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We examined the correlation of mutations in the pyrazinamidase (PZase) gene (pnc4) with the pyrazinamide
(PZA) resistance phenotype with 60 Mycobacterium tuberculosis isolates. PZase activity was determined by the
method of Wayne (L. G. Wayne, Am. Rev. Respir. Dis. 109:147-151, 1974), and the entire pncA nucleotide se-
quence, including the 74 bp upstream of the start codon, was determined. PZA susceptibility testing was per-
formed by the method of proportions on modified Middlebrook and Cohn 7H10 medium. The PZA MICs were
=100 pg/ml for 37 isolates, 34 of which had alterations in the pnc4 gene. These mutations included missense
substitutions for 24 isolates, nonsense substitutions for 3 isolates, frameshifts by deletion for 4 isolates, a three-
codon insertion for 1 isolate, and putative regulatory mutations for 2 isolates. Among 21 isolates for which PZA
MICs were <100 pg/ml, 3 had the same mutation (Thr47—Ala) and 18 had the wild-type sequence. For the
three Thr47—Ala mutants PZA MICs were 12.5 pg/ml by the method of proportions on 7H10 agar; two of these
were resistant to 100 pg of PZA per ml and the third was resistant to 800 pg of PZA per ml by the BACTEC
method. In all, 30 different pnc4 mutations were found among the 37 pnc4A mutants. No PZase activity was
detected in 35 of 37 strains that were resistant to =100 g of PZA per ml or in 34 of 37 pnc4A mutants. Reduced
PZase activity was found in the three mutants with the Thr47—Ala mutation. This study demonstrates that
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mutations in the pnc4 gene may serve as a reliable indicator of resistance to =100 pg of PZA per ml.

Two essential elements of a tuberculosis control program
are the early identification of infectious patients and the rapid
implementation of an effective treatment regimen. The first-
line drugs used to treat tuberculosis include rifampin, isonia-
zid, pyrazinamide (PZA), and either ethambutol or streptomy-
cin (1). Because drug resistance can have a serious negative
impact on both patient outcome and control of transmission,
it is critical that any drug resistance be accurately detected
as soon as possible. The timeliness of in vitro drug suscepti-
bility testing of Mycobacterium tuberculosis is constrained by
the organism’s relatively slow growth. Conventional drug sus-
ceptibility testing of M. tuberculosis can take from 7 to 28 days,
depending on the culture system used (23). For most antitu-
berculosis drugs, these conventional methods produce reliable
results. In contrast, in vitro testing for susceptibility to PZA is
hampered by poor growth of the bacilli under the acidic condi-
tions (pH 5.5 to 6.0) required for optimal drug activity (16, 19).

PZA is an important component of short-course chemother-
apy against tuberculosis because of its activity against semi-
dormant bacilli sequestered within macrophages (10, 21). The
intracellular sterilizing activity of PZA allows the treatment
period to be reduced to 6 months, whereas 9 months of treat-
ment is required when PZA is not used (26, 27). While the
mode of action of PZA is not fully understood, there is sub-
stantial evidence that the drug must first be converted to
pyrazinoic acid (POA) by the enzyme pyrazinamidase (PZase)
for it to have antimycobacterial activity (13). Strains of M.
tuberculosis susceptible to PZA typically have PZase activity,
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whereas PZA-resistant strains frequently lack PZase activity
(3, 18). Recently, the M. tuberculosis PZase gene (pncA) was
identified (24). The involvement of the product of this gene in
the mode of action of PZA was convincingly demonstrated
through experiments in which the naturally PZA-resistant
strain Mycobacterium bovis BCG was rendered PZA suscepti-
ble by transformation with a cosmid that expressed a functional
M. tuberculosis PncA enzyme (24).

DNA sequencing studies of the pncA gene from PZA-resis-
tant and PZA-susceptible strains of M. tuberculosis have estab-
lished a strong association between mutations in this gene and
PZA resistance (6, 11, 15, 17, 20, 25, 29). These studies iden-
tified a diverse group of mutations widely dispersed through-
out the gene. The majority of these are missense mutations,
but insertions, deletions, and putative regulatory mutations
were also described. This diversity of mutations highlights the
need for further studies for characterization of pncA. For ex-
ample, little is known about the effect of specific mutations on
the level of PZA resistance. To increase our understanding of
the molecular basis of PZA resistance, we determined the
nucleotide sequence of the pncA genes of 60 clinical isolates of
M. tuberculosis initially found to be resistant to 25 pg of PZA
per ml. Sequencing results were then compared to the MICs
and PZase activities for all isolates.

MATERIALS AND METHODS

Mycobacterial strains and genomic DNA isolation. The isolates of M. tuber-
culosis examined in this study were submitted to the Centers for Disease Control
and Prevention Mycobacteriology Laboratory for routine drug susceptibility test-
ing. Each isolate was resistant to 25 pg of PZA per ml when it was tested by the
method of proportions (4) with Middlebrook and Cohn 7H10 agar. Isolates were
stored frozen at —70°C until selected for this study. A total of 60 isolates were
selected. Genomic DNA was prepared by a minibead cell disruption protocol.
Briefly, 1 ml of a 2-week-old 7H9 broth culture was added to a 1.5-ml screw-cap
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microcentrifuge tube containing approximately 250 mg of siliconized zirconia or
silica beads (diameter, 0.1 mm), 200 wl of chloroform, and 300 pl of Tris-EDTA
(TE) buffer. This mixture was vigorously agitated for 2 min with a Mickle cell
disrupter (Brinkman Instruments, Inc., Westbury, N.Y.) and was then centri-
fuged at 10,000 rpm for 5 min. The aqueous phase, which contained genomic
DNA, was collected and stored at 4°C.

Amplification and sequencing of pnc4 gene. The entire pncA open reading
frame, as well as 124 bp of the upstream sequence and 59 bp of the downstream
sequence, was amplified by PCR. A 744-bp PCR product was generated with
primers pncA-8 (5'-GGTTGGGTGGCCGCCGGTCAG-3') and pncA-11 (5'-G
CTTTGCGGCGAGCGCTCCA-3"). The pncA open reading frame (561 bp)
begins at nucleotide 125 of the 744-bp PCR product and ends at nucleotide 685.
Each 50-pl PCR mixture contained 1.0 ul of template DNA, 2.5 U of Tag DNA
polymerase (Boehringer-Mannheim, Indianapolis, Ind.), deoxynucleotide tri-
phosphates (concentrations, 200 wM each), and each primer at a concentration
of 0.5 pM in 1X PCR buffer. Amplification was performed in a Gene-Amp PCR
System 2400 thermal cycler (Perkin-Elmer, Inc., Foster City, Calif.) by a “touch-
down” amplification approach in which the primer annealing temperature was
decreased 0.5°C per cycle for the first 20 cycles, from 68°C for the first cycle to
58°C for cycles 20 to 35. The amplification profile consisted of an initial 5 min of
denaturation at 94°C; 35 cycles of 94°C for 30 s, annealing for 30 s, and elonga-
tion at 72°C for 30 s; and a final 8-min elongation. Unincorporated primers and
deoxynucleotide triphosphates were removed from the reaction mixtures with
QIAquick PCR purification columns (Qiagen Inc., Santa Clarita, Calif.).

Automated DNA sequencing was performed by use of rhodamine DyeDeoxy
Terminator chemistry by the protocol supplied by the manufacturer (Perkin-
Elmer, Inc.). The fluorescent products were electrophoresed on an ABI model
373A instrument (Perkin-Elmer, Inc.). The pncA amplicons were sequenced with
four internal primers. Primers pncA-10 (5'-GCTGGTCATGTTCGCGATCG-
3") and pncA-2R (5'-GAACACCGCCTCGATTGCCG-3") were used to se-
quence nucleotide residues 20 to 406 of the 744-bp amplicon. Primers pncA-6
(5"-CCTCGTCGTGGCCACCGC-3') and pncA-9 (5'-CGCCAACAAGTTCAA
TCCCGG-3") were used to sequence the region from residues 318 to 720. All
postrun analyses were performed with Sequence Navigator, version 1.0.1, soft-
ware (Perkin-Elmer, Inc.). Each sequencing run included the PZA-susceptible
strain M. tuberculosis H3,Rv (ATCC 27294) as a wild-type control. Each se-
quence was compared both to the sequence of the control strain and to the
published pncA sequence (GeneBank accession number U59967).

PZA susceptibility testing. PZA susceptibility testing was performed by a
modification of the method of proportions on solid medium (4). Modified
Middlebrook and Cohn 7H10 agar was prepared from basic ingredients as
described previously (14) and was supplemented with albumin-dextrose-catalase
enrichment (Difco Laboratories, Detroit, Mich.). The final pH of the medium
was 5.5. A twofold series of PZA (Sigma Chemical Co., St. Louis, Mo.) concen-
trations ranging from 12.5 to 800 wg/ml was tested. The test media with one of
the seven concentrations of PZA were dispensed into two four-quadrant Felsen
plates (Falcon Plastics Co., Franklin Lakes, N.J.). The eighth quadrant contained
control medium without PZA. The M. tuberculosis strains were cultured in
Middlebrook 7H9 broth for 2 weeks (approximately 107 to 10° CFU/ml), after
which 1072 and 10~ * dilutions were prepared in 0.1% Tween 80 (Fisher Scien-
tific Co., Fairlawn, N.J.). A set of plates was inoculated for each inoculum
dilution. Each individual quadrant received 0.1 ml of the inoculum. The plates
were incubated for 4 weeks at 37°C, and both sets of plates were read. The
reading for the set that received the 10~2 inoculum was used to determine the
MIC. The PZA-susceptible strain M. tuberculosis H3;Rv (ATCC 27294) was used
as a control. The MIC was defined as the lowest PZA concentration which
inhibited more than 99% of the growth seen on the PZA-free control quadrant.
The recommended critical concentration of PZA for determination of resistance
by the method with 7H10 agar is 25 pg/ml (12). The PZA susceptibilities of 10
of the 60 study isolates were also tested by the BACTEC method. PZA suscep-
tibility testing by the BACTEC method was done by the standard procedure
(S. H. Siddigi, BACTEC 460TB system product and procedure manual, Becton
Dickinson and Co., Sparks, Md., p. 1-7, 1996) except that PZA concentrations of
25, 50, 200, 400, and 800 png/ml were tested in addition to the standard concen-
tration of 100 pg/ml. The recommended critical concentration of PZA for de-
termination of resistance by the BACTEC method is 100 wg/ml (Siddiqi,
BACTEC manual).

PZase testing. PZase activity was assayed by a modification of the method
developed by Wayne (31). The medium used for PZase testing was inoculated
with a mixture of cells both from a 7H9 broth culture and from a Lowenstein-
Jensen culture. The mixture consisted of 0.5 ml of cell sediment drawn from the
bottom of a 2-week stationary broth culture combined with a visible amount of
growth scraped from the surface of a 3-week Lowenstein-Jensen slant. Two tubes
of medium used for PZase testing were inoculated for each strain, and the tubes
were incubated at 37°C. One tube was examined after 7 days of incubation, and
the other was examined after 14 days of incubation. A tube inoculated with an M.
avium strain was included as a positive control, as called for in the protocol of the
Centers for Disease Control and Prevention (12). Test medium that contained
100 pg of POA (Aldrich Chemical Co., Milwaukee, Wis.) per ml and no PZA was
used as a positive control for the assay system. Uninoculated test medium was
used as a negative control. After incubation, 1.0 ml of 1% ferrous ammonium
sulfate (Sigma Chemical Co.) was added to each tube. The tubes were set at
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room temperature for 1 h. A strain was considered positive for PZase if a diffuse
pink band was seen in the agar. Each strain was compared to the positive and
negative controls. All tubes were examined independently by three individuals.

RESULTS

pncA sequencing of M. tuberculosis isolates. The pncA genes
of 60 M. tuberculosis isolates were sequenced (Table 1). A pncA
mutation was identified in 37 of these isolates, while 23 isolates
lacked mutations. A total of 30 different mutations, 14 of which
have not been previously reported, were found among the 37
pncA mutants. The majority of these (25 of 30) were point
mutations that resulted in either an amino acid substitution or
the insertion of a stop codon. Three isolates with the same
IS6110 fingerprint type (isolates 01, 02, and 19) had a frame-
shift mutation that resulted from the deletion of a guanine at
position 71. One isolate (isolate 20) was missing the entire
pncA gene downstream of nucleotide 106 as the result of the
deletion of an approximately 5.3-kb fragment. The size of the
deleted fragment was determined by comparing the sequence
of an approximately 300-bp PCR product, fortuitously gener-
ated with primers pncA-1 (5'-ATGCGGGCGTTGATCATCG
T-3") and pncA-11, to that of cosmid MTV018 in the Sanger
Centre mycobacterial database. A 9-bp in-frame insertion oc-
curred in one strain (strain 09). Mutations within the pncA4
open reading frame were distributed in the region from nucle-
otide 11 through nucleotide 515. Two putative regulatory mu-
tations were identified. One mutation (in isolate 26) resulted
from the insertion of an adenosine and a change in 4 of 6
nucleotides in the region from positions —11 to —16 upstream
of the start codon. The second mutation (in isolate 32) resulted
from a T-to-C transition at nucleotide —7.

PZA MICs. We determined the MICs of PZA for all isolates
in order to compare specific pncA mutations with PZA resis-
tance levels (Table 1). Among the 37 isolates that possessed
pncA mutations, the PZA MICs were =100 wg/ml for 34 iso-
lates on solid medium. The remaining three mutant isolates
(isolates 51 to 53) all had the same A-to-G transition at nu-
cleotide 139, resulting in a Thr47—Ala amino acid substitu-
tion. The PZA MIC:s for these three isolates were 12.5 pg/ml,
and the isolates shared an identical pattern by restriction frag-
ment length polymorphism analysis with IS6110 (these strains
were designated strain W) (7). Among the 23 isolates that
lacked a pncA mutation, the PZA MIC was <100 wg/ml for 18
of them. For two isolates (isolates 36 and 37) with wild-type
pncA sequences, the MIC was 100 wg/ml. For a third such
isolate (isolate 25), the MIC was 400 p.g/ml, and this high-level
resistance was confirmed by the BACTEC method. The re-
maining two wild-type isolates (isolates 59 and 60) failed to
grow on the low-pH control medium. Seventeen of the isolates
(28.3%) initially found to be resistant to 25 g of PZA per ml
were susceptible to the drug at this concentration. Table 2
compares the pncA sequencing results to those of MIC testing
on solid medium by use of a PZA concentration of 100 pg/ml
as a breakpoint.

While most of the pncA mutants were resistant to a relatively
high concentration of PZA (MICs, =400 wg/ml), six showed
intermediate-level resistance (MICs, 100 to 200 wg/ml) and the
MIC:s for three isolates (isolates 51 to 53) with the same mu-
tation (Thr47—Ala) were very low (12.5 pg/ml). These last
three isolates were additionally tested by the BACTEC meth-
od, and two were determined to be borderline resistant to 100
pg of PZA per ml, while the third one was resistant to >800 p.g
of PZA per ml. Sequencing of the pncA gene of this third strain
W isolate was repeated with DNA extracted from bacilli re-
covered from a PZA-containing BACTEC bottle, and only the
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TABLE 1. MICs of PZA, PZase activities, and changes in the pncA gene for 60 clinical M. tuberculosis isolates

PZA MIC PZase activity Change in”
Isolate no. a

(ng/ml) 7 days 14 days Nucleotide no. Amino acid
01-02 >800 - - G dIn at position 71 Frameshift
03 >800 - - C—G at position 185 P62—R
04 >800 - - A—G at position 212 H71—-R
05 >800 - - G—A at position 233 G78—D
06-07 >800 - - T—C at position 254 L85—P
08 >800¢ - - C—G at position 297 Y99—AMB
09 >800 - - GAGGTCGAT at position 388, ins E-V-D ins.
10 >800 - - T—G at position 389 V130—G
11 >800 - - C—T at position 401 Al34—=V
12 >800 - - A—C at position 403 T135—P
13 >800 - - A—G at position 410 H137—R
14 >800 - - G—A at position 413 C138—Y
15 >800 - - T—G at position 416 V139—-G
16 >800 - - G—A at position 511 Al71-T
17 800 - - T—C at position 11 L4—-S
18 800 - - A—C at position 29 Q10—P
19 800 - - G dIn. at position 71 Frameshift
20 800 - - =5.3 kb dIn at position 106 NA
21 800 - - A—C at position 152 H51—-P
22 800 - - T—A at position 398 1133—N
23 800 - - A—G at position 410 H137—R
24 800 - - C—A at position 458 T153—N
25 400¢ - - None NA
26 400 - - _16AACGTA_,;;—>GGCAGTT NA
27 400 - - A—C at position 226 T76—P
28 400 - - G—A at position 289 G97—-S
29 400 - - G—A at position 290 G97—D
30 200¢ - - T—C at position 515 L172—P
31 200 - - T—C at position 515 L172—P
32 100 - - T—C at position —07 NA
33 100¢ - - C—A at position 309 Y103—0OCH
34 100¢ - - C—G at position 309 Y103—AMB
35 100 - - G—C at position 415 V139—L
36-37 1007 + + None NA
38-41 50 + + None NA
42-50 25 + + None NA
51-53 12.5¢ - + A—G at position 139 T47—A
54-58 12.5 + + None NA
59-60 No growth + + None NA
H;,Rv 125 + + None NA

¢ As tested on Middlebrook and Cohn 7H10 agar (pH 5.5).

b Abbreviations: dIn, deletion; ins, insertion; NA, not applicable.

¢ MIC, >800 png/ml in BACTEC.

4 MIC, 50 wg/ml by BACTEC, which is considered PZA susceptible.

¢In BACTEC isolates 51 and 52 were borderline resistant to 100 pg/ml and isolate 53 was resistant to 800 pg/ml.

Thr47—Ala mutation was identified. The MICs for two strains
with different mutations within the same codon were very dif-
ferent. The MIC for strain 35, which had a Vall139—Leu sub-
stitution, was 100 wg/ml, while the MIC for strain 15, which
had a Val139—Gly substitution, was >800 wg/ml. The PZA
MIC:s for all four deletion mutants were =800 pg/ml, as was
that for a strain with a three-codon insertion. For two isolates
(isolates 32 and 26) with putative regulatory mutations the
MICs were 100 and 400 wg/ml, respectively.

PZase activity. The modified Wayne (31) PZase test was
performed to assess each isolate’s ability to hydrolyze PZA
into POA (Table 1). For 57 of the 60 isolates, the consensus
result for the 14-day reading agreed with that of the 7-day
reading. Three isolates (isolates 51 to 53) were PZase negative
at 7 days but became positive after 14 days of incubation.
These three isolates all had the same amino acid substitution
(Thr47—Ala), and the PZA MICs were 12.5 pwg/ml for all three
isolates. The remaining 34 pncA mutants all lacked PZase

activity. One of the 23 isolates with a wild-type pncA4 sequence
(isolate 25) was PZase negative, and the MIC for this isolate
was 400 pg/ml. This high-level resistance was verified by the
BACTEC method, and the lack of a pncA4 mutation was con-
firmed by sequencing of DNA extracted from bacilli recovered

TABLE 2. Comparison of the presence of mutations in the pncA
gene to PZA MIC:s for 60 clinical M. tuberculosis isolates

No. of isolates with:

MIC (pg/ml)*
pncA mutation No pncA mutation”
>100 30 1
100 4 2
<100 3 18

“ As tested on Middlebrook and Cohn 7H10 agar (pH 5.5).
> Two isolates failed to grow on the test medium.



2294 MORLOCK ET AL.

from a PZA-containing BACTEC bottle. Among the isolates
for which MICs were =100 pg/ml, 35 of 37 were PZase neg-
ative. Results for five M. bovis isolates, unknowingly included
in the study, were as expected (i.e., no PZase activity and PZA
MICs of >800 pg/ml). Identification of these five isolates was
subsequently confirmed by the finding of an M. bovis-associ-
ated pncA polymorphism (C—G at position 169) and by re-
striction fragment length polymorphism analysis of the oxyR
gene (28).

DISCUSSION

We found that the presence of a mutation in the pncA gene
correlates well with a PZA MIC of =100 pg/ml (for 34 of 37
isolates) and with a loss of PZase activity (for 34 of 37 isolates).
A total of 30 different mutations were identified, all but one of
which correlated with an MIC of =100 wg/ml. These mutations
were distributed throughout the open reading frame or in a
region immediately upstream of the start codon. Seventeen of
the mutations have not previously been reported. The finding
of 30 different mutations among the 37 strains that possessed a
mutation indicates that a high degree of genetic diversity oc-
curs within the pncA genes of PZA-resistant M. tuberculosis
isolates. This conclusion is supported by previous reports
which describe more than 120 mutations not seen in this study
(6, 11, 15, 17, 20, 24, 25, 29). This diversity of pncA mutations
may prove useful as a strain-typing marker in investigations of
outbreaks caused by PZA-resistant M. tuberculosis isolates.

Three isolates had a Thr47—Ala mutation, and all of them
had the same strain W pattern by restriction fragment length
polymorphism analysis with IS6710. Strain W is multidrug re-
sistant and has been involved in several tuberculosis outbreaks
(8). Others have reported that the Thr47—Ala mutation is
characteristic of the strain W family of strains and that these
strains are PZA resistant (29). However, there are a number of
conflicting reports concerning the PZA susceptibilities of iso-
lates of this strain (5, 7, 30; D. J. Hewlett, D. L. Horn, and C.
Alfalla, letter, JAMA 273:916-917, 1995). The inconsistency of
these reports suggests that the strain may be borderline resis-
tant at the PZA concentrations routinely tested. From 1992 to
1995, our laboratory tested the PZA susceptibilities of 104
strain W isolates. Of these, 41 (39.4%) did not grow on the pH
5.5 control medium. Of the remaining 63 isolates, 53 (84.1%)
were susceptible to 25 pg/ml. All three strain W isolates in-
cluded in this study were susceptible to 12.5 pg of PZA per ml
by the agar proportion method. When tested by the BACTEC
method, two of these isolates were borderline resistant to 100
pg of PZA per ml, while the third was resistant to >800 g of
PZA per ml. While PZA susceptibility testing of M. tuberculo-
sis is, in general, difficult, testing of strain W appears to be
especially problematic. Nevertheless, our results indicate that,
in vitro, this strain is substantially less PZA resistant than
strains that harbor any of the other pnc4 mutations identified.
A probable explanation for the modest (if any) increase in
PZA resistance associated with the Thr47—Ala mutation is
that this is a mutation which substantially reduces, but does not
eliminate, PZase expression. This explanation is supported by
our finding that the isolates that harbor this mutation were
PZase negative at 7 days but became PZase positive at 14 days.
The unique nature of the Thr47—Ala mutation is further sup-
ported by our recent discovery (subsequent to completion of
this study) of a strain that has a different mutation within this
codon (Thr47—Asn) and that is highly PZA resistant by both
the agar proportion method (>100 pg/ml) and the BACTEC
method (>800 wg/ml). The problematic nature of PZA sus-
ceptibility testing of strain W may result from genetic changes
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outside the pncA gene or very subtle differences in culture
conditions. The discovery of a pncA mutation in a strain with
borderline in vitro PZA susceptibility demonstrates the need
for further investigation of the relationship between specific
pncA mutations and PZA resistance. In particular, PZA-sus-
ceptible strains need to be examined for the possible existence
of other pncA mutations with little or no association with in
vitro PZA resistance.

Although our MIC testing was done with Middlebrook 7H10
agar adjusted to pH 5.5, most clinical laboratories currently use
a modified 7H12 broth medium at pH 6.0 (BACTEC PZA test
medium) for PZA susceptibility testing (2). Because of differ-
ences in medium composition and pH, drug concentrations are
not directly comparable between the two systems (22). This
difference between the two PZA susceptibility testing methods
required that critical test concentrations be determined inde-
pendently for each system. A PZA concentration of 25 pg/ml
is recommended for Middlebrook 7H10 agar, while a PZA
concentration of 100 pg/ml is used in BACTEC 12B broth
medium (12; Siddiqgi BACTEC manual). Regardless of the
method used, testing of susceptibility to PZA is significantly
more problematic than testing of susceptibility to the other
first-line antituberculosis drugs. Problems with reproducibility
and discordant results between laboratories are common. We
encountered such a reproducibility problem, finding in this
study that 17 isolates that were initially found to be resistant to
25 pg of PZA per ml were susceptible to this concentration.
These results are now considered false resistance. One possible
explanation for this discrepancy is lot-to-lot variation in the
PZA test medium. The finding that individual lots of the com-
ponents used in Middlebrook 7H10 medium may vary signifi-
cantly in their suitability for drug susceptibility testing has been
reported (9). In light of the results of this study, the appropri-
ateness of the currently tested concentration of PZA in 7H10
medium is being reconsidered.

The absence of detectable PZase activity correlated well
with a PZA MIC of =100 pg/ml (for 35 of 37 isolates) and with
the occurrence of a pncA mutation (for 34 of 37 isolates). It has
long been recognized that PZA susceptibility in M. tuberculosis
could be indirectly detected by measuring a strain’s ability to
produce PZase (13). The inherent difficulties associated with
the in vitro testing of PZA have even led some investigators to
propose use of the Wayne (31) PZase assay as a qualitative
screening method for determination of susceptibility to PZA
(18). Another study showed that most strains susceptible to
=150 pg of PZA per ml retained PZase activity, whereas the
majority of strains resistant to >150 pg of PZA per ml lacked
enzyme activity (3). In our study, the PZA MIC was =100
pg/ml for 37 isolates, and 35 of these isolates lacked PZase
activity. For one PZase-negative strain (strain 25) the PZA
MIC was 400 pg/ml, and it had no pncA mutation. Similar
highly PZA-resistant strains of M. tuberculosis that lack both
PZase activity and pncA mutations have been reported previ-
ously (15). Two PZase-positive strains for which the MIC was
100 pg/ml had no pncA mutation. All 21 isolates for which the
PZA MIC was <100 pwg/ml were PZase positive within 14 days.
Three of these had the Thr47—Ala mutation. Overall, we
found a strong correlation between the loss of PZase activity
and a PZA MIC of =100 pg/ml, supporting the contention that
PZase activity may be exploited as an indirect assay for PZA
susceptibility. However, routine detection of PZase activity
would require the development of a rapid, accurate, and tech-
nically easy enzymatic assay for the detection of PZase activity.

The identification of mutations within the pncA gene has
been proposed as a surrogate marker for PZA resistance in M.
tuberculosis (25, 29). Although the results of our study gener-
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ally support this proposition, we found one highly resistant iso-
late with no pncA mutation, which suggests that phenotypic tests
are still necessary for the detection of PZA resistance when no
pncA mutations are identified. The existence of at least one
pncA mutant with questionable in vitro PZA resistance dem-
onstrates the importance of the precise identification of the
mutations involved. This caveat may also apply to the other M.
tuberculosis drug resistance markers. Currently, the best avail-
able technology for the identification of specific nucleotide
changes is direct DNA sequencing. In our study, sequencing
of the DNA of the pncA gene correctly identified 92% of the
M. tuberculosis strains resistant to =100 g of PZA per ml and
86% of the strains susceptible to 100 ng of PZA per ml.
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