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For the past decades, an acidic pH has been used to render Mycobacterium tuberculosis susceptible to pyrazinamide for in vitro
testing. Here, we show that at the standard breakpoint concentration and reduced culture temperatures, pyrazinamide (PZA) is
active against tuberculosis (TB) at neutral pH. This finding should help unravel the mechanism of action of PZA and allow drug
susceptibility testing (DST) methods to be optimized.

Pyrazinamide (PZA) is an important drug for TB treatment.
PZA is used in standard first- and second-line therapies and is

also included in many new regimens due to its unique ability to
shorten therapy (1, 2).

The mechanism of action of PZA is unresolved (3), but it is
commonly assumed that a low pH is required for PZA activity
against Mycobacterium tuberculosis. In a widely accepted model
proposed by Zhang and Mitchison (4), low pH causes the proto-
nation of extracellular pyrazinoic acid (POA; the enzymatically
activated form of PZA) required for POA to reenter mycobacteria
and exert its antimicrobial effect. In addition, the reduced mem-
brane potential at low pH was proposed to facilitate energy deple-
tion by PZA (5). However, the activity of PZA in vivo and in vitro
is directed against nonmetabolizing, or slowly metabolizing, my-
cobacteria (1, 6), and the role of low pH on the transcriptional
remodeling of M. tuberculosis known to occur under those condi-
tions (7–9) might also be related to the antimicrobial effects of
PZA at low pH. We believe the relative contribution of the proto-
nation and metabolic effects deserves investigation and might
help elucidate PZA’s mechanism of action in vivo.

Due to the incompletely resolved mechanism, developments in
drug susceptibility testing (DST) have been limited to testing at
reduced pH. Partly due to the suboptimal growth of the bacteria at
low pH, the conditions are difficult to control, and PZA DST
results in more failures and a lower test accuracy and reproduc-
ibility than those of other first-line drugs (10–12).

It was previously demonstrated that under acidic conditions,
PZA activity is enhanced by lowering the temperature (13), but
the effect of low temperature alone was not assessed. To investi-
gate how dependent the action of PZA is on low pH, we deter-
mined the susceptibility of TB to PZA at reduced temperature at
neutral pH.

MATERIALS AND METHODS
Strains. The tested strains are presented in Table 1. M. tuberculosis strains
12-17995 and 12-17889 are clinical isolates from Georgia (14) from the
Beijing lineage. Strain 12-17889 is closely related to the previously de-
scribed clade A strains sharing a pncA I6L mutation (15). Apart from the
pncA I6L mutation, no additional mutation in pncA is present in this
strain.

Microcolony-based growth rate determination. Measurement of the
effect of antimicrobials on TB microcolonies on solid medium was per-
formed essentially as previously described (16). In short, aliquots of liquid
cultures, sieved through a 5-�m-pore filter, were inoculated on 8 by
8-mm squares of porous supports on nonselective MB7H11 agar (BD,

Sparks, MD, USA) supplemented with 0.5% glycerol and 10% oleic
acid-albumin-dextrose-catalase (OADC) (BD). After 6 days of incu-
bation at 37°C, the supports containing microcolonies consisting of
�102 cells were transferred to MB7H11 agar at neutral pH with or
without 100 �g/ml PZA or 100 �g/ml POA, and cultivation continued
at 28°C. The supports were repetitively imaged using an automatic
microscope (LumiByte BV, Nuenen, The Netherlands) before and
during PZA/POA/control exposure.

MGIT PZA susceptibility testing. M. tuberculosis strains ATCC
27294 (H37Rv), ATCC 25177 (H37Ra), ATCC 35801, BD-201, ATCC
35828, and DIS529 were harvested from Coletsos slopes in saline. After
2 sedimentation steps, suspensions were adjusted to a 0.5 McFarland
standard. After further 5� dilution, a 0.5-ml suspension was inocu-
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TABLE 1 Descriptions of the tested strains

M. tuberculosis strain
PZA DST
resulta Test siteb

pncA
mutation

pncA amino acid
substitution

12-17995 Rc KIT A212G H71R
12-17889 Sc KIT A16C I6L
72 (ATCC 35801) S KIT WTd

H37Ra (ATCC 25177) S KIT WT
ATCC 27294 (H37Rv) S BD
ATCC 25177 (H37Ra) S BD
ATCC 35801 S BD
BD-201 Moderate R BD
ATCC 35828 R BD
DIS529 R BD
a R, resistant; S, susceptible.
b KIT, KIT Biomedical Research, Amsterdam, The Netherlands; BD, BD Laboratories,
Sparks, MD, USA.
c Based on DST (standard MGIT protocol using low pH) at Netherlands TB Reference
laboratory (RIVM), Bilthoven, The Netherlands.
d WT, wild type.
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lated in duplicate in standard MGIT G&D tubes (neutral medium [pH
6.6]) and MGIT PZA test tubes (medium at pH 5.9) supplemented
with MGIT culture supplement (BD) and 100 �g/ml PZA (BD). For
the growth controls, tubes were inoculated identically but with a 10-
fold lower cell density without PZA. The tubes were incubated at 28 or
37°C and measured 3 times per week with a manual MGIT reader.

Time to positivity was defined as the first day on which a signal of 13 or
higher was obtained. Interpretation of the results was performed as
follows: when the tubes with PZA became positive before the control
tubes, strains were classified as resistant. When the time to positivity
(TtP) of PZA tubes was delayed compared to the control tubes, strains
were classified as susceptible.

FIG 1 Growth rates (left) and colony size (right) of PZA-susceptible and -resistant M. tuberculosis strains exposed to PZA or POA at 28°C. Strains were inoculated
on solid porous supports on nonselective MB7H11 agar after 6 days of preexposure culturing at 37°C, and established microcolonies of strains H37Ra (A and B),
72 (C and D), M. tuberculosis 12-17889 (E and F), and M. tuberculosis 12-17995 (G and H) were exposed to 100 �g/ml PZA (dashed line, open squares), 100 �g/ml
POA (dashed line, open circles), or no drug (continuous line, filled squares) at 28°C. (A, C, E, and G) The average daily growth rates (� the standard deviation
[SD]) preexposure (measured at day �1 to 0) and during exposure (day 0 and further) of the four strains are presented. Note that the initial decreases in growth
rates between days �1 to 0 and days 0 to 2 are due to the lowering of the temperature. In the presence of PZA, the growth of strains H37Ra and 72 (as indicated
by ***, P � 0.0001, 2-sided t test), but not M. tuberculosis 12-17995 and M. tuberculosis 12-17889, was significantly inhibited. Growth of M. tuberculosis 72, M.
tuberculosis 12-17995, and M. tuberculosis 12-17889 was significantly decreased in the presence of POA but not PZA compared to the unexposed controls (XXX,
P � 0.0001). No data are available for strain H37Ra on POA exposure. (B, D, F, and H) Growth curves based on the median colony size extracted from the same
images used to determine growth rates.
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RESULTS
Microcolony-based growth rate determination. The decrease in
temperature from 37°C to 28°C at the start of drug/control expo-
sure (day 0) caused a reduction in growth rate between 70 and
80% for all strains (Fig. 1A, C, E, and G). In the presence of PZA,
the growth rates of strains H37Ra and Mtb72 significantly de-
creased compared to the drug-free control (Fig. 1A and C). This is
also visible as a flattening of the growth curves in the presence of
PZA (Fig. 1B and D). Both pncA mutant strains were unaffected by
PZA and had similar growth rates and growth curves with and
without PZA (Fig. 1E to H). POA inhibited the growth of strain 72
and both pncA mutant strains (H37Ra data not available), as ex-
pected.

MGIT assay. In the results of the standard MGIT assay (low
pH, 37°C), all six strains, four of which tested susceptible,
matched the known reference results of these strains. When tested
at neutral pH at 28°C, identical results were obtained as those in
the standard MGIT assay (Table 2): growth of the borderline-
resistant strain and the three susceptible strains was inhibited in
the presence of PZA compared to the unexposed controls. Cul-
tures of two of these strains remained negative until the end of the
experiment (day 26) in the presence of PZA. The cultures of the
resistant strains in PZA-containing medium both became positive
before their controls. The time to positivity of the controls was
longer at low temperature than in the low-pH assay (10.4 days
versus 6.8 days, respectively; P � 0.01) (Table 2). Identical suscep-
tibility results were also obtained when both temperature and pH
were reduced (Table 2).

As expected, at neutral pH and 37°C, no activity of PZA was
detectable on any of the six strains tested.

DISCUSSION

Since its initial introduction, PZA susceptibility testing has rou-
tinely been performed at low pH, which is generally assumed to be
a prerequisite for PZA activity. However, we demonstrate that M.
tuberculosis is also susceptible to PZA at neutral pH at reduced
temperature. When cultured at 28°C, pncA wild-type strains were
susceptible to PZA, without acidification, at the recommended
breakpoint of 100 �g/ml both in Middlebrook broth and on agar.
This striking observation is supported by the recent report of Pe-
terson et al. (17), who also demonstrated PZA activity under non-

acidic conditions, and in fact by the earliest studies on PZA testing,
which reported that while PZA activity was indeed absent at neu-
tral pH, it could be detected at both acidic and basic pH (18).

The mechanism of PZA activity is not fully understood. The
in vitro activity of PZA at reduced pH initially reported by
McDermott and Tompsett (18) became the standard for DST.
Later, Zhang and Mitchison (4) described a model for the antimy-
cobacterial effect of PZA, in which extracellular protonation of
POA facilitates its reentry into the mycobacteria, causing mem-
brane damage and acidification of the cytoplasm. This model is
not regarded as complete, and alternative mechanisms and tar-
gets, e.g., ATP depletion (19), inhibition of ribosomal protein S1
(20), aspartate decarboxylase (21), and quinolinic acid phospho-
ribosyltransferase (22) have been proposed, but the requirement
for low pH has hardly ever been questioned. The data presented
here, together with the historical data (18) and those of the recent
study of Peterson et al. (17), where antimicrobial activity of PZA at
neutral pH was detected in starved cultures in vitro, clearly dem-
onstrate that an extracellular acidic pH is not a prerequisite. As
PZA susceptibility can also be obtained under neutral conditions
with specific adaptations, we conclude that metabolic and ener-
getic changes that occur at reduced pH (5, 7, 8) but also under
starvation (17) and other metabolic stresses slowing bacterial
growth, such as low temperature, as shown here, can be sufficient
to establish a PZA-susceptible bacterial phenotype. This is sup-
ported by the predominant activity of PZA against slowly or non-
dividing mycobacterial populations (1, 6) in vivo. The relative
importance for PZA susceptibility of extracellular pH per se and
bacterial phenotype, in vitro and in vivo, deserves increased atten-
tion.

PZA is an important drug for which it is notoriously difficult to
perform DST and interpret DST results, partly due to the require-
ment for testing at low pH. Despite a prevalence of PZA resistance
in multidrug-resistant (MDR)-TB of �40% in many settings (23),
PZA DST is often not performed and rarely used to inform treat-
ment. As a result of the sometimes poor reproducibility of PZA
DST between laboratories, the WHO considers it acceptable prac-
tice to prescribe PZA even when a resistant DST result is obtained
(24). As PZA resistance-associated pncA mutations are highly di-
verse, and sequencing of pncA and possibly additional genes is
required to determine the presence of resistance-associated mu-

TABLE 2 Susceptibility of MTBC strains in liquid cultures to PZA at 37°C and 28°C, at neutral and acidic pHa

Strain Phenotype

Inoculation density
G	C content
(bacteria/ml)

PZA DST results by tube type and temp

37°C 28°C

MGIT G&D tubes MGIT low-pH tubesb MGIT G&D tubes MGIT low-pH tubes

Result

TtP4

(control/	PZA)
(days) Result

TtP
(control/	PZA)
(days) Result

TtP
(control/	PZA)
(days) Result

TtP
(control/	PZA)
(days)

ATCC 27294 (H37Rv) S 1.0 � 104 R 7/5 S 8.5/22.5 S 14/Nc S 12/N
ATCC 25177 (H37Ra) S 1.1 � 104 R 7/3 S 7/10 S 10/12 S 13/N
ATCC 35801 S 1.0 � 103 R 5/3 S 5/18 S 10/N S 10/N
BD-201 Moderate Rd 3.3 � 102 R 6/4 S 7/15.5 S 10/25 S 10/N
ATCC 35828 R 4.3 � 103 R 5/3 R 5/3 R 8.5/5 R 8.5/5
DIS529 R 4.7 � 103 R 7/5 R 8.5/6 R 10/7 R 11/8.5
a MTBC, M. tuberculosis complex.
b MGIT PZA tubes (with or without PZA) are indicated here as “MGIT low-pH tubes” to avoid confusion.
c N, both duplicates remained negative at day 26.
d Normally classifies as susceptible in MGIT PZA testing.
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tations, PZA DST cannot simply be replaced by practical rapid
molecular assays (line probe assays, etc.) (25–28).

Developments in PZA DST have been hindered by the often-
assumed need to test at a low pH. Although our testing at
reduced temperature was somewhat slower than that of the
standard commercial liquid medium (Table 2), we believe the
data demonstrate that conditions apart from low pH should be
considered for PZA DST.

Furthermore, the single discrepancy between the routine and
low-temperature microcolony results was from the pncA I6L mu-
tant strain 12-17889, which previously tested susceptible at low
pH but in this study tested resistant at 28°C. This strain differs
at �10 single-nucleotide polymorphisms (SNPs) from the large
Russian cluster of clade A strains previously reported by Casali et
al. (15, and N. Casali and S. Sengstake, personal communication).
Although in MGIT under standard acidic conditions, the majority
of this cluster shows PZA susceptibility, this mutation is strongly
suspected to have a role in clinical resistance (15).

Further studies are urgently needed to understand PZA’s
mechanism of action and to link in vitro susceptibility (e.g., that at
low temperature) to clinical activity. Recognizing that PZA activ-
ity is not exclusively dependent on an extracellular acidic pH (this
study and reference 17) may help facilitate such studies.
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