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ABSTRACT

In contrast to most other antimycobacterial drugs where—particularly in multidrug-resistant (MDR) strains—a limited
number of resistance mutations dominate, pyrazinamide (PZA) resistance associated mutations remain highly diverse with
limited clustering. This apparent lack of evolutionary selection for successful PZA resistance mechanisms deserves
attention. A clear understanding of the epidemiology of PZA resistance acquisition and spread would be expected to result
in important insights into how PZA might be better exploited in treatment regimens to minimize the amplification of
Mycobacterium tuberculosis (MTB) drug resistance. We propose that PZA resistance typically induces a fitness cost that
impairs MTB transmission. This would explain the lack of extensive clustering for PZA-resistant mutants. Our hypothesis
also leads to a series of testable predictions which we outline that could confirm or refute our ideas.
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INTRODUCTION

Just as Sherlock Holmes noted regarding the dog in the ‘Silver
Blaze’ case, we suggest that the most curious aspect of PZA re-
sistance is what hasn’t happened:

Gregory (detective): ‘Is there any other point to which you would
wish to draw my attention?’

Holmes: ‘To the curious incident of the dog in the night-time’.

Gregory: ‘The dog did nothing in the night-time’.

Holmes: ‘That was the curious incident’.

Arthur Conan Doyle 1892

A limited number of mutations have emerged that are re-
sponsible for the vast majority of transmitted drug resistance
in Mycobacterium tuberculosis (MTB). This fact is exploited by line
probe assays which are surprisingly sensitive for the detection
of drug resistance in MDR-TB despite targeting only one or two

small regions and a few specificmutations (Morgan et al. 2005). It
is also widely recognized that line probe and related assays be-
comemore sensitive asMTB strains become resistant to increas-
ing numbers of drugs (Van Deun, Martin and Palomino 2010),
demonstrating a strong purifying selection for specific muta-
tions worldwide. This extremely low mutational diversity in
multidrug-resistant isolates is true formostwidely used antimy-
cobacterial drugs, with one notable exception: pyrazinamide
(PZA) (Brown, Tansel and French 2000; Louw et al. 2006; Singh
et al. 2006).

WHY HAVE PZA RESISTANCE MUTATIONS
REMAINED SO DIVERSE AND WHAT ARE THE
IMPLICATIONS?

The list of mutations known to confer PZA resistance in clinical
strains is long and growing, making the development of clini-
cally applicable assays extremely challenging. The difficulty of
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developing practical PZA resistance assays has received consid-
erable attention (Daum et al. 2014; Miotto et al. 2014), but this
practical issue—although valid—has in our opinion overshad-
owed the real importance of the observation, namely that de-
spite the fact that PZA resistance acquisition occurs with high
frequency it has for decades remained incompatible with epi-
demic spread. We believe that the significance of this may have
been seriously overlooked.

PZA is a relatively old drug. Introduced in the year 1952 for
the treatment of TB (Yeager, Munroe and Dessau 1952), PZA was
subsequently used in combination with isoniazid, especially for
the treatment of streptomycin-resistant forms of TB. PZA has
been included in the first twomonths of standard first line treat-
ment of TB since the late 1980s and is also almost universally
given in the intensive phase of treatment of patients with MDR-
TB irrespective of resistance profile. (WHO 2011, 2014). Thus,
there has been ample time for the selection of successful resis-
tant clones and for them to become established and spread. Al-
though PZA resistance in clinical isolates is not particularly rare,
resistant strains remain highly diverse in respect of PZA resis-
tance mutations in MDR-TB and even XDR-TB (Wang et al. 2015)
strains.

Phenotypic and genotypic resistance testing for PZA is more
complex than for other TB drugs (Hoffner et al. 2013). Pheno-
typic screening must be carried out at low pH which is subop-
timal for growth of TB. Genotypic analysis requires sequenc-
ing of at least the entire pncA gene followed by interpretation
of the significance of any, often previously unreported, muta-
tions. In fact, the diagnostic accuracy of screening for identified
high confidence markers of PZA resistance, by sequencing the
pncA gene, has been predicted to have an accuracy in the range
of 89.5–98.8% (Miotto et al. 2014), but routine collection of these
data in the pre-whole genome sequencing era has been uncom-
mon. Thus, pncA mutations appear to account for the majority
of PZA resistance although other mechanisms and targets have
been proposed (Shi et al. 2011; Zhang et al. 2013; Yang et al. 2015).
However, multiple studies independently demonstrate around
40–50% PZA resistance in primary MDR-TB cases with little clus-
tering of strains with particular PZA resistance associated mu-
tations (Chang, Yew and Zhang 2011; Stoffels et al. 2012; Casali
et al. 2014). Most often only a few small clusters (typically 2–
10 strains) of PZA-resistant isolates that share identical resis-
tance mutations and are geographically and temporally local-
ized are seen. Thus, in contrast to other TB drugs, there is no
evidence that a particular PZA resistance mutation is becoming
increasingly common in different bacterial genotypes and geo-
graphical settings. Rather, the wide diversity and limited clus-
tering indicate that resistant strains are both appearing and
disappearing continuously, which we believe suggests that the
transmission of PZA-resistant isolates is in one way or another
impaired.

PZA resistance clearly confers an advantage during therapy
that includes PZA and can be selected under those circum-
stances; indeed, patients infected with PZA-resistant strains re-
spond less well when treated with this drug (Franke et al. 2015).
However, the lack of large-scale clustering in panels of MDR-
TB strains that are PZA resistant demonstrates that for some
reason these strains don’t become established at the level of
the epidemic. It could be claimed that this is simply due to
the fact that PZA resistance is rapidly generated and all mu-
tations have a similar (low?) fitness cost, but we believe that
this curious lack ‘of the dog’s bark’ reveals a significant cost to
PZA resistance which is difficult for the bacterium to circum-

vent. Even though strains with PZA mutations can be isolated
from patients and occasionally undergo limited local spread,
available data shows that they have a considerably reduced epi-
demic potential and probably represent evolutionary dead-end
mutations.

The primary mechanism of PZA resistance closely resembles
that of INH resistance. Both PZA and INH are prodrugs activated
by MTB enzymes [pyrazinamidase (PZase, encoded by pncA) and
catalase, respectively] and loss of these enzymes results in re-
sistance. Resistance to both PZA and INH is acquired in vitro at a
high rate (David et al. 1970; Stoffels et al. 2012), probably because
of the large range of potential mutations available that impair
the function of the enzyme. Indeed, a wide variety of mutations
is seen after in vitro selection with either PZA or INH (Scorpio
et al. 1997; Bergval et al. 2009; Stoffels et al. 2012;). However, in
the case of INH, a decreased virulence of almost all INH-resistant
mutants has been reported (Barnett, Busby and Mitchison 1953),
probably due to the loss of functional catalase. Probably as a
consequence of this, the vast majority of clinical katG mutants
contain the same mutation, katG-S315T a mutation which pre-
vents INH activation while preserving the normal function of
the enzyme (Rouse et al. 1996; Soolingen et al. 2000). Alternative
katG mutations represent only a small proportion of clinically
isolated isoniazid-resistant strains and are very rare in MDR-
TB strains. This situation is in strong contrast to clinically iso-
lated PZA-resistant mutants that show a diversity comparable
to those generated in vitro (Stoffels et al. 2012).

The continuous generation of PZA mutants rather than their
epidemic spread is supported by available epidemiological data.
A high diversity of pncA mutations among all collections of iso-
lates studied to date has been observed (Stoffels et al. 2012;
Casali et al. 2014; Miotto et al. 2014). In one of the larger studies,
Miotto et al. et al. (2014) found 280 genetic variants among 888
phenotypically PZA-resistant clinical isolates from various geo-
graphical regions with the largest cluster of isolates with iden-
tical pncA mutations consisting of only14 isolates. Although ex-
amples of the transmission of PZA-resistant isolates have occa-
sionally been reported (Thomas et al. 2014). One of the few ex-
amples for a large pncA cluster of isolates sharing an identical
mutation in pncA reported was a cluster of 157 isolates carrying
a non-synonymous SNP in pncA (I6L) in a collection of 1000 Rus-
sian isolates analyzed by WGS from the Samara region of Rus-
sia. However, strains carrying this mutation did not show in vitro
phenotypic resistance and all MTB isolates with this mutation
belonged to the same genotypic lineage, thus the significance of
this finding remains unclear (Casali et al. 2014). Apart from this
I6L mutation clustering of strains sharing the same pncA mu-
tation was minimal, with no other clusters of more than seven
isolates identified (Casali et al. 2014).

What might explain this situation? The ability of MTB to
cause a chronic infection and transmit depends on its capac-
ity to switch between different (active and latent) phenotypes.
Although most PZA resistance mutations in pncA are reported
to have a low fitness cost in actively growing MTB (Stoffels et al.
2012) and frequently emerge in the host, there is evidence that
these mutations disrupt the formation or survival of latent bac-
terial cells, which could impair transmissibility. As mentioned
above PZase is required to convert the prodrug PZA to its active
form. The biological function of PZase is related to the recycling
of NAD (Boshoff et al. 2008; Vilchèze et al. 2010), which is upreg-
ulated under oxygen/nutrient restricted conditions (Betts et al.
2002). There is little data on the role of PZase in infection dis-
ease progression or transmission in humans, and infection with
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pncA mutant MTB does not appear to have been studied using
animal models. Clearly subpopulations of MTB encounter hy-
poxic and/or nutrient limited environments at specific stages of
the infection and disease locations, thus it is likely that PZase
plays a role in NAD recycling under those circumstances, loss
of PZase activity may disrupt the disease process. Tantalizingly,
there are some indications from other (intracellular) pathogens
that a functional nicotinamidase/ PZase is of importance for es-
tablishing a new infection: mutants of Brucella spp. and Borrellia
spp. lacking nicotinamidase or PZase, show reduced intracellu-
lar replication and infectivity in amammalian host, respectively
(Purser et al. 2003; Kim et al. 2004).

Of interest (but also of unknown significance) is the
observation that PZA-monoresistant infections are associated
with extrapulmonary disease (Budzik et al. 2014). Association
with extrapulmonary disease and lack of transmission have
been reported for human infections with M. bovis and M. canettii
both of which are phylogenetically related toMTB and capable of
causing TB in humans, but intrinsically resistant to PZA (Koeck
et al. 2011; LoBue et al. 2003). Another observation that deserves
mentioning in this context are the so far excellent outcomes,
with respect to cure and relapse, of the so-called ‘Bangladesh
regimen’ a regimen that includes PZA for 15 months (van Deun
et al. 2014) although no statistical significant difference in out-
come between patients infected with PZA-resistant isolates
could be identified on this regimen except when PZA resis-
tance was also associated with quinolone resistance (Aung et al.
2014).

There may be alternative explanations for the observations
above and of the failure of specific PZA resistance mutations to
co-select with an increasingly MDR-TB genotype. For example,
PZA is unequally or at least primarily active against a popu-
lation of bacteria in the host not affected by other antibiotics.
This could mean that even with multiple active drugs a sub-
population of mycobacteria would effectively receivemonother-
apy with PZA, and this proportion could become resistant.
As this PZA-resistant population may have limited or no ad-
vantage in the growth phases where PZA is not active, one
could argue that accumulation of additional resistance would
be no more likely than for a PZA-sensitive variant. Nonethe-
less, unless acquisition of PZA resistance typically induces a
strong fitness cost as we propose, an MDR-TB strain (for in-
stance during empirical treatment with first line drugs) acquir-
ing PZA resistance would be expected to have an advantage and
spread.

The hypothesis, that PZA resistance typically induces a fit-
ness cost for MTB transmission, would explain the presence
of culture positive PZA-resistant cases and the lack of exten-
sive clustering. However, it is inconsistent with the observation
that frequently around 40–50% of primaryMDR-TB is reported to
have resistance to PZA (Günther et al. 2015). Can this apparent
contradiction be explained? One possible solution to this puzzle
could relate to how TB patients are diagnosed and treated. Typ-
ically, even where primary MDR-TB is relatively common stan-
dard therapy remains based on rifampicin, INH, ethambutol and
PZA. Due to the unavailability of simple rapid diagnostics for
TB and TB drug resistance, TB patients are usually started on
first line therapy upon diagnosis. MDR-TB infection is frequently
only identified when DST results become available and/or pa-
tients fail to respond, after which time therapy is changed to
second line therapy. For these reasons, primary MDR-TB cases
typically have received more than two weeks of first line ther-
apy before a MDR-TB diagnosis is made, and possibly even two

or three months of first line therapy if MDR-TB is detected as a
result of treatmentmonitoring (Naidoo et al. 2014). Thus, at least
a proportion of the PZA resistance detected in primary MDR-TB
patients is likely to be selected de novo as a result of effectively
two or more weeks of more or less mono-PZA therapy (in addi-
tion to at least two inactive drugs). Repeated de novo selection of
PZA resistance in MDR-TB patients early in treatment is an ap-
pealing hypothesis as it would both explain the seemingly con-
tradictory but common finding of PZA resistance in an MDR-TB
strain due to novel mutations. If this is true, we expect that the
implementation of rapid molecular testing eventually allowing
patients to start immediately on second line drugs, will cause a
reduction in PZA resistance in primary MDR-TB strains.

DIRECTIONS FOR FUTURE RESEARCH

It is our opinion that this curious and poorly explained lack of
clustering and evolutionary selection of successful PZA resis-
tance mechanisms deserves attention. Not least because a clear
understanding of the epidemiology of PZA resistance acquisi-
tion and spread would be expected to result in important in-
sights into how this drug could be better exploited in treatment
regimens to minimize the amplification of resistance. Impor-
tantly our line of reasoning, outlined above, leads to a series of
testable predictions (Text box 1) that could confirm or refute our
ideas as well as narrow down the possible explanations for this
curious case.

Text box 1.

Hypotheses and testable predictions that could support or
refute our ‘elementary’ speculation:
Primary hypothesis: pncA mutations conferring PZA resis-
tance have a reduced ability to spread and are often dead
end mutations.
Predictions are as follows.

i. Contacts of patients infected with PZA-resistant strains
will be less likely to develop active TB disease compared
to contacts of PZA susceptible strains.

ii. PZA resistance will rapidly emerge if MDR-TB patients
receive standard therapy before a diagnosis of MDR-TB.

iii. The rate of PZA resistance in primary MDR-TB patients
who have never received PZA in either first or second
line (empirical) will be lower than in primary MDR-TB
patients who have received a few weeks of empirical
first line therapy prior to (or after) diagnosis as an MDR-
TB patient. Thus,MDR-TB patients diagnosed on the ba-
sis of a molecular test on the day of presentation will be
less likely to harbor PZA-resistant strains.
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