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Resistance of Mycobacterium tuberculosis to pyrazinamide (PZA) derives mainly from mutations in the pnc4 gene.
We developed a reverse hybridization-based line probe assay with oligonucleotide probes designed to detect muta-
tions in pncA. The detection of PZA resistance was evaluated in 258 clinical isolates of M. tuberculosis. The sensitivity
and specificity of PZA resistance obtained by this new assay were both 100%, consistent with the results of
conventional PZA susceptibility testing. This assay can be used with sputa from tuberculosis patients. It appears to
be reliable and widely applicable and, given its simplicity and rapid performance, will be a valuable tool for

diagnostic use.

Pyrazinamide (PZA) is an important first-line antitubercu-
losis drug used clinically for short-course chemotherapy be-
cause of its effectiveness against semidormant bacilli seques-
tered within macrophages (6, 10). The intracellular sterilizing
activity of PZA allows the treatment period to be reduced to 6
months, whereas 9 months of treatment is required when PZA
is not used (19). PZA is a prodrug. It requires conversion to
pyrazinoic acid by bacterial pyrazinamidase (PZase) to affect
tuberculosis bacilli (7, 17). Recent reports have established
that mutations in the PZase gene (pncA) lead to the loss of
PZase activity and constitute the primary mechanism of PZA
resistance in Mycobacterium tuberculosis (11, 21, 22).

The time required for in vitro drug susceptibility testing of
M. tuberculosis is constrained by the organism’s relatively slow
growth. Conventional drug susceptibility testing takes 7 to 28
days, depending on the culture system used (15). For most
antituberculosis drugs, conventional methods produce reliable
results, although PZA susceptibility testing with such methods
is impaired by the poor bacterial growth under acidic condi-
tions (7, 9). However, new culture methods were developed
recently to resolve this problem (2, 13).

Previously, we described a DNA sequencing-based method
to detect mutations in the genome of drug-resistant strains,
including PZA-resistant M. tuberculosis (18). However, the use
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of this method in ordinary-scale clinical laboratories can be
difficult. Therefore, we developed and describe here a new
hybridization-based line probe assay (LiPA) for the rapid de-
tection of pncA mutations in M. tuberculosis that is easily ap-
plied to clinical use. This assay can be used to evaluate PZA
resistance, particularly in multidrug-resistant organisms, ana-
lyze PZA-resistant genes, and identify epidemic strains.

MATERIALS AND METHODS

Bacterial strains. Two hundred twenty-five clinical isolates of M. tuberculosis
were obtained from patients with pulmonary tuberculosis in Japan, and 33 were
obtained from patients in Poland. The other bacterial strains used in this study
are listed in Table 1.

Clinical samples. Fifty-three sputum samples were collected from patients
with tuberculosis or suspected tuberculosis. These samples were treated with an
N-acetyl-L-cysteine-NaOH solution according to the procedure provided with
the BBL MycoPrep Mycobacterial System Digestion/Decontamination kit (BD
Diagnostic Systems, Franklin Lakes, NJ). Each sample was suspended in 1.5 ml
of phosphate buffer. One milliliter of the suspension was transferred into a 1.5-ml
tube. The remaining suspension was inoculated onto Ogawa medium and into
MGIT 960 broth (BD BACTEC MGIT 960; BD Biosciences) and cultured for
mycobacterial examination. One milliliter of the suspension was centrifuged for
15 min at 13,000 X g, and the supernatant was removed with a pipette. Tris-
EDTA (TE) buffer (100 pl) was added to the sediment, and the solution was
again centrifuged for 15 min at 13,000 X g. The sediment was suspended in 50 pl
of TE buffer (50 wl), resuspended by vortexing, and incubated at 95°C for 30 min
followed by incubation at 100°C for 10 min. The sample was vortexed again,
allowed to cool, and centrifuged at 12,000 X g for 5 min to clarify the superna-
tant, which was transferred into another 1.5-ml tube. Each aliquot of the super-
natant (5 pl) was used for each of the LiPA or Cobas Amplicor assays (Roche
Diagnostic Systems, Basel, Switzerland).

PZA susceptibility testing and assay for PZase activity. All clinical isolates of
M. tuberculosis and M. tuberculosis strains H37Rv and H37Ra were tested for
PZA susceptibility. Susceptibility to PZA was assessed by the broth method
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TABLE 1. Species specificity of the LiPA for detecting M. tuberculosis pncA

Hybridization signal with probes:

Speci - a Nested PCR
pecies Strain’ b
result 1-24 25-47

M. tuberculosis H37Rv (ATCC 27294) + All positive All positive
M. tuberculosis H37Ra (ATCC 25177) + All positive All positive
M. bovis BCG Japanese strain 172¢ + Al16¢ All positive
M. avium ATCC 25291 = All negative All negative
M. fortuitum RIMD 1317004 (ATCC 6841) =% All negative All negative
M. gastri GTC 610 (ATCC 15754) = All negative All negative
M. intracellulare JCM 6384 (ATCC 13950) —* All negative All negative
M. kansasii JCM 6379 (ATCC 124878) - All negative All negative

M. marinum
M. nonchromogenicum

GTC 616 (ATCC 927)
JCM 6364 (ATCC 19530)

M. phlei RIMD 1326001 (ATCC 19249)
M. scrofulaceum JCM 6381 (ATCC 19981)

M. simiae GTC 620 (ATCC 25275)

M. smegmatis ATCC 19420

M. szulgai JCM 6383 (ATCC 35799)

M. terrae GTC 623 (ATCC 15755)

ATCC 8739
1ID 984 (ATCC 9334)
11D5209 (ATCC 15380)

Escherichia coli
Haemophilus influenzae
Klebsiella pneumoniae

Legionella pneumophila GTC 745
Mycoplasma pneumoniae IID 817
Pseudomonas aeruginosa ATCC 27853
Rhodococcus equi ATCC 33710
Staphylococcus aureus N315
Streptococcus pneumoniae GTC 261

— All negative
- All negative
— All negative
- All negative
— All negative
- All negative
— All negative
- All negative
— All negative
- All negative
— All negative
- All negative
— All negative
- All negative
— All negative
- All negative
— All negative

All negative
All negative
All negative
All negative
All negative
All negative
All negative
All negative
All negative
All negative
All negative
All negative
All negative
All negative
All negative
All negative
All negative

“ ATCC, American Type Culture Collection, Manassas, VA; RIMD, Research Institute for Microbial Diseases, Osaka University, Osaka, Japan; GTC, Gifu Type
Culture Collection, Department of Microbiology-Bioinformatics, Regeneration and Advanced Medical Science, Gifu University, Graduate School of Medicine,
Bacterial Genetic Resources, Gifu, Japan; JCM, Japan Collection of Microorganisms, Institute of Physical and Chemical Research (RIKEN), Saitama, Japan; IID,

Institute of Medical Science, University of Tokyo, Tokyo, Japan.

> Approximately 100 ng of genomic DNA was used in the first PCR. Amplification results were determined by agarose gel electrophoresis. +, presence of
amplification product of the expected; —, absence of amplification products; —*, presence of amplification products, but the sizes of the products were different from

that of M. tuberculosis.
¢ From Japan BCG Laboratory, Tokyo, Japan.
@ Absence of hybridization signal with one of the probes (probe 16).

(MGIT 960). Nontuberculous Mycobacterium spp. were also tested for PZA
susceptibility with the MGIT 960 method. However, standard methods for sus-
ceptibility testing are not available for nontuberculous Mycobacterium spp. (5).
PZase activity was determined as described previously (20). In brief, a heavy
loopful of mycobacterial culture freshly grown on Ogawa medium was inoculated
onto 5 ml of Middlebrook 7H11 agar supplemented with pyrazinecarboxamide
(0.812 mM; Wako Pure Chemical Industries, Osaka, Japan), sodium pyruvate
(18.18 mM; Nacalai Tesque, Kyoto, Japan), and glycerol (0.5%, vol/vol; Nacalai)
in a glass tube with a screw cap. After incubation at 37°C for 4 days, 1 ml of
freshly prepared ferrous ammonium sulfate solution (25.5 mM; Sigma Chemical,
St. Louis, MO) was added to each tube, and the presence of a pink band was
assessed. M. tuberculosis strain H37Rv, which is susceptible to PZA and positive
for PZase, was used as a positive control for the assay. M. bovis strain BCG,
which is resistant to PZA and negative for PZase, was used as a negative control.

DNA extraction. Two different methods were applied to extract genomic DNA.
One method was described previously (12). The other method was performed as
follows. Mycobacterial cells and other bacterial cells were collected from Ogawa
medium and broth medium, respectively. A loopful of cells was suspended in 0.5
ml 1X TE buffer and inactivated at 100°C for 10 min. Cellular debris was pelleted
at 13,000 X g for 5 min, and the supernatant with genomic DNA was used for
PCR. Mycobacterial DNA in sputa was extracted with a cell lysis solution con-
tained in a diagnosis kit (Amplicor respiratory specimen preparation kit; Roche
Molecular Systems, Inc., Branchburg, NJ) or extracted by heating at 95°C for 30
min followed by freezing and thawing.

Preparation of oligonucleotide probes and strips. Forty-seven oligonucleotide
probes were designed to cover the entire pncA gene of wild-type H37Rv (Fig. 1).
Two oligonucleotide probes were designed to compensate for silent mutations of
Cto T at nucleotide positions 180 and 195. A total of 49 probes were synthesized.
These probes were immobilized on two strips. One strip contained 24 probes
(probes 1 to 24) plus two probes to compensate for silent mutations. The other
contained 23 probes (probes 25 to 47).

LiPA. The LiPA described here was developed on the basis of the same
principle as that of the commercially available INNO-LiPA Rif. TB kit (Inno-
genetics, Ghent, Belgium) for the detection of rifampin resistance (14). The
LiPA was conducted as described previously (14). In brief, biotinylated PCR
products from test samples were hybridized to the immobilized probes and
washed under strict conditions (1X SSC [1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate] buffer containing 0.1% sodium dodecyl sulfate at 62°C). The
presence or absence of bands on all strips was judged independently by three
different observers. The classifications by the three observers were identical.
Genomic DNA from the PZA-susceptible H37Rv strain was used as a positive
control. Results for all samples were compared to those for the positive control.
DNA from M. tuberculosis H37Rv was diluted into TE buffer (final concentra-
tions, 4.84 pg/ul, 484 fg/ul, 242 fg/pl, 48.4 fg/ul, 24.2 fe/ul, and 2.42 fg/pl), and
1 ul of each solution was used to determine the sensitivity of the LiPA.

PCR and DNA sequencing. Unless otherwise indicated, approximately 2 to 5
ng of genomic DNA was used for the amplification of a 670-bp fragment that
includes the complete open reading frame of the pncA gene. To increase the
sensitivity, nested PCR was performed with unlabeled external primers PR9-1
(5'-GGC GTC ATG GAC CCT ATA TCT G-3') and PR10-1 (5'-CTT GCG
GCG AGC GCT C-3’) for the first PCR and biotin-labeled internal primers IP-F
(5'-GCT GCG GTA GGC AAA CTG C-3') and IP-R (5'-CCA ACA GTT CAT
CCC GGT TCG-3') for the second PCR. The amplification conditions for the
first and second PCRs were the same and consisted of 5 min of denaturation at
95°C followed by 40 cycles of 1 min at 95°C, 1 min at 55°C, and 1 min at 72°C.
In some experiments, only the second PCR was done. Sequencing of pncA and
its promoter region (nucleotides —80 to 572 relative to the initiation codon) was
performed as described previously (18) for M. tuberculosis H37Rv and H37Ra,
Mycobacterium bovis BCG, and all 258 clinical M. tuberculosis isolates tested
regardless of the LiPA results.

COBAS Amplicor assays. COBAS Amplicor assays, including the Amplicor
MTB test, Amplicor M. avium test, and Amplicor M. intracellulare test (Roche
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FIG. 1. Locations of 49 oligonucleotide probes designed to cover the pncA gene of M. tuberculosis H37Rv.

Diagnostic Systems), were performed according to the instructions provided by
the manufacturer.

RESULTS AND DISCUSSION

Among the 25 bacterial strains listed in Table 1, three
strains, M. tuberculosis H37TRv, M. tuberculosis H37Ra, and M.
bovis BCG, yielded PCR products of the expected length (ap-
proximately 600 bp). The other 13 strains of nontuberculous
Mycobacterium spp. and nine strains of nonmycobacterial spp.
yielded products of different lengths or were not amplified to a
level detectable in agarose gels (Table 1). In the LiPA, PCR
products from M. tuberculosis strains hybridized with all of the
pncA probes (Table 1). LiPA results for strain H37Rv are
shown in Fig. 2 (lane 1). The M. bovis product hybridized with

all probes except for probe 16 (Table 1 and Fig. 2, lane 22). All
other bacteria tested showed no hybridization with any of the
probes (data not shown). These data indicate that the LiPA is
specific for M. tuberculosis and M. bovis.

Sensitivity of the LiPA with the nested PCR was 24.2 fg of
M. tuberculosis DNA, which is equivalent to five copies of the
pncA gene (data not shown), whereas when only the second
PCR was done, the sensitivity of the LiPA was 484 fg, which is
equivalent to 1,000 copies of pncA (data not shown). These
data suggest that nested PCR is needed to yield the higher
sensitivity.

Of 258 clinical isolates of M. tuberculosis tested with the
LiPA, 228 were wild type, and the other 30 showed at least one
mutation pattern (Table 2). Representative LiPA patterns are
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FIG. 2. Representative patterns of isolates that had a mutation(s) according to the LiPA for detection of pncA mutations. Positions of the
oligonucleotides, conjugate control lines, and marker lines are shown. A negative signal is shown by an open triangle. LiPA patterns of M.
tuberculosis strains are shown in lanes 1 to 21. Lanes: 1, H37Ryv; 2, IMCJ(130); 3, IMCJ904I1I; 4, IMCJ(66); 5, IMCI(85); 6, IMCI(67); 7, 13229;
8, IMCJ.M22; 9, P26; 10, 13243; 11, IMCJS850; 12, IMCJ835; 13, IMCJ501; 14, IMCJ844; 15, IMCJ479; 16, IMCJ843; 17, P12; 18, IMCJ901I11I; 19,
IMCIJ(80); 20, P10; 21, IMCJ.K1; 22, M. bovis BCG Japanese strain 172; 23, no DNA. WT, wild-type pncA.

shown in Fig. 2. Hybridization signals visualized as violet bands
on the strips were strong and readily discernible, with low
background, although there was variability in bands intensities,
and some strains yielded less intense bands than others. The
228 isolates hybridized to all probes, as shown by the data for
strain H37Rv in Fig. 2 (lane 1). The products of the other 30 M.
tuberculosis strains containing a mutation(s) did not hybridize
to the probes corresponding to the position of the mutation(s)
but did hybridize to the others. These results were fully con-
sistent with the DNA sequencing results (Table 2). DNA se-
quencing confirmed that pncA of BCG had a C-to-G point
mutation at codon 59, causing histidine to become aspartic acid
(Table 2). These data are consistent with our previous findings
and those of others (17, 18) showing that M. bovis BCG is
naturally resistant to PZA. In addition, of the 13 other non-
tuberculous Mycobacterium spp. listed in Table 1, M. gastri was
susceptible to PZA. All others were resistant to PZA (data not
shown).

Regarding the PZA resistance profile, the LiPA yielded re-
sults that were 100% in agreement with those obtained by the
culture-based susceptibility method (Table 3). In addition, all
PZase-positive bacilli were sensitive to PZA, and all PZase-
negative bacilli were resistant to PZA (Table 2). These data

were consistent with those of previously published reports (18,
22). The LiPA correctly identified PZA susceptibility and re-
sistance in all strains in which a mutation(s) occurred. All of
the 30 PZA-resistant M. tuberculosis isolates were correctly
identified as being PZA resistant by the LiPA, and all of the
228 PZA-susceptible isolates were identified as being PZA
susceptible. The specificity, sensitivity, and positive and nega-
tive predictive values of the LiPA for the detection of PZA
resistance were all 100% (Table 3). In addition, we determined
PZase activities of all Mycobacterium spp. listed in Table 1 and
all clinical isolates of M. tuberculosis tested. Strains with PZase
activity were sensitive to PZA, and those without PZase activ-
ity were resistant to PZA (data not shown).

To examine whether the LiPA can be applied to clinical
samples from patients with tuberculosis, sputum samples ob-
tained from 53 patients with suspected tuberculosis were tested
(data not shown). All samples were positive for acid-fast stain-
ing. Among these 53 samples, 46 were positive for tuberculosis
by the Amplicor MTB test and/or mycobacterial culture, and
six were positive for M. avium by the Amplicor M. avium test.
The remaining sample was positive for acid-fast staining but
PCR and culture negative. In 45 of the 46 samples, M. tuber-
culosis pncA was detected with the LiPA. However, no muta-
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TABLE 2. Identification of pncA4 mutations by LiPA among 258 clinical isolates of M. tuberculosis and M. bovis BCG

Strain LiPA profile” Mutation PZ.A. . PZ_a_se
Amino acid change Variant nucleotides susceptibility activity
IMCJ.K1 A2 3 Ala—Glu GCG—GAG R -
P10 A4, A5 10 Gln—Pro CAG—CCG R -
IMCJ(80) A4, AS 12 Asp—Ala GAC—GCC R -
IMCJ693 A4, A5 12 Asp—Ala GAC—GCC R -
IMCJ(120) A4, AS 12 Asp—Ala GAC—GCC R -
IMCJ90111T A8, A9 27 Leu—Pro CTG—CGC R —
IMCJ918I1I A8, A9 27 Leu—Pro CTG—CGC R -
P12 A13, A14 51 His—Gln CAC—CAG R -
IMCJ843 Al13, A14 51 His—Gln CAC—CAA R -
IMCJ846 A13, A14 51 His—Gln CAC—CAA R -
IMCJ479 Al4, A15, A29 53 Asp—Asn frameshift GAC—AAC, 349 insertion R -
CACTG
IMCJ844 Al15 54 Pro—Leu CCG—CTG R -
IMCJ695 A15 54 Pro—Leu CCG—CTG R —
IMCIJ838 Al15 54 Pro—Leu CCG—CTG R -
IMCJ29 A15 54 Pro—Leu CCG—CTG R —
IMCJ907111 Al15 54 Pro—Leu CCG—CTG R -
IMCJ908IIT A15 54 Pro—Leu CCG—CTG R —
IMCJ501 A19 72 Cys—Trp TGC—-TGG R -
IMCJ(133) A19 72 Cys—=Trp TGC—-TGG R -
IMCJ(130) A19 Frameshift 218 insertion CGCATT R -
GCCG
IMCIJ835 A32 132 Gly—Ser GGT—AGT R -
IMCJ849 A32 132 Gly—Ser GGT—AGT R -
IMCIJ850 A32 133 Ile—Thr ATT—ACT R -
IMCJ837 A32 133 Tle—Thr ATT—ACT R -
IMCJ904111 A32 Frameshift 386-388 deletion ATG R -
13243 A33 136 Asp—Tyr GAT—TAT R ND
IMCJ(66) A34 Frameshift 420 insertion G R -
P26 A36 148 Arg—Ser CGC—AGC R -
13229 A41 Frameshift 493 insertion C R ND
IMCJ.M22 A45 175 Met—Val ATG—GTG R -
IMCIJ(67) Wild type (A16)” (60 Gly—Gly) (GGC—GGT silent) S +
IMCJ(134) Wild type (A16) (60 Gly—Gly) (GGC—GQGT silent) S +
IMCI(85) Wild type (A17) (65 Ser—Ser) (TCC—TCT silent) S +
IMCI(75) Wild type (A17) (65 Ser—Ser) (TCC—TCT silent) S +
IMCIJ851 Wild type (A17) (65 Ser—Ser) (TCC—TCT silent) S +
IMCJ839 Wild type (A17) (65 Ser—Ser) (TCC—TCT silent) S +
IMCJ(90) Wild type (A17) (65 Ser—Ser) (TCC—TCT silent) S +
IMCJ(96) Wild type (A17) (65 Ser—Ser) (TCC—TCT silent) S +
IMCJ(125) Wild type (A17) (65 Ser—Ser) (TCC—TCT silent) S +
H37Rv Wild type No change No change S +
BCG¢ Al6 59 His—Asp CAC—GAC R -

“ A indicates the negative signal at any of the probes.
A in parentheses indicates the negative signal at any of the probes unless the probe to compensate for the silent mutation was used.
¢ M. bovis BCG Japanese strain 172.

tion of pncA was found in these 45 samples, suggesting that all
of the samples contained PZA-sensitive organisms. These re-
sults were later confirmed by drug susceptibility testing when
M. tuberculosis isolates were obtained from the samples. Hy-
bridization was not detected on the strips in the six M. avium-
positive samples as well as the remaining sample that was

positive for acid-fast staining but negative for PCR and culture.
All samples were culture positive for mycobacteria. These re-
sults indicate that the LiPA is applicable to clinical samples.
However, further studies of clinical samples containing PZA-
resistant M. tuberculosis are necessary.

It appears that nested PCR rarely introduces additional mu-

TABLE 3. Diagnostic performance of the LiPA compared to PZA susceptibility testing

Result by PZA No. of M. tuberculosis LiPA result Sensitivi Specifici Predictive value (%)
susceptibility clinical isolates No. No. en(s(gl)vny pe(%)mty - ]
test (n = 258) resistant susceptible Positive Negative
Resistant 30 30 0 100 100 100 100
Susceptible 228 0 228¢

¢ Includes nine isolates with a silent mutation in pncA.
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tations that may lead to false-positive results for the LiPA. Tag
DNA polymerase is reported to make one error every 120
bases, and it was reported that these errors occur randomly (3).
To affect LiPA results, the error must occur very early in the
amplification process and at a specific site causing false-posi-
tive results in almost all PCR products. The frequency may be
3 X 10" [(1/120)°] when there are five copies of the template.
In fact, nested PCR is used for other LiPA assays (1, 8) and for
single-strand conformation polymorphism analysis (4).

We showed the usefulness of the LiPA for PZA susceptibil-
ity testing of M. tuberculosis. This assay can detect M. tubercu-
losis in smear-positive sputa from patients. This LiPA can
rapidly and efficiently assess the resistance of M. fuberculosis to
PZA. 1t is simple, convenient, and highly reliable when run in
parallel with a convenient M. tuberculosis diagnostic algorithm
in laboratories. However, the LiPA has some limitations. First,
this assay does not have an internal control. In addition, this
assay cannot correctly identify mixed PZA-resistant and -sus-
ceptible isolates. This assay cannot detect novel silent muta-
tions; however, it can detect known mutations. Finally, genes
other than pncA may be associated with PZA resistance.
Scorpio et al. (16) previously reported PZase-positive PZA-
resistant M. tuberculosis strains that were very rare and usually
showed a low level of resistance. Nevertheless, our LiPA is a
valuable tool for the detection of resistant M. tuberculosis
strains within one working day and can easily be included in the
routine workflow.
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