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Conventional methods for determining drug susceptibility of Mycobacterium tuberculosis require
several weeks to obtain results, limiting their usefulness; automated methods and those based
on molecular biology techniques have been able to reduce the turnaround time, but their high cost
and need for sophisticated equipment restrict their use in developing countries. The goal of the
present study was to evaluate the diagnostic accuracy of a rapid (3–4 days) low-cost test
based on the use of mycobacteriophage D29 to determine the susceptibility of strains of M.
tuberculosis to rifampicin (RIF) and isoniazid (INH). Results obtained show that susceptibility
testing for RIF has a high diagnostic accuracy as compared to the standard indirect proportion
method on Löwenstein–Jensen medium (sensitivity 100 % and specificity 98 %). Given the
association between the resistance to RIF and INH, which define multidrug resistance (MDR), this
test seems suitable for rapid detection of MDR tuberculosis strains (k=0.978). Susceptibility
testing for INH using mycobacteriophage D29 had a good but lower diagnostic accuracy as
compared to the standard method (sensitivity 80.4 % and specificity 80.8 %); the test would
then be of limited usefulness in the management of tuberculosis patients. Further studies to
determine the relationship of mycobacteriophage D29 tests to in vivo correlates of sensitivity to
specific antituberculosis drugs are warranted.

INTRODUCTION
Tuberculosis (TB) is an important worldwide public health
problem, according to indicators of morbidity and mortality (World Health Organization, 2005). The World Health
Organization has implemented a series of strategies,
especially the Directly Observed Treatment Short Course
(DOTS), seeking better control of the disease. The aim of
DOTS is to ensure completion of effective antibiotic treatment based on rifampicin (RIF), isoniazid (INH), pyrazinamide and ethambutol (Iseman, 1998). This therapy has
been designed to obtain a rapid cure of patients with TB and
avoid the appearance of strains resistant to these antibiotics.
Within the different patterns of resistance, multidrugresistant (MDR) strains of Mycobacterium tuberculosis,
resistant to at least INH and RIF, constitute an important
problem for TB control (Heifets & Cangelosi, 1999;
Watterson & Drobniewski, 2000). Rapid detection of
Abbreviations: DST, drug susceptibility testing; INH, isoniazid; MDR,
multidrug resistance/resistant; MYDBA, mycobacteriophage D29based assay; RIF, rifampicin; ROC, receiver operating characteristic;
TB, tuberculosis.
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resistant strains is very important to restrict their dissemination in the population (Heifets & Cangelosi, 1999).
Conventional methods for drug susceptibility testing (DST)
in TB are based on culture and growth of M. tuberculosis in
drug-containing egg-based or agar culture media, which
need long incubation periods to yield visible colonies
(Heifets & Cangelosi, 1999; Heifets, 1991). The BACTEC
TB-460 system (Becton Dickinson) automated radiometric
instrument and advances in the field of molecular biology
have allowed reduction of the time required for DST of M.
tuberculosis to first-line drugs (Tortoli et al., 2002;
Watterson & Drobniewski, 2000; Watterson et al., 1998).
The high cost and requirement of sophisticated equipment
make it impossible to routinely use such procedures in
developing countries, where most of the TB patients are
found (McNerney, 1999). New rapid tests based on mycobacteriophage D29 (bacteriophage able to infect most
members of the genus Mycobacterium) are an attractive
alternative (David et al., 1980b). These tests rely on the fact
that the mycobacteriophage cycle will be completed only in
viable host cells (mycobacteria); therefore, if M. tuberculosis
is exposed to a mycobacteriophage, efficient replication of
the virus would indirectly indicate the viability of the
46622 G 2007 SGM
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mycobacterium (David et al., 1980a, b; Hatfull, 1999, 2005).
First exposing a strain of M. tuberculosis susceptible to RIF
to a critical concentration of this drug and then infecting
it with mycobacteriophage D29 will result in no phage
replication; if a strain resistant to RIF is infected, the phage
will continue its replication and produce bacterial lysis
(Eltringham et al., 1999a; Galı́ et al., 2003; McNerney et al.,
2000; Sı́mboli et al., 2005). Since evidence of a lytic cycle
depends on replication of the host bacterium, a rapidgrowing mycobacterium, Mycobacterium smegmatis, is used
to reduce the turnaround time of drug susceptibility results
(David et al., 1980a). Other drugs such as INH probably
cannot interfere directly with phage replication, but their
effect on susceptible mycobacteria will still make them
incapable of producing new phage (Eltringham et al., 1999b;
McNerney et al., 2000).
The purpose of this study was to evaluate the accuracy of a
rapid susceptibility test based on mycobacteriophage D29
for DST of M. tuberculosis to RIF and INH. The accuracy of
the test was defined as its capacity to identify true resistant
and true susceptible strains of M. tuberculosis as determined
by the standard proportion test.

METHODS
Mycobacterial strains. Ninety-three strains of M. tuberculosis (cultured from clinical specimens of Peruvian patients) from the strain
collection of the Institute of Tropical Medicine Alexander von
Humboldt of the Universidad Peruana Cayetano Heredia, Lima,
Peru, were included in the study. The strains were identified by conventional biochemical methods (Kent & Kubica, 1985). They were
subcultured in Löwenstein–Jensen (LJ) medium and incubated for
3 weeks at 37 uC before being tested. American Type Culture
Collection (ATCC) reference strains ATCC 35838 resistant to RIF
and ATCC 35822 resistant to INH were used as controls.
The mycobacteriophage D29-based assay (MYDBA). This assay

was carried out following a modification of the procedure described
by McNerney et al. (1998). INH and RIF (Sigma-Aldrich) solutions
were prepared at concentrations of 1 mg ml21 in distilled water and
10 mg ml21 in methanol, respectively, filter-sterilized and kept
frozen until used (Kent & Kubica, 1985). The detection of strains
resistant to RIF using the MYDBA was made by inoculating each
strain in two tubes of Luria broth with 1 mM CaCl2 (LB-S), one
containing 2 mg RIF ml21 and the other no antibiotic. For INH the
antibiotic tube contained 1 mg ml21 of the drug. The tubes were
incubated at 37 uC for 24 h for RIF and 48 h for INH. The concentrations of antibiotics were determined by a checkerboard assay
using the reference strains indicated. The bacteria were infected with

mycobacteriophage D29 for 1.5 h. Extracellular mycobacteriophage
D29 was eliminated with 0.03 M ferrous ammonium sulfate (FAS).
FAS action was stopped by adding more LB-S to a 1 : 5 dilution.
Then, 100 ml was taken from each tube and inoculated in tubes containing 4 ml molten agar at 45 uC and 400 ml M. smegmatis grown in
Middlebrook 7H9 broth. The tubes were poured onto Petri dishes
with LB agar plus 1 mM CaCl2. The Petri dishes were incubated for
24 h at 37 uC and the number of infection plaques was counted. A
strain was considered resistant if there were 10 % or more plaques in
the Petri dish from the drug-containing tube compared to the Petri
dish from the control tube without antibiotic; a strain was considered susceptible if the number of plaques was less than 10 % of
those in the control dish.
Proportion method. All the strains were also tested by the proportion method on LJ medium, according to standard procedures, at concentrations of 0.2 mg INH ml21 and 40 mg RIF ml21 (Heifets, 1991).
Data analysis. Data analysis involved the use of receiver operating
characteristic (ROC) curves and results for each drug under evaluation were interpreted in terms of sensitivity and specificity using the
proportion method as the gold standard (Altman, 1991; Hanley &
McNeil, 1982; Shapiro, 1999; Swets, 1988). Predicted values were
calculated by the Bayes theorem using published prevalence of resistant M. tuberculosis strains in Peru as an a priori probability (World
Health Organization, 1997). The level of agreement between the
mycobacteriophage D29-based assay and detection of MDR-TB
strains with the proportion method was measured using the kappa
(k) index of agreement (Altman, 1991). The calculations were made
with SPSS v. 11.0.

RESULTS AND DISCUSSION
According to the proportion method, 43/93 (46.2 %) of the
strains were resistant to RIF and INH (MDR strains), 3/93
(3.2 %) were susceptible to RIF and resistant to INH and the
remaining 47/93 (50.5 %) were susceptible to both drugs.
The agreement between the results obtained using the
MYDBA and the proportion method is shown in Table 1.
The discriminative capacity of the DST for RIF and INH
using the MYDBA according to the area under the ROC
curve (AUC) is shown in Fig. 1 and Fig. 2. The test for RIF
shows a high (‘excellent’) exactitude with an AUC >0.99,
while that for INH is ‘good’ with an AUC >0.85, indicating
that it could be useful in some cases (depending on TB
prevalence).
The sensitivity and specificity of the MYDBA, considering a
cut-off of 90 % of inhibition of the phage infection, as
suggested by previous studies (Eltringham et al., 1999a), is
shown in Table 1. The positive and negative predictive

Table 1. Sensitivity and specificity of the MYDBA in the susceptibility testing of 93 isolates of Mycobacterium tuberculosis to
RIF and INH
MOP, proportion method.
Antibiotic
INH
RIF

Susceptible,
both methods

Susceptible, MOP
resistant, MYDBA

Resistant, MOP
susceptible, MYDBA

Resistant,
both methods

Sensitivity
(%)

Specificity
(%)

38
49

9
1

9
0

37
43

80.4
100.0

80.8
98.0
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Table 2. Predictive values of the MYDBA in the susceptibility testing of Mycobacterium tuberculosis to RIF and INH
PPV, Positive predictive value; NPV, negative predictive value.
Patient

RIF
New
resistance
Previously
treated
INH
New
resistance
Previously
treated
Fig. 1. Empirical ROC curve (–) for the susceptibility of M.
tuberculosis (n=93) to RIF using the MYDBA. The diagonal
line (--) indicates a theoretical test that does not have discriminative capacity between resistant and susceptible strains. AUC,
Area under curve; SE, standard error.

values for detection of resistance or susceptibility to RIF and
INH are shown in Table 2. The agreement between the
MYDBA for determining resistance to RIF and the detection
of MDR-TB strains with the proportion method was very
high (k index=0.978; SE=0.021). The results for INH using
the mycobacteriophage D29 had a moderate agreement (k
index=0.548; SE=0.087).
There has been increasing interest in designing and improving tests based on mycobacteriophages since the first
publication of Wilson et al. (1997) on the potential of
mycobacteriophage D29 as a tool for the determination of

Prevalence MYDBA-RIF MYDBA-INH
(%)*
PPV NPV PPV NPV
4

67.6

100

2

2

14.6

89.5

100

2

2

9

2

2

29.3

97.7

16.2

2

2

44.7

95.5

*World Health Organization (1997).

antibiotic susceptibility of M. tuberculosis (McNerney, 1999).
Our results agree with those of other authors. Thus Sı́mboli
et al. (2005) have shown that their in-house mycobacteriophage D29 amplification assay for detecting RIF-resistant
M. tuberculosis has a high performance (100 % sensitivity
and 97.7 % specificity). This performance may be explained
by the key role of RNA polymerase in the transcription of the
bacterial genome (host) and also in the efficient transcription of the phage genome and the generation of new phage
progeny (Hatfull, 1999, 2005). The specific binding of RIF to
RNA polymerase permanently inhibits its catalytic activity
(David et al., 1980b; Heifets, 1991). Therefore, point mutations in the rpoB gene, which encodes RNA polymerase,
produce modifications of this enzyme, making it resistant to
RIF inactivation and allowing phage multiplication.
An important aspect in the pattern of antibiotic susceptibility of M. tuberculosis is the association between the
resistance to RIF and that to INH (World Health Organization, 1998). In this study, 43/43 (100 %) of the RIF-resistant
strains were also resistant to INH, in accordance with
previous observations. Since RIF and INH are the most
important drugs for TB treatment, RIF resistance could be
an important marker, indicating that a patient would not
benefit with the standard antituberculosis regimen, and
requires the use of second-line drugs. Most RIF-resistant
strains worldwide are also MDR, so the speed (48 h) of
mycobacteriophage tests is a substantial advantage, allowing
better therapeutic management of patients through rapid
detection of MDR strains and reduction of the turnaround
time for diagnosis. Faster, improved detection of MDR-TB
strains coupled to an efficient patient management system
would avoid their further dissemination through appropriate use of second-line drugs.

Fig. 2. Empirical ROC curve (–) for the susceptibility of M.
tuberculosis (n=93) to INH using the MYDBA. The diagonal
line (--) represents a theoretical test that does not have discriminative capacity between resistant and susceptible strains.
AUC, Area under curve; SE, standard error.
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Simultaneous MYDBA determination of INH resistance will
add information indicating, with good approximation,
whether this drug could be used with second-line drugs
or not.
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There were instances where the MYDBA and the proportion
method gave discrepant results for INH susceptibility. There
must be mechanistic reasons for this discrepancy, which was
reproducible in the same strains. There are discrepant results
between the D29-based and the conventional proportion
method; Galı́ et al. (2006) have also noted this, and suggested that the sensitivity of phage methods in detecting
INH resistance depends on the resistance level of the isolates. An evaluation of our strains with the Microplate
Alamar Blue Assay has shown that five of the nine discrepant
resistant strains had MICs ¡0.5 mg ml21, while in a
random sample of 34 resistant strains (those resistant to
INH according to both the MYDBA and proportion
method) only eight had MICs ¡0.5 mg ml21. The INH
inhibits mycolic acid synthesis (major lipid component
of the mycobacterial cell wall skeleton), both in whole cells
and in cell extracts (Bardou et al., 1996). Therefore, the
activity of INH on the lytic cycle of mycobacteriophage is
indirect. Bardou et al. (1996) have shown that an early effect
of INH on the ultrastructure of mycobacteria was an alteration at the bacterial poles accompanied by a release of
proteins from the poles into the extracellular medium. They
have suggested that this release of extracellular proteins is
proportional to the concentration of INH necessary to
inhibit mycolate biosynthesis (Bardou et al., 1996). This
could explain some of the discrepant results observed.
Current ‘classical’ DST methods, including the proportion
method, are seldom formally contrasted with in vivo treatment results, especially with controlled animal experiments.
Testing of antimicrobial sensitivity tests using animal
models seems entirely warranted to determine the significance of the discrepant results found between the two in
vitro methods here evaluated.
Future research should aim at further simplification of
candidate DS tests with less laboratory manipulation steps.
New methods could measure mycobacteriophage activity
quantitatively through metabolites released during bacterial
lysis (e.g. ATP or specific enzymes). Recent advances in
molecular biology and better knowledge of Mycobacterium–
mycobacteriophage interactions could result in the design of
various receptor-specific phages, which would be capable of
species determination within the genus Mycobacterium.
In conclusion, the MYDBA for RIF due to its low cost and
high diagnostic accuracy in comparison to the proportion
method is ready to become a useful tool in the therapeutic
handling of patients with TB. The MYDBA for INH requires
the validation of its accuracy as compared with in vivo
methods, but the rapid availability of its results overshadows
its theoretical disadvantage.
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