
INT J TUBERC LUNG DIS 13(11):1320–1330
©   2009 The Union

STATE OF THE ART

STATE OF THE ART SERIES
Drug-resistant tuberculosis, Edited by C-Y. Chiang

NUMBER 1 IN THE SERIES

[A version in French of this article is available from the Editorial Offi ce in Paris and from the Union website www.theunion.org]

Mechanisms of drug resistance in Mycobacterium tuberculosis

Y. Zhang,* W. W. Yew†

* Department of Molecular Microbiology and Immunology, Bloomberg School of Public Health, Johns Hopkins 
University, Baltimore, Maryland, USA; † Tuberculosis and Chest Unit, Grantham Hospital, Hong Kong, China

Correspondence to: Ying Zhang, Department of Molecular Microbiology and Immunology, Bloomberg School of Public 
Health, Johns Hopkins University, 615 N Wolfe Street, Baltimore, MD 21205, USA. Tel: (+1) 410 614 2975. Fax: (+1) 410 
955 0105. e-mail: yzhang@jhsph.edu

The increasing emergence of multidrug-resistant 
(MDR) and extensively drug-resistant (XDR) tuber-
culosis (TB) in the era of human immunodefi ciency 
virus (HIV) infection presents a major threat to effec-
tive control of TB. Drug resistance in Mycobacterium 
tuberculosis arises from spontaneous chromosomal 
mutations at low frequency. Clinical drug-resistant 
TB largely occurs as a result of man-made selection 
during disease treatment of these genetic alterations 
through erratic drug supply, suboptimal physician 
prescription and poor patient adherence. Molecular 
mechanisms of drug resistance have been elucidated 

for the major fi rst- and second-line drugs rifampicin, 
isoniazid, pyrazinamide, ethambutol, the aminoglyco-
sides and the fl uoroquinolones. The relationship be-
tween drug resistance in M. tuberculosis strains and 
their virulence/transmissibility needs to be further in-
vestigated. Understanding the mechanisms of drug 
resistance in M. tuberculosis would enable the devel-
opment of rapid molecular diagnostic tools and fur-
nish possible insights into new drug development for 
the treatment of TB.
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THE CURRENTLY PREVAILING SCENARIOS of 
drug-resistant tuberculosis (TB)1 are particularly 
alarm ing, and pose a signifi cant threat to the control 
of the disease globally. There is also much concern 
that the TB situation will become worse with the 
growing human immuno defi ciency virus (HIV) pan-
demic worldwide, as the viral infection can weaken 
the host immune system and predispose to endoge-
nous reactivation and exogenous re-infection with TB. 
Drug-resistant TB and HIV infection, a lethal combi-
nation, presents a serious challenge for effective TB 
control. 

In the most recent report on the Anti-tuberculosis 
Drug Resistance Surveillance Global Project published 
by the World Health Organization (WHO) and the 
International Union Against Tuberculosis and Lung 
Disease (The Union),2 the proportion of multidrug 
resistance (MDR), denoting resistance to at least ri-
fampicin (RMP) and isoniazid (INH), in new cases 
ranged from 0% to 22.3%. The highest proportion of 
MDR-TB reported was 60% among previously treated 
cases. It has been estimated that 489 139 cases of 
MDR-TB emerged in 2006, and the global propor-
tion of such resistance among all cases amounted to 
4.8%. The proportion of extensively drug-resistant TB 

(XDR-TB), defi ned as MDR-TB with additional bacil-
lary resistance to fl uoroquinolones (FQs) and at least 
one second-line injectable drug, among MDR-TB cases 
in different settings, ranged from 0% to 30% globally. 
Around 40 000 cases of XDR-TB are estimated to 
emerge globally each year.2 

Understanding the mechanisms of mycobacterial 
resistance to the anti-tuberculosis drugs not only en-
ables the development of more rapid molecular diag-
nostic tests and furnishes implications for designing 
new anti-tuberculosis drugs,3 it also helps to imple-
ment measures to prevent the development of such 
resistance. In this article, we will provide an update 
on drug resistance mechanisms in Mycobacterium tu-
berculosis, and highlight issues pertaining to the con-
trol of drug-resistant TB, as well as areas that need 
further study. Rapid diagnosis of MDR-TB has been 
reviewed recently4,5 and will not be covered here.

BASIC CONCEPTS IN THE DEVELOPMENT 
OF DRUG-RESISTANT TUBERCULOSIS

Drug-resistant TB is not a recent phenomenon. M. tu-
berculosis strains that were resistant to streptomycin 
(SM) appeared soon after the introduction of the 
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drug for treatment of TB in 1944. Genetic resistance to 
an anti-tuberculosis drug is due to spontaneous chro-
mosomal mutations at a frequency of 10−6 to 10−8 
mycobacterial replications. Mobile genetic elements 
such as plasmids and transposons, which are known 
to mediate drug resistance in various bacterial spe-
cies, do not do so in M. tuberculosis. Because such 
mutations resulting in drug resistance are unlinked, 
the probability of developing bacillary resistance to 
three drugs used simultaneously becomes 10−18 to 
10−20. In theory, the chance of drug resistance is thus 

virtually non-existent when three effective drugs are 
used in combination for TB treatment.

Amplifi cation of the afore-mentioned genetic mu-
tation through human error results in clinically drug-
resistant TB. These include ‘monotherapy’ due to ir-
regular drug supply, inappropriate doctor prescription 
and, most importantly, poor patient adherence to 
treatment.6 Subsequent transmission of resistant M. tu-
berculosis strains from the index patient to others 
aggravates the problem (Figure). The MDR/XDR phe-
notype is caused by sequential accumulation of mu-
tations in different genes involved in individual drug 
resistance (Table).

Although the defi nitions of ‘acquired’ and ‘primary’ 
drug resistance are conceptually relatively clear, in re-
ality they are often subject to misclassifi cation when 
previous treatment cannot be readily ascertained. The 
term ‘initial’ drug resistance is thus often preferred to 
‘primary’ drug resistance to include ‘unknown’ or 
‘undisclosed’ acquired drug resistance. The matter is 
currently further simplifi ed by categorizing drug re-
sistance in new cases and previously treated cases of 
TB.2 The latter refers to cases with treatment lasting 
for at least 1 month.

CLINICAL RELEVANCE OF 
ANTI-TUBERCULOSIS DRUG RESISTANCE

INH resistance is the most common form of anti-
t uberculosis drug resistance encountered, whether in 
isolation or in combination with other drugs.2 INH-
monoresistant TB is relatively easy to treat. Standard 

Figure Concepts in the development of drug-resistant TB.

Table Mechanisms of drug resistance in M. tuberculosis

Drug (year of
discovery)

MIC 
μg/ml

Gene(s) 
involved in 
resistance Gene function Role Mechanism of action

Mutation 
frequency 

%

Isoniazid (1952)  0.02–0.2 katG
inhA

Catalase-peroxidase
Enoyl ACP reductase

Pro-drug 
 conversion
Drug target

Inhibition of mycolic acid 
 biosynthesis and other 
 multiple effects 

50–95
 8–43

Rifampicin (1966)  0.05–1 rpoB β subunit of RNA polymerase Drug target Inhibition of RNA synthesis 95

Pyrazinamide (1952) 16–50
 (pH 5.5)

pncA Nicotinamidase/pyrazinamidase Pro-drug 
 conversion 

Depletion of membrane energy 72–97

Ethambutol (1961)  1–5 embB Arabinosyl transferase Drug target Inhibition of arabinogalactan 
 synthesis

47–65

Streptomycin (1944)  2–8 rpsL
rrs
gidB 

S12 ribosomal protein
16S rRNA
rRNA methyltransferase
 (G527 in 530 loop)

Drug target
Drug target
Drug target 

Inhibition of protein synthesis 52–59 
 8–21 
 ?

Amikacin/kanamycin
 (1957)

 2–4 rrs
 

16S rRNA
16S rRNA

Drug target Inhibition of protein synthesis 76

Capreomycin (1960) tlyA 2’-O-methyltransferase

Quinolones (1963)  0.5–2.5 gyrA
gyrB

DNA gyrase subunit A
DNA gyrase subunit B

Drug target Inhibition of DNA gyrase 75–94 

Ethionamide (1956)  2.5–10 etaA/ethA

inhA

Flavin monooxygenase Prodrug 
 conversion 
Drug target

Inhibition of mycolic acid 
 synthesis

37

56

PAS (1946)  1–8 thyA Thymidylate synthase Drug 
 activation?

Inhibition of folic acid and 
 iron metabolism?

36

MIC = minimum inhibitory concentration; ACP = acyl carrier protein; PAS = para-aminosalicylic acid.
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short-course chemotherapy (SCC) can achieve good 
success (around 98% cure and less than 5% relapse) 
when all four drugs—INH, RMP, pyrazinamide (PZA) 
and ethambutol (EMB)/SM—are used throughout the 
6 months of treatment.7 When the four drugs are re-
duced to RMP and INH after 2 months, the relapse 
rate after 6 months of treatment rises to 10%.8 As there 
may be a small chance of resistance ampli fi  cation 
with involvement of RMP,9 some authorities recom-
mend alternative regimens such as RMP+ EMB, or 
RMP+EMB+PZA, for more prolonged durations.10,11

RMP-resistant TB carries a much more ominous 
prognosis, as the outcome of standard SCC for such 
disease is poor in terms of both disease status on ces-
sation of 6-month treatment and relapse.12 Recom-
mendation has been made to treat such disease with 
INH, PZA and EMB for 18–24 months.13 Some au-
thorities feel that the duration of treatment can be 
shortened to 12 months by the addition of an FQ to 
this three-drug regimen.14 Furthermore, RMP mono-
resistance in M. tuberculosis is rare, except perhaps in 
HIV-infected patients,13,15 and RMP resistance thus 
generally serves as a surrogate marker for dual resis-
tance to RMP and INH, i.e., MDR-TB.16 This proxy 
appears especially valid for previously treated patients. 
SCC can cure less than 60% of MDR-TB cases,17 with 
a high recurrence rate of about 28% among those 
with apparent success.18 It is thus quite clear today 
that alternative specifi c chemotherapy using second-
line drugs is required for the management of this for-
midable condition.19 

Increased risk for the development of bacillary re-
sistance to EMB and PZA likely occurs when a WHO 
Category I (4-drug) treatment regimen and a Cate-
gory II (5-drug) retreatment regimen are repeatedly 
administered despite observed treatment failure with 
the standard short-course regimen for TB.9,20,21 The 
diagnosis of resistance to PZA and/or EMB is of prog-
nostic value in MDR-TB; as such, resistance in addi-
tion to dual resistance to INH and RMP generally 
portends an even more adverse prognosis,22 particu-
larly when patients receive only ‘standard’ second-line 
anti-tuberculosis drug regimens, which often comprise 
largely those two drugs plus an FQ and aminoglyco-
side/capreomycin (CPM) for MDR-TB treatment.9 A 
high prevalence of bacillary resistance to PZA and/or 
EMB would also hamper the effi cacy of standard 6-
month SCC, as PZA plays a very unique role in steri-
lizing TB lesions to curtail disease relapse.23 

FQs are generally regarded to have a pivotal posi-
tion in the treatment of MDR-TB.24–26 In vitro resis-
tance to FQs has been shown to predict a poor out-
come in the treatment of MDR-TB.24,27,28 Most FQ 
resistance in M. tuberculosis is associated with the in-
judicious use of this class of drugs in the management 
of TB, particularly MDR-TB.29,30 FQ-resistant MDR-
TB likely results from the use of suboptimal second-
line drug regimens comprising inadequate number 
and/or dosage of agents accompanying the key drug 

FQ, as previously mentioned.9 The alternative path-
way in the development of FQ-resistant TB might be 
related to the excess use of this class of antimicro-
bials in the treatment of lower respiratory tract infec-
tions,31,32 as well as other types of community-acquired 
infections. In settings where FQs are widely used for 
treating respiratory infections, the prevalence of FQ-
resistant TB could be substantial.33 This phenomenon 
can be a cause for concern in different parts of the 
world.34,35

As the aminoglycosides or CPM have potent anti-
tuberculosis activity, the loss of these second-line in-
jectables in addition, through suboptimal use in the 
management of MDR-TB, would result in XDR-TB, 
with a much worse prognosis than MDR-TB.36 Cur-
rently, the cure rate of XDR-TB is generally much less 
than 50% with the chemotherapy available.37

MECHANISMS OF RESISTANCE TO FIRST- 
AND SECOND-LINE AGENTS

A great deal of progress has been made in our under-
standing of the molecular basis of drug action and re-
sistance in M. tuberculosis (Table). Below we will 
provide an update on this topic.

Isoniazid 
INH is the most widely used fi rst-line anti-tuberculosis 
drug. Since its discovery in 1952, INH has been the 
cornerstone of all effective regimens for the treatment 
of TB disease and latent infection. M. tuberculosis is 
highly susceptible to INH (minimum inhibitory con-
centration [MIC] 0.02–0.2 μg/ml). INH is only active 
against growing tubercle bacilli, and is not active 
against non-replicating bacilli or under anaerobic 
conditions.

INH is a prodrug that is activated by the catalase-
peroxidase enzyme (KatG) encoded by the katG gene38 
to generate a range of highly reactive species which 
then attack multiple targets in M. tuberculosis.39 The 
reactive species produced by KatG-mediated INH 
activation include both reactive oxygen species such 
as superoxide, peroxide and hydroxyl radical,40 ni-
tric oxide41 and reactive organic species such as 
i sonicotinic-acyl radical or anion,42,43 and certain elec-
trophilic species.44 The primary target of INH inhibi-
tion is thought to be the InhA enzyme (enoyl-acyl 
carrier protein reductase), involved in elongation of 
fatty acids in mycolic acid synthesis.45 The active spe-
cies (isonicotinic-acyl radical or anion) derived from 
KatG-mediated INH activation reacts with NAD(H) 
(nicotinamide adenine dinucleotide) to form an INH-
NAD adduct, and then attacks InhA.42,43 A recent 
study showed that INH-NAD(P) adducts react with 
other protein targets besides InhA, such as DfrA (an 
NADPH-dependent dihydrofolate reductase involved 
in DNA synthesis).46 Further studies are needed to 
assess the role of these putative targets in INH action 
and resistance.
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Resistance to INH occurs more frequently than 
for most anti-tuberculosis drugs, at a frequency of 1 
in 105–6 bacilli in vitro.47 INH-resistant clinical iso-
lates of M. tuberculosis often lose catalase and perox-
idase enzyme48 encoded by katG, especially in high-
level resistant strains (MIC > 5 μg/ml).47 Low-level 
resistant strains (MIC < 1 μg/ml) often still possess 
catalase activity.47 Mutation in katG is the main 
mechanism of INH resistance (Table).38,49 KatG 
S315T mutation is the most common mutation in 
INH-resistant strains, accounting for 50–95% of 
INH-resistant clinical isolates.39,49 Resistance to INH 
can also occur by mutations in the promoter region 
of mabA/inhA operon, causing overexpression of 
InhA, or by mutations at the InhA active site, lower-
ing the InhA affi nity to the INH-NAD adduct.42,45 
Mutations in inhA or its promoter region are usually 
associated with low-level resistance (MICs = 0.2 − 
1 μg/ml) and are less frequent than katG mutations 
(Table).39,49 INH-resistant M. tuberculosis harboring 
inhA mutations could have additional mutations in 
katG, conferring higher levels of INH resistance.50 
Mutations in inhA not only cause INH resistance, 
they also confer cross-resistance to the structurally 
related drug, ethionamide (ETH).45 In KatG-negative 
INH-resistant strains, mutations in the promoter re-
gion of ahpC, encoding an alkylhydroperoxide re-
ductase, leading to increased expression of the en-
zyme, have been observed as a compensation for the 
lack of catalase-peroxidase in such strains.51,52 Over-
expression of AphC did not appear to confer signifi -
cant INH resistance.53 About 10–25% of low-level 
INH-resistant strains do not have mutations in katG 
or inhA,49 and may be due to new mechanism(s) of 
resistance. Mutations in mshA, encoding an enzyme 
involved in mycothiol biosynthesis, have recently been 
shown to confer INH and ETH resistance in M. tu-
berculosis strains in vitro,54 but its role in clinical re-
sistance remains to be demonstrated.

Rifampicin
RMP is an important fi rst-line drug for the treatment 
of TB. RMP is bactericidal for M. tuberculosis, with 
MICs ranging from 0.05 to 1 μg/ml on solid or liquid 
media, but the MIC is higher in egg media (MIC = 
2.5–10 μg/ml). Strains with MICs < 1 μg/ml in liquid 
or agar medium or MICs < 40 μg/ml in Löwenstein-
Jensen (LJ) medium are considered RMP-susceptible. 
RMP is active against both growing and stationary 
phase bacilli with low metabolic activity. The latter ac-
tivity is related to its high sterilizing activity in vivo, 
correlating with its ability to shorten TB treatment 
from 12–18 months to 9 months.55 

RMP interferes with RNA synthesis by binding to 
the β subunit of the RNA polymerase. The RNA poly-
merase is an oligomer consisting of a core enzyme 
formed by four chains α2ββ′ in association with the 
σ subunit to specifi cally initiate transcription from 
promoters. The RMP-binding site is located upstream 

of the catalytic center and physically blocks the elon-
gation of the RNA chain. In M. tuberculosis, resis-
tance to RMP occurs at a frequency of 10−7 to 10−8. 
As in other bacteria, mutations in a defi ned region of 
the 81 base pair (bp) region of the rpoB are found in 
about 96% of RMP-resistant M. tuberculosis iso-
lates.56 Mutations at positions 531, 526 and 516 are 
among the most frequent mutations in RMP-resistant 
strains. Mutations in rpoB generally result in high-
level resistance (MIC > 32 μg/ml) and cross-resistance 
to all rifamycins. However, specifi c mutations in co-
dons 511, 516, 518 and 522 are associated with 
lower-level resistance to RMP and rifapentine, but re-
tain susceptibility to rifabutin and rifalazil.57,58 

An intriguing and potentially worrying fi nding is 
the observation of RMP-dependent strains of M. tu-
berculosis in clinical settings.59,60 These strains had 
poor growth on egg-based media but grew better in 
the presence of RMP. RMP-dependent strains in some 
ways exhibit similarity to L-form bacteria. Strictly 
speaking, these strains are not RMP-dependent, as 
they could still show very poor growth in the absence 
of RMP. This is unlike the strictly SM-dependent 
strains that only grow in the presence of SM. RMP-
d ependent strains have not been widely reported, 
prob ably because current diagnostic practice uses only 
drug-free media. These strains have common and 
additional rpoB mutations (B Zhu, M Zhong and 
Y Zhang, unpublished observations). The circum-
stances under which the RMP-dependent strains arise 
remain unclear, but they often occur as MDR-TB and 
seem to develop upon repeated treatment with rifa-
mycins in re treatment patients. Continued use of rifa-
mycins for the treatment of patients harboring RMP-
dependent strains can worsen the disease (M Zhong 
and Y Zhang, unpublished observations). It will be of 
interest to determine the mechanism of RMP depen-
dence and assess the role of such strains in treat-
ment failures. 

Pyrazinamide 
PZA is an important fi rst-line drug used along with 
INH and RMP. PZA plays a unique role in shorten-
ing TB treatment from the previous 9–12 months to 
6 months because it kills a population of persister ba-
cilli in acidic pH environment in the lesions that is 
not killed by other drugs.55 

PZA is an unconventional and paradoxical anti-
tuberculosis drug that has high sterilizing activity in 
vivo,23 but no activity against tubercle bacilli at nor-
mal culture conditions near neutral pH.61 PZA is 
only active against M. tuberculosis at acid pH (e.g., 
5.5).62 Even at acid pH (5.5), PZA activity is quite 
poor, with MICs in the range of 6.25–50 μg/ml.23 
PZA activity is enhanced under low oxygen or anaer-
obic conditions63 and by agents that compromise the 
membrane energy status, such as weak acids,64 and 
energy inhibitors such as DCCD (dicyclohexylcarbo-
diimide), azide and rotenone.65 
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PZA is a prodrug that requires conversion to its 
active form, pyrazinoic acid (POA), by the pyrazin-
amidase/nicotinamidase enzyme encoded by the pncA 
gene of M. tuberculosis.66 The POA produced intra-
cellularly reaches the cell surface through passive dif-
fusion and a defective effl ux.67 The extracellular acid 
pH facilitates the formation of uncharged protonated 
POA, which then permeates through the membrane 
and causes accumulation of POA and disrupts mem-
brane potential in M. tuberculosis.65 The protonated 
POA brings protons into the cell and could eventu-
ally cause cytoplasmic acidifi cation and de-energize 
the membrane by collapsing the proton motive force, 
which affects membrane transport.65 The target of 
PZA is related to membrane energy metabolism,65 al-
though the specifi c target remains to be identifi ed. 
Fas-I was proposed as a target for PZA,68 but its va-
lidity is questioned.69 More details on PZA can be 
found in the review by Zhang and Mitchison.23

PZA-resistant M. tuberculosis strains lose pyrazin-
amidase/nicotinamidase activity.70 We have cloned the 
M. tuberculosis pncA66 and shown that defective pyr-
azinamidase activity due to pncA mutations is the ma-
jor cause of PZA resistance.66,71,72 Various other stud-
ies have subsequently confi rmed our fi ndings.20,73–80 

The pncA mutations are highly diverse and scat-
tered along the gene, which is unique to PZA resis-
tance. Despite the highly diverse and scattered distri-
bution of pncA mutations, there is some degree of 
clustering at three regions of the PncA, 3–17, 61–85 
and 132–142.71,75 Most PZA-resistant M. tuberculo-
sis strains (72–97%) have mutations in pncA;20,71–78 
however, some resistant strains do not have pncA mu-
tations. One type of such strains is pyrazinamidase-
negative, with a high level of resistance,72,75,76 which 
may be due to mutations in an undefi ned pncA reg-
ulatory gene. Another type of such strains has low-
level resistance (MICs = 200–300 μg/ml, with a re-
sistance cut-off of 100 μg/ml PZA) and positive 
pyrazinamidase activity without pncA mutations; 
their mechanism of resistance remains to be deter-
mined. The lower percentage of PZA-resistant strains 
with pncA mutations (e.g., 72%)73 reported in some 
studies could be caused by false resistance due to 
well-known problems with PZA susceptibility.23 

PZA is active only against M. tuberculosis com-
plex organisms (M. tuberculosis, M. africanum and 
M. microti), but not M. bovis, due to a characteristic 
mutation in its pncA gene.66 Strains of M. bovis, in-
cluding bacille Calmette-Guérin (BCG), are naturally 
resistant to PZA and lack pyrazinamidase; these fea-
tures are commonly used to distinguish M. bovis from 
M. tuberculosis. The natural PZA resistance in M. bo-
vis and BCG is due to a single point mutation of ‘C’ 
to ‘G’ at nucleotide position 169 of the pncA gene 
compared with the M. tuberculosis pncA sequence, 
causing amino acid substitution at position 57 of the 
PncA sequence.66 However, the correlation between 

pyrazinamidase activity and PZA susceptibility is not 
true for other naturally PZA-resistant mycobacterial 
species whose intrinsic PZA resistance is most likely 
due to their highly active POA effl ux mechanism.67 

Ethambutol 
EMB [(S,S′)-2,2′(ethylenediimino)di-1-butanol] is a 
fi rst-line drug that is used in combination with INH, 
RMP and PZA to prevent the emergence of drug re-
sistance. The MICs of EMB for M. tuberculosis are in 
the range of 0.5–2 μg/ml. EMB is a bacteriostatic 
agent that is active for growing bacilli and has no ef-
fect on non-replicating bacilli. EMB interferes with the 
biosynthesis of cell wall arabinogalactan.81 It inhibits 
the polymerization of cell-wall arabinan of arabino-
galactan and of lipoarabinomannan, and induces the 
accumulation of D-arabinofuranosyl-P-decaprenol, 
an intermediate in arabinan biosynthesis.82,83 Arabi-
nosyl transferase, encoded by embB, an enzyme in-
volved in the synthesis of arabinogalactan, has been 
proposed as the target of EMB in M. tuberculosis84 
and M. avium.85 In M. tuberculosis, embB is organized 
into an operon with embC and embA in the order 
embCAB. embC, embB and embA share over 65% 
amino acid identity with each other and are predicted 
to encode transmembrane proteins.84 

Strains resistant to EMB have MICs > 7.5 μg/ml.86 
Mutation to EMB resistance occurs at a frequency of 
10−5. Mutations in the embCAB operon, in particu-
lar embB, and occasionally embC, are responsible for 
resistance to EMB.84 The embB codon 306 mutation 
is most frequent in clinical isolates resistant to EMB, 
accounting for as high as 68% resistant strains.87,88 
Some inconsistent reports have suggested that the 
EmbB306 mutation is not involved in EMB resis-
tance,89–92 but is instead associated with the devel-
opment of other drug resistance, including MDR-
TB.90,91,93 This discrepancy was recently resolved by 
carefully assessing the role of individual mutations 
causing different amino acid substitutions in EMB re-
sistance using site-directed mutagenesis and allelic ex-
change in M. tuberculosis.94 It was found that muta-
tions leading to certain amino acid changes are indeed 
causing EMB resistance while other amino acid sub-
stitutions have little effect on EMB resistance.94 How-
ever, about 35% of EMB-resistant strains (MIC < 
10 μg/ml) do not have embB mutations,95 suggesting 
that there may be other mechanisms of EMB resis-
tance. Further studies are needed to identify potential 
new mechanisms of EMB resistance. 

Aminoglycosides (streptomycin, kanamycin/
amikacin/capreomycin)
SM is an aminoglycoside antibiotic that is active 
against a variety of bacterial species, including M. tu-
berculosis. SM kills actively growing tubercle bacilli 
with MICs of 2–4 μg/ml,86 but it is inactive against 
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non-growing or intracellular bacilli.55 SM inhibits 
protein synthesis by binding to the 30S subunit of 
bacterial ribosome, causing misreading of the mRNA 
message during translation.96 The site of action of SM 
is the 30S subunit of the ribosome at the ribosomal 
protein S12 and the 16S rRNA. Resistance to SM is 
caused by mutations in the S12 protein encoded by 
rpsL gene and 16S rRNA encoded by rrs gene.97 Mu-
tations in rpsL and rrs are the major mechanism of 
SM resistance,97–99 accounting for respectively about 
50% and 20% of SM-resistant strains.97–99 The most 
common mutation in rpsL is a substitution in codon 
43 from lysine to arginine,97–99 causing high-level re-
sistance to SM. Mutation in codon 88 is also com-
mon.97–99 Mutations of the rrs gene occur in the loops 
of the 16S rRNA and are clustered in two regions 
around nucleotides 530 and 915.97–99 SM-dependent 
SM-resistant M. tuberculosis strains appear to be 
caused by a ‘C’ insertion in the 530 loop.100 However, 
about 20–30% of SM-resistant strains with a low level 
of resistance (MIC < 32 μg/ml) do not have mutations 
in rpsL or rrs,101 which indicates other mechanism(s) 
of resistance. Recently, a mutation in gidB, encoding 
a conserved 7-methylguanosine (m(7)G) methyltrans-
ferase specifi c for 16S rRNA, has been found to cause 
low-level SM resistance in 33% of resistant M. tuber-
culosis isolates.102 A subsequent study showed that 
while L16R change is a polymorphism not involved 
in SM resistance, other mutations in gidB appear to 
be involved in low-level SM resistance.103 In addition, 
some low-level SM resistance seems to be caused by 
increased effl ux as effl ux pump inhibitors caused in-
creased sensitivity to SM, although the exact mecha-
nism remains to be identifi ed.103 

Kanamycin (KM) and its derivative amikacin 
(AMK) are also inhibitors of protein synthesis through 
modifi cation of ribosomal structures at the 16S 
rRNA.104,105 Mutations at 16S rRNA (rrs) position 
1400 are associated with high-level resistance to KM 
and AMK.104,105 CPM is a polypeptide antibiotic. A 
gene called tlyA encoding rRNA methyltransferase 
was shown to be involved in resistance to CPM.106 
The rRNA methyltransferase modifi es nucleotide 
C1409 in helix 44 of 16S rRNA and nucleotide 
C1920 in helix 69 of 23S rRNA.107 Variable cross-
resistance may be observed between KM, AMK, 
CPM or viomycin (VM).47 Mutants resistant to CPM 
and VM could have tlyA, C1402T, or G1484T rrs 
mutations, while mutants resistant to CPM but not 
VM could have an A1401G rrs mutation.108 Mu-
tants with an A1401G mutation could cause resis-
tance to KM and CPM but not VM.108 Mutants re-
sistant to CPM, KM and VM could have either a 
C1402T or a G1484T mutation in the rrs gene.108 Mul-
tiple mutations may occur in the rrs gene in one strain, 
conferring cross-resistance among these agents.108 SM-
resistant strains are usually still susceptible to KM 
and AMK. 

Fluoroquinolones
DNA topoisomerases are a diverse set of essential en-
zymes responsible for maintaining chromosomes in 
an appropriate topological state. In the cell, topo-
isomerases regulate DNA supercoiling and unlink 
tangled nucleic acid strands to meet replicative and 
transcriptional needs.109 In most bacterial species, FQs 
inhibit DNA gyrase (topoisomerase II) and topo-
isomerase IV, resulting in microbial death. DNA gy-
rase is a tetrameric A2B2 protein. The A subunit car-
ries the breakage-reunion active site, whereas the B 
subunit promotes adenosine triphosphate hydrolysis. 
M. tuberculosis has respectively gyrA and gyrB en-
coding the A and B subunits.110 A conserved region, 
the quinolone-resistance-determining region (QRDR) 
of gyrA (320 bp) and gyrB (375 bp), has been found 
to be a most important area involved in the exhibi-
tion of FQ resistance in M. tuberculosis.110 Mutations 
within the QRDR of gyrA have been identifi ed in 
clinical and laboratory-selected isolates of M. tuber-
culosis, largely clustered at codons 90, 91, 94,110–114 
with Asp94 being relatively frequent.112,115 Other ma-
jor isolates involved also include codons 74, 83, 
87.111,115,116 Mutation at codon 95 is considered a 
polymorphism not involved in quinolone resistance.117 
A less common involvement is codon 88.118 For clini-
cal isolates, gyrB mutations appear to be of much 
rarer occurrence.113,114,119 Generally, two mutations 
in gyrA or concomitant mutations in gyrA plus gyrB 
are required for the development of higher levels of 
resistance.110,120

It has also been shown that the frequency of muta-
tions conferring FQ resistance in M. tuberculosis, and 
the distribution of resistance alleles selected, possibly 
depend on the FQ concentration.121 Selection at low 
FQ concentration produced many low-level resist-
ance mutants. None contained mutations in QRDR of 
gyrA, the principal drug target. However, as selection 
pressure increased, a variety of gyrA alterations be-
came prevalent. High concentrations of FQ reduced 
the variety to a few types, and eventually a concentra-
tion was revealed at which no mutant was recovered, 
which is called mutant prevention concentration.121

It is of immense interest to note that the percent-
age of FQ-resistant M. tuberculosis clinical isolates 
with discernible gyr mutations was found to vary 
markedly among different studies: <50% in some of 
them,112,114,119 with an extreme of 2%,114 and ⩾50% 
in many others113,115,116,122,123 with an extreme ap-
proaching 100%.116,123 Possible explanations of the 
observed variance might include differences in the mo-
lecular detection methodology used,110,123 especially 
in relation to the extent of coverage of the genome—
whether QRDR or beyond in gyrA, as well as for 
gyrB; the defi nition of FQ resistance in M. tubercu-
losis (MICs of ofl oxacin ⩾2 μg/ml vs. ⩾4 μg/ml) 
(some low-level quinolone-resistant strains may be 
falsely resistant);111,112 and perhaps other underlying 
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mechanisms responsible for the mycobacterial resist-
ance to FQs, such as decreased cell-wall permeabil-
ity to drug, drug effl ux pump, drug sequestration, 
or perhaps even drug inactivation.109 Recently, a 
new mechanism of quinolone resistance mediated by 
MfpA was identifi ed.124 MfpA is a member of the 
penta peptide repeat family of proteins from M. tu-
berculosis, whose expression causes resistance to FQ 
drugs. MfpA binds to DNA gyrase and inhibits its ac-
tivity in the form of a DNA mimicry, which explains 
its inhibitory effect on DNA gyrase and quinolone re-
sistance.124 The M. tuberculosis Rv2686c-Rv2687c-
Rv2688c operon, encoding an ATP-binding cassette 
transporter, has been shown to confer resistance to 
ciprofl oxacin and, to a lesser extent, norfl oxacin, 
moxifl oxacin and sparfl oxacin in M. smegmatis.125 
The resistance level was found to decrease in the 
presence of effl ux pump inhibitors such as reserpine 
and verapamil. However, it remains to be determined 
if clinical strains elaborate MfpA or the Rv2686c-
Rv2687c-Rv2688c operon to develop clinical resis-
tance to quinolones. 

The alternative mechanisms accounting for M. tu-
berculosis resistance to FQs are likely associated with 
lower levels of resistance, unlike that due to gyr muta-
tions.112 However, when these alternative mechanisms 
co-exist with gyr mutations, the displayed resistance 
can be anticipated to be considerable. Furthermore, it 
has been suggested that, regarding M. tuberculosis 
resistance to FQs, the underlying genetic mutations 
can show substantial disparity among different geo-
graphic regions.114

Ethionamide/prothionamide and thioamides 
ETH (2-ethylisonicotinamide) is a derivative of iso-
nicotinic acid, and is bactericidal only against M. tu-
berculosis, M. avium-intracellulare and M. leprae. The 
MICs of ETH for M. tuberculosis are 0.5–2 μg/ml in 
liquid medium, 2.5–10 μg/ml in 7H11 agar, and 5–
20 μg/ml in LJ medium. Like INH, ETH is also a 
prodrug that is activated by EtaA/EthA (a mono-
o xygenase)126,127 and inhibits the same target as INH, 
the InhA of the mycolic acid synthesis pathway.45 Pro-
thionamide (PTH, 2-ethyl-4-pyridinecarbothioamide) 
shares structure and activity almost identical to that 
of ETH. EtaA or EthA is a fl avin adenosine dinucleo-
tide (FAD) containing enzyme that oxidizes ETH to 
the corresponding S-oxide, which is further oxidized 
to 2-ethyl-4-amidopyridine, presumably via the unsta-
ble oxidized sulfi nic acid intermediate.128 EtaA also 
activates thiacetazone, thiocarlide, thiobenzamide, 
and perhaps other thioamide drugs,128 which explains 
the cross-resistance between ETH and thiacetazone, 
thiocarlide and other thioamides and thioureas.129 Mu-
tations in the drug-activating enzyme EtaA/EthA126,127 
cause resistance to ETH and other thioamides. In ad-
dition, mutations in the target InhA confer resistance 
to both ETH and INH. 

EPILOGUE

To meet the challenge of MDR-TB and XDR-TB 
worldwide, huge monetary resource instillation and 
extensive human resource development are required 
for the prevention and management of these formi-
dable drug resistance scenarios. Among the response 
priorities, rapid detection of anti-tuberculosis drug 
resistance, use of appropriate regimens for treatment, 
and new drug development are of paramount im-
portance. Recent advances in high throughput DNA 
sequencing will allow whole genome sequencing of 
unique drug-resistant strains to be performed at a 
much more rapid speed and signifi cantly less cost, 
which will facilitate the identifi cation of new and un-
known mechanisms of drug resistance and ultimately 
lead to more effi cient detection of drug resistance. 
Improved understanding of the mechanisms of drug 
resistance in M. tuberculosis would be conducive t o 
the accelerated development of these new strategies 
for control of drug-resistant TB. However, strength-
ening of the current TB control programs globally 
should continue to be maintained. Adequate moni-
toring of drug resistance, especially MDR/XDR-TB 
in new patients and its transmission, molecular char-
acterization of the drug-resistant strains, and analysis 
of patients’ immune status and genetic susceptibility 
are also needed to address the problem of the fi tness, 
virulence and transmissibility of drug-resistant M. tu-
berculosis strains.
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R É S U M É

La survenue croissante des tuberculoses à germes multi-

résistants (TB-MDR) et ultrarésistants (TB-XDR) a 

l’ère de l’infection par le virus de l’immunodéfi cience 

humaine (VIH) représente une menace majeure pour la 

lutte effi ciente contre la TB. La résistance aux médica-

ments chez Mycobacterium tuberculosis provient de 

mutations chromosomiques spontanées survenant à une 

faible fréquence. La TB clinique à germes résistants aux 

médicaments apparaît par suite d’une sélection d’origine 

humaine des modifi cations génétiques au cours du traite-

ment de la maladie due à la fourniture erratique des mé-

dicaments, à une prescription médicale suboptimale et à 

une adhésion médiocre des patients. Les mécanismes 

moléculaires de la résistance aux médicaments ont été 

élucidés pour les principaux médicaments de première 

et de deuxième ligne que sont la rifampicine, l’isoniazide, 

le pyrazinamide, l’éthambutol, les aminoglycosides et les 

fl uoroquinolones. Les relations entre la résistance aux 

médicaments dans les souches de M. tuberculosis et leur 

virulence ou leur contagiosité doivent être étudiées de 

façon plus approfondie. Une meilleure connaissance des 

mécanismes de la résistance de M. tuberculosis aux mé-

dicaments permettrait l’élaboration d’outils rapides de 

diagnostic moléculaire et permettrait d’entrevoir des pos-

sibilités de développement de nouveaux médicaments 

pour le traitement de la TB.

R E S U M E N

La aparición cada vez más frecuente de casos de tuber-

culosis (TB) multidrogorresistente (MDR) y extensiva-

mente drogorresistente (XDR) en la era de la infección 

por el virus de la inmunodefi ciencia humana (VIH) con-

stituye una amenaza considerable al control efi caz de la 

TB. La resistencia de Mycobacterium tuberculosis a los 

medicamentos aparece por mutaciones cromosómicas es-

pontáneas de baja frecuencia. La TB clínicamente dro-

gorresistente se presenta en gran medida como conse-

cuencia de una selección de las cepas con alteraciones 

genéticas determinada por el hombre durante el trata-

miento de la enfermedad ; las causas de esta selección 

son la inconstancia en el suministro de los medicamen-

tos, la prescripción incorrecta por parte de los médicos y 

el incumplimiento terapéutico de los pacientes. Ya se 

han elucidado los mecanismos moleculares de resisten-

cia a los principales medicamentos antituberculosos de 

primera y segunda línea como la rifampicina, la isonia-

zida, la pirazinamida, el etambutol, los aminoglucósidos 

y las fl uoroquinolonas. Sin embargo, la relación entre la 

drogorresistencia de algunas cepas de M. tuberculosis y 

su virulencia y transmisibilidad precisa nuevas investiga-

ciones. La comprensión de los mecanismos de resisten-

cia de M. tuberculosis a los medicamentos permitirá la 

elaboración de herramientas moleculares de diagnóstico 

rápido y ofrecerá posibles hipótesis de trabajo en el de-

sarrollo de nuevos medicamentos antituberculosos.
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