
JOURNAL OF CLINICAL MICROBIOLOGY, Feb. 2002, p. 501–507 Vol. 40, No. 2
0095-1137/02/$04.00�0 DOI: 10.1128/JCM.40.2.501–507.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Rapid Detection of Pyrazinamide-Resistant Mycobacterium tuberculosis
by a PCR-Based In Vitro System

Yasuhiko Suzuki,1* Aya Suzuki,1 Aki Tamaru,2 Chihiro Katsukawa,2 and Hajime Oda3

Departments of Pathology,1 Microbiology,2 and Industrial Health,3 Osaka Prefectural Institute of Public Health,
Higashinari-ku, Osaka 537-0025, Japan

Received 9 July 2001/Returned for modification 30 August 2001/Accepted 28 October 2001

Pyrazinamide (PZA), an analog of nicotinamide, is a prodrug for tuberculosis which requires conversion to
the bactericidal compound pyrazinoic acid by bacterial pyrazinamidase activity. Mutations leading to a loss of
pyrazinamidase activity cause PZA resistance in Mycobacterium tuberculosis. Thus, the detection of pyrazin-
amidase activity makes the discrimination of PZA-resistant tuberculosis possible. However, the detection of the
pyrazinamidase activity of M. tuberculosis isolates needs a large amount of bacilli and is therefore time
consuming. In this paper, we describe a new method for the detection of pyrazinamidase activity with a
PCR-based system. The genes encoding pyrazinamidase (pncA genes) in 30 resistant clinical isolates were
amplified by PCR by using forward primers containing bacteriophage T7 promoter sequences at their 5� ends.
Then the PCR products were directly subjected to an in vitro transcription-translation coupled system. All of
the PZA-resistant isolates tested showed reduced pyrazinamidase activity compared to susceptible M. tuber-
culosis type strain H37Rv. In contrast, all of the 15 susceptible clinical isolates exhibited pyrazinamidase
activities similar to that of H37Rv. This fact suggested the possibility of the usefulness of this system for the
rapid detection of PZA-resistant M. tuberculosis.

Tuberculosis (TB) caused by members of Mycobacterium tuber-
culosis complex is one of the common human diseases, causing
3,000,000 deaths per year worldwide (23). While the disease is
associated with economic impoverishment, TB is on the rise in
many industrialized nations. The spread of TB is due to immi-
gration, the emergence of drug-resistant strains (24), and the
AIDS epidemics. The increasing number of drug-resistant M.
tuberculosis strains has made the rapid identification of suscep-
tibility clinically important because those patients suffering
from these strains require specialized antibiotic treatment.

Recently, a number of genetic changes leading to rifampin,
isoniazide, pyrazinamide (PZA), streptomycin, and kanamycin
resistances have been characterized. Nearly 95% of rifampin-
resistant M. tuberculosis strains carry mutations in a certain region
of the beta subunit of the RNA polymerase encoded by the rpoB
gene (20, 21). The mutations correlated to isoniazide resistance
were found on the katG (25), inhA (1), and ahpC/oxyR (26)
genes. Ethambutol-resistant M. tuberculosis strains carried mu-
tations on a certain part of the gene coding for alabinosyl
transferase (2, 17). Mutations on the rrs and rpsL genes coding
for the 16S ribosomal RNA and ribosome protein S12, respec-
tively, confer streptomycin resistance (8, 11). A part of the
kanamycin-resistant phenotype can be detected by identifying
the mutations on the rrs gene (19). Missense mutations in the
DNA gyrase gene (gyrA) have been reported to be associated
with increased levels of resistance to fluoroquinolones (5).

PZA is one of the most important drugs for anti-TB short-
course chemotherapy. PZA is converted to pyrazinoic acid by
mediation of pyrazinamidase in M. tuberculosis, and it inhibits

fatty acid synthesis. Reduced pyrazinamidase activity corre-
lates well with resistance to PZA. The mutations that confer
PZA resistance have been investigated on the pyrazinamidase
gene (pncA) by Scorpio and Zhang (15). Thus, finding muta-
tions on the pncA gene makes the rapid detection of PZA-
resistant M. tuberculosis possible.

A number of rapid and simple methods based on the PCR
technique have been developed for the detection of a mutation
on the gene responsible for the drug resistance. PCR single-
strand conformational polymorphism (21) and molecular bea-
con sequence analysis (14) are suitable for the detection of a
limited number of mutations on specific genes. PCR product
direct sequencing and DNA microarray (9) can detect many
mutations at the same time. The latter two were suitable for
the detection of PZA-resistant M. tuberculosis because the
mutations responsible for PZA resistance were dispersed on
the pncA gene. However, as these methods require costly ap-
paratus, such as a DNA sequencer or laser scanner, they can
not be done in the small clinical laboratory.

In this report, we explain a new technique using PCR and an
in vitro transcription-translation coupled system that enabled
the rapid pyrazinamidase assay and PZA susceptibility test to
be done in the small clinical laboratory. By this method, PZA-
resistant M. tuberculosis can be detected within 8 h without
costly apparatus.

MATERIALS AND METHODS

Bacterial strains. M. tuberculosis strain H37Rv and Mycobacterium bovis BCG
strain Tokyo have been maintained in our laboratory. The 30 PZA-resistant
clinical strains used in this study were isolated in Osaka Prefectural Habikino
Hospital and National Sanatorium Minami-Okayama Hospital and maintained
in our laboratory. The susceptibilities to PZA of the clinical isolates were deter-
mined on 7H10 agar (Difco) slants (pH 5.5) containing 100 �g of PZA/ml. The
TB bacilli grown on the Ogawa medium were suspended in phosphate-buffered
saline, spread onto the slants, and incubated for 4 weeks at 37°C to determine
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their susceptibilities. The pyrazinamidase tests were performed according to the
method of McClatchy et al. (13).

DNA preparation. M. tuberculosis strains were grown on Ogawa medium.
Mycobacterial DNA was extracted from a single colony by a combination of
chloroform extraction and mechanical disruption (12).

Amplification of the pncA gene carrying the T7 promoter. The pncA gene
fragments carrying the T7 promoter sequence were amplified by PCR with the
primers shown in Fig. 1. Amplification was performed in a 0.2-ml PCR tube with
a total reaction volume of 50 �l by using a personal thermal cycler (Takara Shuzo
Co. Ltd., Kyoto, Japan). Each reaction tube contained 2.5 U of Taq DNA
polymerase; 200 �M (each) dATP, dCTP, dGTP, and dTTP; 20 mM Tris-HCl;
50 mM KCl; 2.5 mM MgCl2; sample DNA; and the primers presented in Fig. 1
and Table 1. A PCR round was conducted with an initial 1-min denaturation step
at 98°C coupled to a repeating cycle of 5 s at 98°C, 10 s at 55°C, and 1 min at 72°C
for 35 cycles, followed by a 7-min final extension step at 72°C.

In vitro synthesis of pyrazinamidase from PCR product. In vitro transcription-
translation coupled systems (TNT T7 quick for PCR DNA, TNT-coupled Wheat
Germ Extract systems, and E. coli T7 S30 Extract system; Promega Corporation,
Madison, Wis.) were used for the synthesis of pyrazinamidase from the PCR-
amplified pncA gene carrying the bacteriophage T7 promoter sequence. These
systems contain the cell lysates of rabbit reticulocyte, wheat germ, or Escherichia
coli with bacteriophage T7 RNA polymerase. mRNAs are transcribed from the

T7 promoter existing upstream of the pncA gene PCR product. Then pyrazin-
amidases are translated from the mRNAs by the machinery in the lysates.

Protein synthesis was performed mainly according to the manufacturer’s man-
ual. Briefly, the amplified pncA gene fragment was first qualified by analysis by
agarose gel electrophoresis with a DNA standard of known concentration, then
precipitated by adding 5 �l of 3 M sodium acetate and 1.00 �l of ethanol, and
centrifuged at 9,000 � g for 5 min. After being washed with 70% ethanol, the
resulting precipitate was dissolved in an appropriate volume of distilled water to
bring the solution to a concentration of 100 ng/�l. Then, 2 �l of DNA solution
was added to 20 �l of either rabbit reticulocyte lysate, wheat germ lysate, or E.
coli S30 lysate containing T7 RNA polymerase. After the addition of 1 �l of 0.5
mM methionine, the in vitro RNA and protein synthesis was performed at 30°C
for 0, 60, 90, 120, and 240 min. The resulting lysates were directly used for the
micropyrazinamidase assay.

Micropyrazinamidase assay. Measurement of pyrazinamidase activities was
performed with some modification of the method described by McClatchy et al.
(13). Twenty microliters of the lysate, after the in vitro synthesis of pyrazinami-
dase, was added to 100 �l of 10 mg of PZA solution/ml in distilled water and
incubated for 1 h at 37°C. After incubation, 10 �l of 10% ammonium iron(II)
sulfate was added to the reaction mixture, followed by further incubation for 2 h
at 37°C. In the case of the experiments with the wheat germ and E. coli lysates,
direct measuring of the optical density at 450 nm gave the pyrazinamidase

FIG. 1. Primers used for amplification of the pncA gene of M. tuberculosis. (A) Schematic presentation of the positions of the primers used.
(B) Exact positions of the primers used. The sequence TGGT in primer ON00-0016 was converted to AGGA to give an optimum ribosome binding
sequence (Shine-Dalgarno sequence) in primer ON00-0116. The sequence ATGC in primer ON00-0046 was converted to ATGA to give a Kozak
consensus sequence in primer ON00-0036.

TABLE 1. Primers used for amplification of the pncA gene

Primer Sequencea Remark

ON00-0117 GGATCCTAATACGACTCACTATAGGGAGCCCTGCCCGGGCAGTCGCCCGAAC

ON00-0016 GGATCCTAATACGACTCACTATAGGGAGCCCGCCCGAACGTATGGTGGACGT
ON00-0116 GGATCCTAATACGACTCACTATAGGGAGCCCGCCCGAACGTAAGCAGGACGT Good SDb

ON00-0046 GGATCCTAATACGACTCACTATAGGGAGCCACCATGCGGGCGTTGATCATCGTC
ON00-0036 GGATCCTAATACGACTCACTATAGGGAGCCACCATGAGGGCGTTGATCATCGTC Good Kozakc

ON00-0012 GGGGTCGACCACCGCCGCCAACAGTTCATCCC

a The sequence encoding the T7 phage promoter is shown in boldface type.
b The sequence TGGT in ON00-0016 was converted to AGGA to give an optimum ribosome binding sequence (Shine-Dalgarno [SD] sequence [16]).
c The sequence ATGC in ON00-0046 was converted to ATGA to give a Kozak consensus sequence.
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activity because the maximum absorbance of brown product from the pyrazin-
amidase test was observed at 450 nm. In the case of the experiment with the
rabbit reticulocyte lysate, 130 �l of 25% polyethylene glycol 6000 solution was
added to the resulting reaction mixture and the red colored hemoglobin inter-
fering with the accurate measurement of pyrazinamidase activity was removed by
passing the mixture through a Micropure-EZ centrifuge filter (Millipore Corpo-
ration, Bedford, Mass.). Pyrazinamidase activity was then measured by looking at
the optical density at 450 nm.

RESULTS

Amplification of T7 promoter-tailed pncA gene. Five kinds of
T7 promoters 5� attached to pncA gene fragments were am-
plified by PCR with the primers shown in Fig. 1 and Table 1.
All of the primers used in this study amplified the necessary
amount of DNA fragment when the DNA extracted from M.
tuberculosis strain H37Rv was used (data not shown). The
primer pairs ON00-0036 plus ON00-0012 and ON00-0046 plus
ON00-0012 were tested for the amplification of the pncA gene
of M. bovis BCG and PZA-resistant M. tuberculosis clinical iso-
lates to get similar amounts of PCR products (data not shown).

Monitoring of in vitro pyrazinamidase synthesis. Pyrazin-
amidase synthesized by an in vitro transcription-translation
coupled system was analyzed by a micropyrazinamidase assay.
Figure 2 shows a comparison of the pyrazinamidase activities
in the three systems, rabbit reticulocyte, wheat germ, and E.
coli S30, with five kinds of PCR products. The highest level of
pyrazinamidase activity was obtained by the rabbit reticulocyte
lysate system with the DNA amplified by using ON00-0036 and
ON00-0012 as primers. The next highest activity was obtained
by the rabbit reticulocyte lysate with the DNA amplified by
using ON00-0046 and ON00-0012 as primers. Reduced activity
was observed with the wheat germ lysate system, and no pyrazi-
namidase activity was observed with the E. coli S30 system (Fig.
2A to C). Thus, in vitro pyrazinamidase synthesis was opti-
mized by using PCR products amplified with ON00-0036 and
ON00-0012 as primers. A time course study of the in vitro
pyrazinamidase synthesis was performed with the pncA gene
fragment carrying the T7 promoter amplified from M. tuber-
culosis H37Rv and M. bovis BCG. The 0.2 �g of PCR products
was mixed with 20 �l of rabbit reticulocyte lysate and incu-
bated for 30, 60, 90, 120, and 240 min. The pyrazinamidase
activities in the reaction mixtures were measured by a micro-
pyrazinamidase assay. The pyrazinamidase activity of the re-
action mixture containing M. tuberculosis pncA PCR product
increased from 30 to 90 min in a time-dependent manner. In
contrast, faint pyrazinamidase activity was observed in the re-
action mixture containing the M. bovis BCG pncA PCR prod-
uct (Fig. 2B). This observation exhibited a good correlation
with the pyrazinamidase activity of these bacilli (Table 2). Be-
cause the difference between the pyrazinamidase activities
reached its maximum at the incubation time of 90 min, we used
90 min for in vitro pyrazinamidase synthesis in the experiments
with the clinical isolates.

Activities of in vitro-synthesized pyrazinamidase in PZA-
resistant M. tuberculosis clinical isolates. The pyrazinamidase
activities of in vitro-synthesized pyrazinamidase from 30 M.
tuberculosis clinical isolates were examined by the method de-
veloped as described above. Of 30 samples tested, 28 exhibited
pyrazinamidase activity lower than that of PZA-susceptible M.
tuberculosis H37Rv (Fig. 3A). The samples from strains TB94-

054 and TB98-076 exhibited high levels of pyrazinamidase ac-
tivity. The reason for the high levels of pyrazinamidase activity
in these samples was that the positions of the mutations were
contained in the 5� primer used. Thus, we used the primer
ON00-0016 instead of ON00-0036 (Fig. 1 and Table 1) for
further studies. Though the pyrazinamidase activity of M. tu-
berculosis H37Rv exhibited in this system was low, the activities
of TB94-054 and TB98-076 were much lower and more distin-
guishable (Fig. 3B).

DISCUSSION

We have been interested in studying the mutations on a
certain gene responsible for drug resistance of M. tuberculosis.

FIG. 2. Activities of in vitro-synthesized pyrazinamidase. The
pyrazinamidase activities synthesized in rabbit reticulocyte lysate (A),
wheat germ lysate (B), and E. coli S30 lysate (C) were examined as
described in Materials and Methods. The white, hatched, and filled
bars in panels A and B represented the pyrazinamidase activities ob-
tained from the experiments using ON00-0036, ON00-0046, and
ON00-0016 as forward primers, respectively. As shown in panel C,
although ON00-0116 (bar 4), ON00-0016 (bar 5), and ON00-0017 (bar
6) were used as forward primers for the time course study, no pyrazi-
namidase activity was observed. (D) The time course study of the
pyrazinamidase activities synthesized in rabbit reticulocyte lysate with
ON00-0036 as the forward primer was performed. Templates used for
the PCR whose results are shown in panel D were M. tuberculosis
H37Rv (PZA susceptible; filled square) and M. bovis BCG (PZA
resistant; filled circle). OD450, optical density at 450 nm.
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Numerous efforts have been made in this field. A lot of muta-
tions related to the resistance to anti-TB drugs were investi-
gated for rifampin (18, 20, 21), isoniazide (1, 25, 26), etham-
butol (2, 17), streptomycin (8, 11), kanamycin (19), and

fluoroquinolones (5). The same kind of work on PZA is espe-
cially important because the susceptibility test for M. tubercu-
losis with media is sometimes unsettled due to the low level of
pH dependence of this method (3). Lots of experiments have
been performed with special emphasis on the gene encoding
pyrazinamidase (the pncA gene) as a responsible gene (15).
Nearly 90% of PZA-resistant M. tuberculosis isolates carry
mutations in the coding region of pncA, and about 5% carried
mutations in the ribosome binding site of this gene (6, 7, 10).
Theoretically, sequencing the pncA gene by using a DNA se-
quencer or a DNA microarray makes the rapid detection of
PZA-resistant M. tuberculosis possible. However, these meth-
ods require costly apparatus. The newly reported methods for
the detection of single-point mutations, such as PCR single-
strand conformational polymorphism (21) and molecular bea-
con sequence analysis (14), were applied for the rapid detec-
tion of rifampin- or other drug-resistant TB. However, they are
not suitable for the detection of PZA-resistant TB because of
the dispersed existence of the mutations on the pncA gene.
Therefore, a rapid method that did not involve finding the
mutations seemed to be important.

As mentioned above, PZA is a drug that is only active at a
low pH of around 5, and the identification of PZA resistance
on media is not easy. So, the PZA susceptibility test now
depends on the pyrazinamidase test because of the strong
correlation of reduced pyrazinamidase activity with the PZA
resistance phenotype (4, 13, 22). However, the pyrazinamidase
assay method has shortcomings; e.g., it takes at least 3 weeks to
prepare a sufficient amount of bacilli and it also takes 4 days
for the pyrazinamidase assay. Thus, the in vitro pyrazinamidase
synthesis and assay method was designed and examined in this
study.

The DNA fragments of the pncA gene of M. tuberculosis
carrying the bacteriophage T7 promoter were amplified by
PCR, and the pyrazinamidase was synthesized by in vitro tran-
scription-translation coupled systems. Five kinds of PCR prod-
ucts were examined by this system for the ability to produce
pyrazinamidase. The DNA sequences attached to the pncA
gene were as follows. (i) The T7 promoter sequence and an
additional ACC were attached just upstream of the initiation
codon, and the sequence around the initiation codon was con-
verted to a Kozak consensus sequence (25) (from ATGC to
ATGA, primer ON00-0036). (ii) The T7 promoter sequence
and an additional ACC were attached just upstream of the
pncA gene initiation codon (primer ON00-0046). (iii) The T7
promoter sequence was attached to the �22 position of the
pncA gene (primer ON00-0016). (iv) The T7 promoter se-
quence was attached to the �22 position of the pncA gene, and
the sequence of the putative ribosome binding region was
converted to a Shine-Dalgarno consensus sequence (26) (�10
to �7, from TGGT to AGGA, primer ON00-0116). (v) The T7
promoter sequence was attached to the �35 position of the
pncA gene (primer ON00-0117). The amplification efficiencies
of the pncA gene with each of these primers were almost the
same. Thus, the pyrazinamidase activities expressed with the
three kinds of lysates, rabbit reticulocyte, wheat germ, and E.
coli S30, were examined. From the results, the pncA PCR
product carrying the T7 promoter, followed by the initiation
codon with a Kozak consensus sequence worked most effi-
ciently with the rabbit reticulocyte lysate. The reason why no

TABLE 2. Characteristics of M. tuberculosis strains examined in this
study

Strain PZA
susceptibilitya

PZase
activityb Mutation(s)

98-076 R � 14-T3A
98-075 R � 100-T3G
98-073 R � Base 486–496 deleted
98-069 R � Deletion of the entire gene
98-064 R � 403-A3C

98-062 R � 169-C3G
98-060 R � 260/261 ACc

98-053 R � Base 449 deleted
98-052 R � 181-A3C, 416-T3C
98-048 R � 385/386 CGc

98-047 R � 184/185 Tc 290-G3T
98-009 R � 412-T3C
97-001s R � Bases 182–183 deleted
97-020 R � 24-C3G
97-019 R � 104-T3C

97-015 R � 415-G3T
97-012 R � 152-A3C
97-010 R � 350/351 Tc

97-009 R � 146-A3C
97-008 R � 467-T3A

97-006 R � 212-A3C
97-004 R � 297-C3A
97-001 R � 383-T3G
96-004 R � Base 412 deleted
94-067 R � 230/231 IS 6110c

94-054 R � 8-C3A
94-053 R � 391/392 GGc

94-050 R � 407/408 GCc

94-048 R � 170-A3C
94-018 R � 40-T3C

98-120 S � None
98-119 S � None
98-113 S � None
98-110 S � None
98-103 S � None

98-108 S � None
98-107 S � None
98-105 S � None
98-104 S � None
98-099 S � None

98-095 S � None
98-071 S � None
98-063 S � None
98-058 S � None
98-057 S � None

98-056 S � None
H37Rv S � None
BCG R � 169-C3G

a R, resistant; S, susceptible.
b PZase, pyrazinamidase; �, absent; �, present.
c Insertion of base(s).
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pyrazinamidase activity was observed with the E. coli S30 sys-
tem is not clear. There might exist some incompatibility, such
as codon usage and/or molecular chaperon of the amplified
pncA gene, with the E. coli S30 system. By using this system, 30
resistant isolates were tested with the in vitro system. Of 30
resistant strains, 28 exhibited reduced pyrazinamidase activity
compared to the PZA-susceptible strain H37Rv (Fig. 3A),
whereas activities similar to that of H37Rv were obtained with
PZA-susceptible clinical isolates (Fig. 3B). Two isolates, TB94-

054 and TB98-076, carrying the mutations 8-C3A and 14-
T3A, respectively, exhibited pyrazinamidase activities similar
to that of strain H37Rv (Table 2) with this method. These
mutated bases were included in primer ON00-0036, and the
PCR products from these strains had the wild-type sequence.
Therefore, the pyrazinamidase activity was exhibited at a level
similar to that of the PZA-susceptible strain H37Rv. Although
the pyrazinamidase activity expressed was lower with primer
ON00-0016 (Fig. 2A), it was necessary to use this primer for

FIG. 3. In vitro pyrazinamidase activities of PZA-resistant clinical isolates. (A) The pyrazinamidase activities synthesized with rabbit reticu-
locyte lysate obtained from the experiments with ON00-0036 as a forward primer were examined. Templates used for the PCR were DNAs from
M. tuberculosis H37Rv (PZA susceptible; white bar), M. bovis BCG (PZA resistant; hatched bar), and PZA-resistant clinical isolates (black bars).
(B) The same experiments were performed with PZA-susceptible clinical isolates (gray bars), and the results were compared with the results
obtained with M. tuberculosis H37Rv (white bar) and M. bovis BCG (hatched bar). (C) The pyrazinamidase activities synthesized with rabbit
reticulocyte lysate obtained from the experiments with ON00-0016 as a forward primer were examined. Templates used for the PCR were DNAs
from M. tuberculosis H37Rv (white bar) and PZA-resistant clinical isolates (black bar). (D) The same experiments were performed with
PZA-susceptible clinical isolates (gray bars), and the results were compared with the results obtained with M. tuberculosis H37Rv (white bar) and
M. bovis BCG (hatched bar). OD450, optical density at 450 nm.
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looking at the pyrazinamidase activity of TB94-054 and TB98-
076. Expectedly, reduced pyrazinamidase activities compared
to that of H37Rv were observed with this system (Fig. 3C),
whereas activities similar to that of H37Rv were obtained with
PZA-susceptible clinical isolates (Fig. 3D). These results indi-
cated the possibility of detecting more than 90% of PZA-
resistant M. tuberculosis with the in vitro pyrazinamidase assay
method established in this study. In addition, some of the
resistant isolates demonstrated weak pyrazinamidase activities
by the in vitro method. This might correlate with the MIC, and
PZA might still be effective, particularly if it is administered as
part of combination therapy. This should be further investi-
gated in future studies.

The steps of the in vitro pyrazinamidase assay method es-
tablished in this study are presented schematically in Fig. 4.
The amounts of time required for DNA extraction, pncA gene
amplification, pyrazinamidase in vitro synthesis, and the
pyrazinamidase assay were 1, 2 to 4, 1.5, and 3 h, respectively.
By this method, the pyrazinamidase activity of M. tuberculosis

can be detected within 8 h from clinical isolates and within 10 h
from clinical specimens (using nested PCR for amplification of
the pncA gene), whereas more than 3 weeks are necessary (3
weeks for the culture and 4 days for the pyrazinamidase test)
for the conventional method. The method developed in this
study can dramatically reduce the time for the detection of
PZA-resistant M. tuberculosis. As the procedure of this method
is very simple, safe, and cost saving, the in vitro pyrazinamidase
assay method can serve as the standard method for the detec-
tion of PZA-resistant M. tuberculosis.
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