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Objective: To develop a high-resolution melting curve analysis (HRM) assay for detection of PZA resistance.

Material and Method: Thirty samples of PZA-susceptible M. tuberculosis and eight isolates of PZA-resistant M. tuberculosis
were included in the experiment. Five sets of primers were designed to cover the pncA gene and its upstream nucleotides.
The pncA gene fragments were amplified by the PCR method. Determination of pncA mutation in the sample by comparing
their melting behavior of the PCR products with the M. tuberculosis wild type by using Gene scanning software of the
LightCycler® 480 instrument.

Results: Mutations were clearly detected in all PZA resistant samples by the HRM, whereas all PZA susceptible samples
showed no mutation in the pncA gene. Results were concordant with the drug susceptibility testing by using BACTEC™

MGIT™ 960 PZA kit and mutation detection by the DNA sequencing method.
Conclusion: This HRM method offers a rapid and reliable screen for PZA resistant M. tuberculosis.
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Inclusion of pyrazinamide (PZA) in the
treatment of tuberculosis (Tb) is necessary to reduce
the duration of Tb treatment to 6 months. PZA resistant
tuberculosis has traditionally been considered rare or
limited to Mycobacterium bovis, however recent
findings of PZA-monoresistant Tb have emerged®.
These features make susceptibility testing for this
agent increasingly important.

However, susceptibility testing for PZA is
difficult. PZA is active only at low pH thought to be
presented in vivo. Since a low pH is inhibitory to the
in vitro growth of M. tuberculosis, conventional drug
susceptibility testing (DST) of PZA on solid medium
is of limited value. The newer liquid culture-based
methods, such as the BACTEC MGIT 960 (Becton
Dickinson Biosciences, Sparks, MD) and the BacT/
ALERT 3D (bioMérieux Inc., Durham, NC) methods,
utilize protocols adapted for PZA that utilize an
acidified culture medium (pH 6.0). This makes DST
of PZA time-consuming and high rates of discrepancy
have been observed due to the poor growth of
M. tuberculosis in this acidic condition®?.
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PZA is a prodrug that requires conversion into
its active form pyrazinoic acid by the bacterial enzyme
pyrazinamidase (PZase), which is encoded by the
561-nucleotide (nt) pncA gene. Mutations in the pncA
gene or its putative promoter result in lost or reduced
PZase activity, and such mutations are considered to
be a major mechanism of PZA resistance in Tb{*,
Specifically it has been shown that 72% to 95% of
PZA-resistant clinical isolates of Tb carry pncA
mutations®®. Recently a target of pyrazinoic acid has
been described”.

Mutations in pncA are diverse and scattered
throughout the gene, thus a molecular approach
must interrogate substantial distance. PCR-SSCP,
heteroduplex formation, and amplification refractory
mutation system (ARMS-PCR) are possible methods
but they are expensive and detect only known
mutations in defined regions®!'V. Thus, the authors
designed a high resolution melting curve analysis
(HRM) for detecting sequence variation in pncA.

Material and Method
Mpycobacterium tuberculosis samples and DNA
extraction

M. tuberculosis used in this work included
M. tuberculosis H37TRv (ATCC 27294), 22 M. tuberculosis
clinical isolates (14PZA susceptible and 8§ PZA
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resistant), and 20 sputum samples of Tb patients with
positive smear that their isolates are PZA susceptible.
The isolates were determined for PZA susceptibility
by BACTEC™ MGIT™ 960 PZA Kit (Becton, Dickinson
and company, USA) according to manufacturer’s
instruction. They were cultured on Lowenstein-Jensen
(L-J) medium. Cell suspensions were prepared in
phosphate-buffered saline (PBS). DNA was extracted
from the isolates and decontamination-digestion
sputum samples using High Pure PCR Template
Preparation Kit (Roche Molecular Biochemicals,
Mannheim, Germany) according to manufacturer’s
instruction. Extracted DNA was stored at -20°C.

Primers

Five pairs of primers were designed to amplify
a 593 bp including the coding region and the -28
upstream region of the pncA4 gene as shown in Table 1
and Fig. 1. Primers were tested for optimal features
using Primer3 program (http://biotools.umassmed.edu/
bioapps/primer3_www.cgi). Specificity of the primers
was checked using the ‘Primer Pair Specificity
Checking Parameters’ function of Primer-BLAST
(NCBI).

Table 1. Primers used for the real-time PCR and sequencing

Real time PCR and HRM assay

PCR and HRM were operated in a single white
96-well plate (Roche, Germany) on a LightCycler® 480
Real-Time PCR System (Roche, Germany). The
reaction mixture consisted of 20 ng of DNA, 10
micromolar of each primer set (PF1-PR1 or PF2-PR2
or PF3-PR3 or PF4-PR4 or PF5-PR5) and 2.5 mM
MgCl, in 1x LightCycler® 480 High Resolution
Melting Master mixture containing ResoLight dye
(Roche, Germany) in a final volume of 10 microliters.
The testing included five well of each primer set for
sample, five for M. tuberculosis H37Rv DNA as wild
type controls, and five for heteroduplex sample. For
heteroduplex sample preparation, M. tuberculosis
H37Rv genomic DNA (wild type) was spiked to the
final concentration at 1/10 of the sample DNA in
the reaction mixture. Nuclease-free water replaced
DNA template for negative control. Thermal cycling
condition was 94°C for 10 minutes followed by
40 cycles with denaturation at 95°C for 10 seconds,
annealing at 64°C for 15 seconds, and extension at
72°C for 30 seconds. After PCR, HRM analysis was
performed by heating the PCR products at 95°C for
two minutes and then cooling to 40°C for five minutes.

Primer name Oligonucleotide sequence (5°-3”) Position on pncA gene Product size (bp)
PF1 GCAGTCGCCCGAACGTAT -28 to -11 135
PR1 GCCAGGTAGTCGCTGATGG 89 to 107
PF2 GCGACTACCTGGCCGAAG 95to0 112 136
PR2 GGAGTACCGCTGACGCAAT 212 to 230
PF3 CATTGCGTCAGCGGTACTC 211 to 229 128
PR3 CCGTTCTCGTCGACTCCTT 320 to 338
PF4 TCGAAGGAGTCGACGAGAAC 317 to 336 130
PR4 ATTGCGTACCGCGTCCT 430 to 446
PF5 CGGTACGCAATGGCTTG 436 to 452 130
PRS GCCATCAGGAGCTGCAAAC 547 to 565

5 (-28)

G(‘JAGTCGCCGSAACGZ\?F1 CGTGGACGTATGCGGGECGTTGAT CATCGT CGACGTGCAGARCGACTTCTGCGAGGETGGCTCGCTGGCGGTAACCGGTGEC

GCCGCECTGECCCEC mrcksWﬂemceiﬁMvammcmrume‘Mccmsnmcmmcmcccessmccm

PR
CBECGCGEACTTCCATCCCAGI CTIGGACACGTICGGCARTCGA
GGCGGTGTTCTACAAGEGTGCCTACACCGEAGCGTACAGCEECT TCoRM _@gs_ggq;_\:_:t_;z_zgpfi CGECACGCCACTGCTGAATT GGCTECGECARCGCGEE
PR3 P
GICGATGAGGTCGATGI GGTCGGTATTIGCCACCGAT CATTGTGT GCGCCAGACGECCE] _Q_G;A_Q.G‘QG_G’]:A_QWGGCIF; CACCAGGGIGCTGGIGG
PR4
ACCTGACAGCEGET GTGTCGGECCEATACCACCETCACCECACT TGCGCACCACCASCETCRAGTTGRITIGCAGCTCOTRRIGEE 3 (S65)
PRS
Fig.1  Schematic representation of the -28 bases upstream and 561 bases of complete nucleotide sequences of pncA gene

(GenBank accession number NC 000962 GenelD: 888260, gi|57116681:2288681-2289241) of M. tuberculosis
H37Rv. Five primer pairs and their direction namely, PF1 _PR1, PF2 PR2, PF3 PR3, PF4 PR4, and PF5 PRS,

are indicated in the arrow line.
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The melting temperature analysis was from 65°C
to 99°C with temperature ramped at 1°C/sec with 25
acquisitions per degree. Fluorescence data were
subsequently visualized and analyzed using the
automated grouping functionality provided by the
LightCycler® 480 Gene scanning software version 1.5
(Roche, Germany). PCR product melting curves were
normalized and temperature shifted to allow samples
to be directly compared. Different plots were generated
by selecting the wild type control as a base curve
control in horizontal line. At that time, the melting
curves of the other samples were normalized against
this base curve control. Mutations in any tested samples
were demonstrated by significant differences in
fluorescence signal from the horizontal line.

DNA sequencing

The nucleotide sequences of the PCR products
were analyzed to determine and confirm the presence
of mutation within the desired genes. PCR products
were purified using High Pure PCR Product Purification
Kit (Roche, Germany) and DNA sequencing was
performed by fluorescence-labeled dideoxynucleotide
technology in an automated DNA sequencer.

Results

Five areas of the pncA gene amplicon were
performed, such as -28 to 107, 95 to 230, 211 to 338,
317 to 446, and 436 to 565 (namely, pl, p2, p3, p4,
and p5, respectively) in different wells. In the HRM
analysis, melting curves of amplicons, such as sample,
wild type and heteroduplex sample with wild type,
were compared and presented in the same chart of
Normalized and Temp-shifted Different Plot of
LightCycler® 480 Gene scanning software using wild
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Fig.2  Normalized and temperature-shifted melting

curves (a) and difference plots (b1-b5: at position
-28 to 107, 95 to 230, 211 to 338, 317 to 466 and
436 to 565, respectively) of HRM analyses of the
5 pncA amplicons of clinical isolate Z2, obtained
by spiking unknown samples with wild-type (wt)
DNA. Formation of the sample/wt heteroduplex
DNA after PCR are not significant different from
others, indicative of PZA susceptible M. tuberculosis.
Per LightCycler® 480 Gene scanning software
version 1.5, different color lines indicate significantly
different HRM curves from control, while same
blue lines indicate no significant difference from
the horizontal line control of wild type.

type control as baseline. In case of no difference in
amplicon, melting curve of samples, and wild type
control presented in the same color (blue), whereas
different colors (red and green) demonstrated as
different detections (Fig. 2, 3).

Difference of amplicon between sample, wild
type and heteroduplex sample was not observed in all

Table 2. pncA mutation detection of eight PZA resistant isolates by HRM assay compared with DNA sequences

Isolate No. Mutation detection by HRM assay in position of pncA areas Mutation position
2810107 9510230 21110338  317t0446 43610565  detected by sequencing
vz No No Yes No No 312 (AGC—AGQG)
79 No No Yes No Yes 269 (ATC—AGC)
Z10 No Yes No No No 195 (TCC—TCT)
329 (A deletion)
Z13 Yes No No No No 64 (A deletion)
725 No No No Yes No 389 (GTG—GGG)
736 No No No No Yes 472 (GTG—GGG)
737 No Yes No Yes No 200 (TCG—-TTQG)
390 (GG insertion)
748 No No Yes No No 282 (TTC—-TTG)
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Fig.3 Normalized and temperature-shifted melting

curves (al-fl) and difference plots (a2-f2) of
HRM analyses of the pncA amplicons of PZA-
resistant M. tuberculosis clinical isolates: Z4
(al, a2), Z9 (bl, b2), Z10 (cl, c2), Z36 (d1, d2),
Z37(el, e2), and Z48 (f1,f2) (at position 211 to
338,436 t0 565,95 t0 230,436 to 565, 317 to 446,
and 211 to 338, respectively). Formation of the
sample/wt heteroduplex DNA after PCR is
distinguished from wild-type, indicative of PZA
resistant M. tuberculosis. Per LightCycler® 480
Gene scanning software version 1.5, different
color lines indicate significantly different HRM
curves from the horizontal line control of wild type.

PZA susceptible isolates and clinical samples. Fig. 2
demonstrates the same blue color in melting curve of
aPZA susceptible sample as wild type and heteroduplex
sample.

Mutation of the pncA gene was found in
10 positions of eight PZA resistant isolates as
summarized in Table 2. The assay showed different
amplicon of sample from wild type, in area p5 of
samples Z9 and Z36, in p2 of Z10 and Z37, and in p3
of Z48. However, the other five positions were found
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in heteroduplex samples. The areas of mutations
were in concordance with the sequencing results and
PZA susceptibility testing by Mycobacteria Growth
Indicator Tube (MGIT) 960 system as shown in
Fig. 2 and Table 2.

One sample, Z9 showed mutation detection
in p3 and p5 areas, whereas sequencing results
confirmed only in p3 area with one base substitution
mutation at T269G. This result may have been due to
unreadable sequence at the 5’ region on the PRS primer.
On the other hand, mutation in sample Z10 was
detected in p2 area by HRM assay, whereas this sample
contained two positions of mutations, which were
C195T substitution mutation and A329 deletion in
PR3primer region.

Discussion

The present study is the first development of
HRM for detecting pncA mutations as a tool to
determine PZA resistance. HRM analysis technique is
a rapid molecular method for investigating a region
suspected to contain variants of known sequence. The
use of this method allows discrimination down to single
nucleotide changes by analysis of the melting behavior
of the whole amplification product. In the present study,
five sets of primer were used to amplify five DNA
fragments that cover the pnc4 gene and its 28 base
pair upstream region. M. tuberculosis H37Rv was
used as the wild type control in our study. Nucleotide
transversions, such as A:T, and G:C, resulted in very
small Tm difference (<0.2°C for A:T, and <0.4°C for
C:G) and are difficult to detect. To circumvent this
limitation and enhance the separation of meting curves,
known genotype of the wild type M. tuberculosis was
spiked into all DNA samples and tested in the final
concentration of 1/10.

Analysis of PZA-susceptible clinical isolates
showed no significant difference when plotted against
the baseline wild type control. In contrast, all eight
PZA-resistant M. tuberculosis clinical isolate showed
at least one mutation along the pncA gene. Of 8 PZA-
resistant clinical isolates used in the present study,
some previously reported mutations were found
such as a deletion at nucleotide position 64¢), a base
substitution at nucleotide position 269, 312, and
3890213 "and an insertion at nucleotide 3910215,

The HRM analysis method was also applied
for direct detection of pncA mutation in M. tuberculosis
from clinical specimens. The authors did not observe
any difference in the HRM between M. tuberculosis
H37Rv and H37Rv/sample, suggesting we amplified
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both the specimen Tb and H37Rv. Their HRM
results were similar to that of wild type susceptible
M. tuberculosis. These were compatible with their
isolate that were performed PZA susceptibility testing
by BACTEC™ MGIT™ 960 PZA Kit. A limitation
of this method is that mutation in a primer area might
not show distinction. In addition, as same as DNA
sequence analysis, it can detect silent point mutations
that may not confer resistance. This is admittedly a
limitation of many molecular methods that do not
employ complete sequencing.

The results of PZA mutation detection by this
technique are available four hours after receiving
specimen. The cost of HRM is approximately 15 USD
per sample. The authors propose utilization of this
pncA HRM method as a fast and inexpensive method
to determine PZA resistance.
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What is already known on this topic?
Pyrazinamide (PZA), one of the important
first-line drugs for tuberculosis treatment, has received
increased attention in susceptibility test due to its
important role in shortening the time course for TB
treatment. However, the current PZA susceptibility test
is difficult, time-consuming, and potentially exhibits
high discrepancy results among laboratories due to the
need of an acidic pH for drug activity and the poor
growth of M. tuberculosis in this acidic condition.
Mutations in the pncA gene, encoding nicotinamidase/
pyrazinamidase (PZase) and its putative promoter,
appear to be a major mechanism of PZA resistance in
M. tuberculosis. Various molecular methods were used
for detection of PZA-resistant M. tuberculosis strains,
such as PCR-single-strand conformation polymorphism
(PCR-SSCP), dideoxy fingerprinting, heteroduplex
formation, and amplification refractory mutation
system (ARMS-PCR), however some of these methods
are costly, time-consuming, and have to note that these
methods can only detect mutations in a defined area.
Considering that mutations in pncA are highly diverse
and found scattered throughout the gene, rapid
molecular method to detect any mutation along the
gene should be useful. High resolution melting curve
analysis (HRM) has been reported as a potential rapid,
simple, reliable, and cost effective PCR technique for
detecting unknown sequence variation such as single
base substitution, deletion, and insertion at any position
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within the amplification products. Therefore, it should
be useful for pncA mutation detection.

What this study adds?

This is the first study that used the HRM for
detection gene mutation associated PZA resistant. The
results from this study showed that mutations in PZA-
resistant M. tuberculosis detection by the HRM method
concordant with both of traditional PZA susceptibility
test by MGIT960 and the DNA sequencing method.
Therefore, HRM is a rapid, reliable, and cost effective
screening method for pncA mutation detection that
indicates PZA resistant in M. tuberculosis. Rapid
diagnosis of drug-resistant M. tuberculosis means
rapid and success to control TB spreading.
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