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ARTICLE INFO ABSTRACT

Keywords: Mutations in pncA gene contributing to PZA resistance was not clearly elucidated in China. To reveal the cor-
pncA related mutations of pncA gene on pyrazinamide (PZA) resistance. 148 Mycobacterium tuberculosis clinical iso-

Pyra%inamide. lates were included from multi-drug resistant tuberculosis suspects. The MGIT 960 test and microscopic ob-
Multi-drug resistance servation drug susceptibility (MODS) assay were adopted for PZA phenotype drug susceptibility test. 120 isolates
Isvi:tj;::li]ng with consistent MGIT 960 and MODS results were selected for pncA gene sequencing. 68 samples (56.7%) were

resistant to PZA while leaving 52 PZA susceptible samples. Out of the 68 PZA resistant isolates, 49 (72.1%)
harbored mutations of pncA, and 4 (7.7%) of the 52 PZA susceptible samples harbored mutations of pncA as well.
Compared to the phenotype drug resistant pattern of PZA, the mutations of pncA gene reached a sensitivity of
0.72 to report PZA resistance and a specificity of 0.92 to predict PZA susceptibility. Those mutations, GIn10Pro,
Aspl2Ala, Tyr41Stop, Gly97Asp, Val128Gly and FSC131(ins) exceeding 5% of the total PZA resistant isolates of

each, might be helpful but not adequate in PZA molecular susceptibility test design and development.

1. Introduction

It was reported that the rate of PZA resistance ranges from 3 to
42.1%, and PZA resistance rate was as high as 81.3% among rifampicin
resistant strains (Zignol et al., 2016). In China, PZA resistant rate was as
high as 43.5% among multi-drug resistant (MDR) tuberculosis (TB)
isolates (Xu et al., 2016), which is a great challenge for the successful
MDR-TB treatment, as PZA was commonly considered as an effective
component for the MDR-TB treatment regimen (WHO, 2016).

Currently, the phenotypic assay was the only recommended method
for PZA resistance detection on clinical isolates, such as the MGIT 960
test (Aono et al., 2002). Meanwhile, other phenotypic method, such as
MODS was also useful in PZA resistance detection (Wu et al., 2015). As
we know, PZA will be effective in killing M. tuberculosis under the acid
condition. However, over inoculation will induce the increasing level of
PH, and finally results in a false positive result of PZA susceptibility test
(Zhang et al., 2002). Thus, developing a reliable and proficiency-un-
depend method is necessary for PZA susceptibility test.

pncA gene of M. tuberculosis was considered as the main factor
controlling the bacillus susceptibility to pyrazinamide (Unissa et al.,

2010), and mutations of pncA gene were highly contributed in the
mechanism of PZA resistance (Chang et al., 2011). Until now, dozens of
mutations for pncA gene were reported in Europe (Miotto et al., 2014),
but the mutations of pncA gene contributing to PZA resistance was not
clearly defined in China. More importantly, not all the mutations of
pncA gene conferring a resistance to PZA. PZA resistance was reported
in association with MDR-TB (Pierre-Audigier et al., 2012), so revealing
the mutations of pncA gene associated with PZA resistance among the
MDR-TB is firstly urgent in China.

2. Methods
2.1. Sample collection

Sputum samples of MDR-TB suspects with chemotherapy treatment
history were collected from the inpatient of Nanjing Chest Hospital
from Dec 2013 to April 2014, and the clinical isolates belonging to
Mycobacterium TB complex (MTBC) were identified by the p-ni-
trobenzoic acid method (Giampaglia et al., 2007). Finally, a total of 148
MTBC clinical isolates from MDR-TB suspects were included. This study
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was approved by the ethics committee of Jiangsu provincial center for
disease control and prevention, and informed consent was obtained
from all subjects. All methods were carried out in accordance with re-
levant guidelines and regulations, and all experimental protocols were
approved by the ethics committee of Jiangsu provincial center for dis-
ease control and prevention.

2.2. Microscopic Observation Drug Susceptibility (MODS) assay and MGIT
960 test

The procedure of clinical strain isolation and manipulation of MODS
assay can be referred to the previous study (Wu et al., 2015). Six wells
containing pyrazinamide concentrations of 400, 200, 100, 50, 25 and
12.5mg/L were prepared, and the critical concentration of 100 mg/L
was used for PZA resistance detection. The MGIT 960 method for pyr-
azinamide susceptibility test was performed as previously described
(Cui et al., 2013), and the final concentration of pyrazinamide was
100 mg/L for testing.

2.3. Strain DNA extraction and pncA gene sequencing

The new growth strain on Lowenstein-Jensen (LJ) media was
scraped in a tube with TE buffer for DNA extraction. Each tube con-
taining cultures was boiled in the 95 °C metal bath for 30 min and then
incubated on ice for 5 min. After centrifugation at 12000 rpm for 5 min,
the supernatant was kept for PCR amplification. The pncA gene of M.
tuberculosis was amplified and sequenced for potential mutations com-
pared with the sequence of M. tuberculosis H37Rv pncA gene (Rv2043c,
Accession Number: NC_000962.3). The primers used for pncA gene
amplification were as the follows: forward (5-CTG GTC ATG TTC GCG
ATC G-3’), and reverse (5-CCA ACA GTT CAT CCC GGT TC-3’). The
PCR product was 694 bp length, including a 103 bp upstream sequence
and 30bp downstream sequence of the pncA gene. The Applied
Biosystems 3730xl DNA Analyzer was used for the sequencing.

2.4. Statistical analysis

pncA gene sequencing was compared against a composite reference
standard based on both phenotypic methods MODS and MGIT 960. The
sensitivity and specificity were calculated to show the accuracy of pncA
gene mutations in predicting PZA resistance. Meanwhile, mutations of
pncA genes were classified into two categories: (1) Category A for those
mutations occurred in no less than 5% of the mutant PZA resistant
samples; (2) Category B for those mutations occurred in less than 5% of
the mutant PZA resistant samples. Analyses were performed by SAS 9.3
software (SAS Institute, Inc., Cary, NC, USA). All the data are available
for this manuscript.

3. Results

All the 148 clinical isolates were selected from the MDR-TB sus-
pects. Finally, one-hundred and twenty-seven samples with validated
results by both MODS and MGIT were included. The MGIT 960 and
MODS results showed that 3 isolates were MGIT 960 resistant but
MODS sensitive, and 4 isolates were MGIT 960 sensitive but MODS
resistant. Those seven isolates with inconsistent phenotypic results were
excluded. Thus, one-hundred and twenty isolates with consistent MGIT
960 and MODS results were chosen for pncA gene sequencing, and the
sequence of H37Rv strain was adopted as the reference. As shown in
Table 1, according to the phenotypic methods, sixty-eight samples
(56.7%) were resistant to PZA while leaving 52 samples susceptible to
PZA. Out of the 68 PZA resistance samples, 49 (72.1%) harbored mu-
tations of pncA. Compared to the phenotype drug resistant pattern of
PZA, the mutations of pncA gene reached a sensitivity of 0.72 to report
PZA resistance and a specificity of 0.92 to predict PZA susceptibility.

All the mutations of the 53 strains were listed in Table 2. According
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to the mutation frequency among all the 49 PZA resistant strains,
harboring mutations, we classified those mutation frequencies no less
than 5% as category A mutation and those less than 5% as category B
mutation. As shown in Table 2, a total of forty-six mutations were
discovered in the 53 stains. Meanwhile, six mutations were belonging to
the category A mutation: Gln10Pro, Aspl2Ala, Tyr41Stop, Gly97Asp,
Val128Gly, FSC131(ins), and leaving the rest 37 mutations as category
B mutation.

According to the results of Miotto et al. (Miotto et al., 2014),
twenty-one mutations were simultaneously found in our study, which
were belonging to the very high confidence (19 mutations), high con-
fidence (one mutation) and unclear in conferring PZA resistance (one
mutation) according to Miotto's classification. Meanwhile, the rest
twenty-five mutations, including one category A mutation Tyr41Stop,
were not reported in Miotto's study. However, seven of the 25 muta-
tions were found inducing distinct amino acid change compared to
Miotto's study: Ile6Ser, Ile6lle, Val7Val, Phel3Phe, Phe58Phe,
Phe81Val, Val139Met, and one different nucleotide change (code 136
by insertion of T base) induced sequence frameshift.

Among the 52 PZA susceptible stains, four stains harbored pncA
gene mutations. The corresponding mutations were as follows: three
category B mutations (Leu4Trp, Ile6Ser, FSC174(ins)), and one category
A mutation (FSC131 (ins)). The numbers of mutation for pncA gene
were illustrated in Fig. 1. The four PZA susceptible strains harboring
PZA mutations were conducted phenotypic drug susceptibility for
confirmation. For mutation pncA Leu4Trp, which was found in a PZA
susceptible strain in our study, was discovered in PZA resistant strains
by Miotto's study. However, the same codon mutation Leu4Ser was
found as a resistant mutation in both studies. These results indicated
that mutation Leu4Trp might play an ambiguous role in PZA resistance.

4. Discussion

In this study, we found 92.5% pncA gene mutant clinical isolates
were found resistant to PZA, and all the mutations reached a sensitivity
of 0.72 and a specificity of 0.92 in reporting PZA resistance and sus-
ceptibility. Meanwhile, nearly 30% of the PZA resistance isolates con-
tained a wildtype pncA gene, indicating other genes or mechanisms
might be responsible for PZA resistance. However, the positive pre-
dictive value of those mutations reached above 90%, which seemed
helpful in determining PZA resistance. Meanwhile, Five of the six mu-
tations exceeding 5% of the overall PZA resistant isolates harboring
mutations respectively, which were previously revealed by Miotto et al.
as “very high confidence”. (GIn10Pro, Aspl12Ala, Gly97Asp, Val128Gly,
FSC131(ins)) (Miotto et al., 2014), were indispensable in molecular
drug susceptible test design. Even though mutation Tyr41Stop was not
reported by Miotto's study, it may have potential in PZA molecular test
design reported by a previous study in China as well (Hou et al., 2000).

Sequencing was in advantage of detecting PZA resistance based on
pncA gene mutations, and the next generation sequencing (NGS)
method was reported having increased sensitivity in detecting pncA
gene mutations regardless of low-level pncA heteroresistance when
compared to the Sanger sequencing (Maningi et al., 2015; Operario
et al., 2017). However, the prior limitation for sequencing method in
PZA resistance detection was unfeasibility in the routine settings. Thus,
a PCR-based method seems quite practical in the peripheral care pro-
viders.

Currently, several studies had reported a PCR-based method for
detecting PZA resistance. Such as the high-resolution melt analysis and
Tagman-Integrated microfluidic card (IMC) (Pholwat et al., 2015;
Ramirez et al., 2010). However, there is no desirable accuracy in de-
tecting PZA resistance for those methods, and the main reason could be
the larger amount of scattered mutations located in pncA gene
(Sandgren et al., 2009). Just as Miotto et al. revealed (Miotto et al.,
2014), and not all the mutations convey a resistance of PZA, which
further increased the difficulty in designing and optimizing the PCR-
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Table 1
22 table to show the distribution of pncA gene mutations among the PZA® and PZAR clinical isolates.
pncA gene No. of isolates Sensitivity Specificity PPV NPV
PZA® (n = 68) PZA® (n = 52)
Mutant 49 4 0.72 (0.60-0.82) 0.92 (0.81-0.98) 0.92(0.81-0.98) 0.72(0.59-0.82)
Wild type 19 48

PPV: positive predictive value; NPV: negative predictive value; PZAS: PZA susceptible; PZAR: PZA resistance.

based molecular susceptible test. Thus, identifying the hot-spot area of
pncA gene is quite necessary for the molecular method design and de-
velopment.

In our study, six mutations ranked as category A mutation may have
the potential in predicting PZA resistance. However, the prediction
ability of PZA resistance relied not only on the high frequency of mu-
tations, but also on the mutant effect on pncA gene expression. Several
previous studies had engaged in clarifying the functions on pncA mu-
tations. Yoon et al. had reported that pncA residues (Gly97, Thr135)

Table 2

might be important for pncA activity and/or proper protein folding
(Yoon et al., 2014). Another study conducted by Vats et al. demon-
strated the mechanism of PZA resistance developed due to K96R mu-
tation occurring in the pncA catalytic region (Vats et al., 2015).
Nevertheless, compared to the large number of mutations of pncA gene,
the functional studies establishing PZA resistance for those pncA gene
mutations were limited.

Our study found four mutations induced synonymous amino acid
change, which were not found in Miotto's study. Further inspection of

Mutations of pncA gene for the 53 mutant strains (including 49 PZA-R strains and 4 PZA-S).

Nucleotide change Nucleotide position in Results of mutation Amino acid Mutations in PZA® Mutations in PZAS Mutation Miotto et al., (2014)
pncA gene change (%)n = 49 (%)n = 4 category

T>C 2 ATG1ACG Met1Thr 2.04% B Very high confidence
T > C 11(1) TTG4TCG Leu4Ser 2.04% B Very high confidence
T>G 11(2) TTG4TGG Leu4Trp / 25.00% / Very high confidence
T>G 17 ATC6AGC Ile6Ser / 25.00% / Not reported

C>T 18 ATC6ATT Ile6lle 2.04% B Not reported

C>T 21 GTC7GTT Val7Val 2.04% B Not reported

A>C 29 CAG10CCG GIn10Pro 6.12% A Very high confidence
A>C 35 GAC12GCC Aspl2Ala 8.16% A Very high confidence
Insertion37 GA 37 FSC12 (ins) 2.04% B Not reported

C>T 39 TTC13TTT Phel3Phe 2.04% B Not reported
Deletion C 51 FSC17 (del) 2.04% B Not reported
Insertion C 52 FSC17 (ins) 4.08% B Not reported

C>G 123 TAC41TAG Tyr41Stop 6.12% A Not reported
Deletion ACCCGG  158-163 FSC53-55 2.04% B Not reported

C>G 161 CCG54CGG Pro54Arg 4.08% B Very high confidence
C>T 174 TTC58TTT Phe58Phe 4.08% B Not reported

T>C 175 TCC59CCC Ser59Pro 2.04% B Not reported

A>C 188 GAC63GCC Asp63Ala 2.04% B Unclear in conferring

PZA®
T>C 199 TCG67CCG Ser67Pro 2.04% B Very high confidence
G>T 203 TGG68TTG Trp68Leu 2.04% B Very high confidence
(Multi)

Insertion G 221 FSC74(ins) 2.04% B Not reported

T>G 241 TTC81GTC Phe81Val 2.04% B Not reported

G>A 290 GGT97GAT Gly97Asp 6.12% A Very high confidence
A>C 298 ACC100CCC Thr100Pro 2.04% B Very high confidence
A>G 329 GAC110GGC Asp110Gly 2.04% B Not reported

T>G 383 GTC128GGC Vall128Gly 8.16% A Very high confidence
G>T 391 GTC131TTC Val131Phe 2.04% B Not reported
Insertion GG 392 FSC131(ins) 6.12% 25.00% A Very high confidence
G>C 395 GGT132GCT Gly132Ala 2.04% B Very high confidence
T>C 398 ATT133ACT 1le133Thr 2.04% B Very high confidence
A>C 403 ACC135CCC Thr135Pro 2.04% B Very high confidence
Insertion T 408 FSC136(ins) 4.08% B Not reported

G>A 415 GTG139ATG Vall139Met 2.04% B Not reported

A>C 422 CAG141CCG GIn141Pro 2.04% B Very high confidence
Deletion (C) 437 FSC146(del) 2.04% B Not reported
Deletion (C) 456 FSC152(del) 2.04% B Not reported

T>G 476 CTG159CGG Leul59Arg 2.04% B Very high confidence
Deletion (G) 489 FSC163(del) 4.08% B Not reported
Insertion C 522 FSC174(ins) / 25.00% / Not reported

G>A 525 ATG175ATA Met175Ile 2.04% B high confidence
A>C 535(1) AGC179CGC Serl179Arg 2.04% B Not reported

A>G 535(2) AGC179GGC Ser179Gly 2.04% B Not reported

T>C 539(1) GTC180GCC Vall80Ala 2.04% B Very high confidence
T>G 539(2) GTC180GGC Val180Gly 2.04% B Very high confidence
G>A 541 GAG181AAG Glul81Lys 2.04% B Not reported

G>T 554 AGC185ATC Ser185lle 2.04% B Not reported

PZAS: PZA susceptible; PZA®: PZA resistance.
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Fig. 1. The frequency of the pncA gene mutations for the 53 strains.

the 4 mutations revealed that they were located on the same isolate
(strain ID: PZA41). Meanwhile, mutation Glu181Lys of the same strain
induced nonsynonymous amino acid change, which might be re-
sponsible for the resistance to PZA.

In this study, nearly 30% of the PZA resistance isolates were not
found in association with pncA gene mutation, which implied that other
genes or mechanisms might be responsible for PZA resistance. Previous
studies had indicated that panD (Werngren et al., 2017; Zhang et al.,
2013) and rspA (Simons et al., 2013; Tan et al., 2014) genes were in-
volved in the mechanism of PZA resistance.

Several limitations of this study should be mentioned. First, the
inclusion of a relatively small sample size of MDR-TB suspects might
not be adequate to reveal those low-frequency mutations, and those
mutations found in our study should be tested in the general TB po-
pulation. Second, the relationship between those enrolled samples was
not evaluated by clustering rate, which might not exclude the possibi-
lity of recent transmission, but the consecutive inclusion of the MDR-TB
suspects would be valuable to demonstrate the current situation of PZA
resistance patterns. Third, the Sanger sequencing method used in this
study might underestimate the low-level pncA resistance.

In conclusion, this study adopted both MGIT 960 and MODS to
confirm PZA susceptibility for each stain, which ensured a high accu-
racy of the phenotypic assay for PZA resistance detection. And five of
the six category A mutations, which were previously revealed by Miotto
et al. as well (Miotto et al., 2014), might be useful in molecular test
design. However, the “hot spot” mentioned is limited and is likely to
cover less than 20% of resistant cases in the population considered.
Nevertheless, our study indicated that 54.3% (25/46) of the mutations
were not reported by Miotto et al., which indicated a different pncA
gene mutation patterns existed across regions.
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