance induction was 5 to 6 days after the
exposure to INH (Table 3). Since the inoculum size of 3 � 104

bacilli used in the INH susceptibility testing was smaller than
the 106 bacilli required to contain spontaneously INH-resistant
mutants and since INH exposure should not allow the inocu-
lated bacilli to grow during the 5-day incubation with INH, the
emergence of INH resistance after 5 to 6 days must be due to
an induced INH resistance in nongrowing INH-tolerant per-
sister bacilli, rather than the selection of preexisting spontane-
ously INH-resistant mutants in a growing bacterial population.
It is interesting that, on daily subculturing from INH-contain-
ing media, the colony counts started increasing sharply after
day 6. Thus, INH has the capacity to induce INH resistance in
addition to selection of preexisting mutants, which could be
responsible for the unusually high frequency of INH-resistant
mutants and the consequently high prevalence of INH resis-
tance in the patient population.

By contrast, no viable bacteria were found when RIF-
containing media were plated out on solid medium. How-
ever, subculturing from the same RIF-containing medium
into fresh liquid medium did sometimes yield growth which
was very slow, and cultures had to be subcultured several
times to achieve good growth. Subsequent testing showed
that subcultures from RIF-containing media were com-
pletely susceptible to RIF while subcultures from INH-con-
taining media were completely resistant to INH. These find-
ings indicate that solid medium does not show the real
viability of the culture. Time to positivity in 12B medium of
a drug-exposed culture was significantly longer in 12B me-
dium than in MGIT medium. The above data suggest that
bacilli exposed to INH are easier to rejuvenate than those
exposed to RIF and that MGIT medium is better for the
growth of drug-exposed bacilli than 12B medium while solid
medium does not support the growth of the drug-exposed
bacteria very well.

In a previous study, INH has been shown to induce a tran-
sient phenotypic INH resistance mediated by a reserpine-re-
pressible efflux mechanism that is lost upon repeated subcul-
tures in drug-free medium (15). Because no mutations were
found in katG, the authors concluded that INH-induced resis-
tance is phenotypic and caused by efflux pumps (15). However,
in that study the whole katG gene was not sequenced and only
the KatG315 mutation was analyzed (15). Thus, potential mu-
tations in other parts of the katG gene could not be ruled out.
In contrast, we found mutations in katG in three of eight
INH-resistant isolates, indicating that INH could induce ge-
netic resistance. Another difference between the two studies is
that the whole culture or a mixed population was used for
KatG315 mutation analysis, whereas this study used single
clones from a subculture of INH-containing medium, which
were subsequently found resistant to both 0.1 and 0.4 �g/ml
INH. It is known that an INH-resistant M. tuberculosis sub-
population is at a disadvantage in competition with a drug-
susceptible population (2), presumably due to deficient cata-
lase in the INH-resistant subpopulation. Thus, upon prolonged
culture of a mixed population in the absence of INH selection,
the INH-resistant subpopulations in mixed cultures may be lost
and the whole culture could revert to INH sensitivity over time.
This is especially true for cultures that have low level of INH
resistance. Our repeated subculturing indicated that the resis-

tance was stable at least after five subcultures. In conclusion,
we propose that INH in addition to selecting preexisting mu-
tants in a large bacterial population, could induce its own
resistance in small number of nonreplicating persisters that are
tolerant of INH as a possible explanation for its high incidence
of resistance in a clinical setting.
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