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Abstract

Pyrazinamide (PZA) plays a critical role in shortening tuberculosis treatment duration and in
treating MDR-TB. The standard phenotypic MGIT PZA susceptibility testing method is imperfect
because it is slow and has potential for false resistance. In this study we evaluated two different
phenotypic based methods, gPCR phage assay and MTT assay, as well as genotypic sequencing.
The assay was evaluated on 71 clinical M. tuberculosisisolates (37 MGIT PZA susceptible, 34
MGIT PZA resistant) and compared to the MGIT result. Of these methods the gPCR phage assay
yielded an accuracy of 89% versus standard MGIT while MTT yielded 83%. The genotypic
sequencing method yielded 90% accuracy. We conclude that any of these faster PZA
susceptibility methods perform reasonably well against a MGIT PZA susceptibility standard.

INTRODUCTION

Pyrazinamide (PZA\) is a first-line drug for the treatment of tuberculosis. The importance of
PZA susceptibility testing has increased due to the synergistic activity of pyrazinamide
amidst new drug regimens, the need for improved MDR-TB combination therapies, and the
recognition of PZA monoresistant strains of M. tuberculosis (9). Conventional susceptibility
testing for PZA is limited by the requirement for acidic media, its long turnaround time, and
the propensity for false resistance using the MGIT method (4, 16, 17). In this study we
therefore set out to develop and evaluate new rapid PZA susceptibility methods.

Colorimetric methods using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) indirectly determine viability of mycobacterial cells after exposure to antibiotics.
Based on metabolic activity, the yellow MTT dye is reduced by dehydrogenase in living
cells to produce purple MTT formazan which can be visualized or quantified by
spectrophotometry (10, 18). This method allows a susceptibility result within several days
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(1, 8, 13). Another rapid method is to measure the viability of mycobacterial cells by
measuring D29 mycobacteriophage, which replicates only in living cells and can be
quantified by real-time PCR. This gPCR phage assay can be performed in 4 days and can be
used for several 15t and 2" line drugs but also has not been tested for pyrazinamide (2, 7,
14). In this work we developed these two methodologies, MTT and phage. Lastly, genotypic
testing of the pncA gene is fast and growing in popularity but correlates with phenotypic
PZA results with only approximately 85% accuracy (11, 12, 15) due to both false resistance
(pncA mutations in susceptible strains) and false susceptibility (pncA wild-type in resistant
strains). In this work we compared each of these methods against the MGIT PZA standard.

MATERIALS AND METHODS

Mycobacterial strains and culture conditions

A total of 71 Mycobacterium tuberculosis (MTB) clinical isolates including 34 PZA
resistant and 37 PZA susceptible strains according to the MGIT method, as well as one
reference strain H37Rv (ATCC 27294) were obtained from Department of Microbiology,
Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand. MTB isolates
were cultured on Lowenstein-Jensen medium at 37°C for 2-3 weeks followed by
susceptibility testing. Seventy two (51/71) 72% of strains were resistant to Isoniazid and
Rifampin (MDR).

Antimicrobial agents

Pyrazinamide (BD, Franklin Lakes, NJ, USA) was dissolved in 2.5 ml of sterile distilled
water to make a stock solution of 8000 pg/ml which was stored in single-use aliquots at
-20°C for 6 months.

Standard MGIT PZA susceptibility testing

PZA susceptibility tests were carried out in MGIT PZA medium (BD, Franklin Lakes, NJ,
USA) according to the manufacturer’s protocol. Briefly, a 0.5 McFarland suspension was
diluted 1:5 and 1:50 in sterile distilled water and 500 ul of the 1:50 dilution was inoculated
into MGIT PZA medium plus supplement without drug, while the 1:5 dilution was
inoculated into MGIT PZA medium plus supplement with 100 pg/ml PZA drug and
incubated in MGIT instrument at 37°C. Results were read automatically within 14 days after
inoculation of media. M. tuberculosis H37Rv, susceptible to PZA, was used for quality
control. The MGIT DST was performed at least twice and only isolates that were resistant or
susceptible on both tests were used. Additionally, when we encountered isolates that were
discrepant between MGIT and any of the comparator methods (D29 phage, MTT, or
sequencing) we performed MGIT a third time and we used the latter results as the final
MGIT result.

D29 phage assay

Middlebrook 7H9 (M7H9) broth supplemented with 10% Middlebrook oleic acid-albumin-
dextrose catalase (OADC) enrichment (Difco, Livonia, MI, USA) plus 1 mM CaCl, adjusted
pH to 5.9 was used as PZA susceptibility testing medium. The final concentration of PZA
was 100 pg/ml as for MGIT (5). All 71 MTB isolates were tested by D29 phage assay using
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LJ isolates as inoculum as described previously (7) with some modifications. Inoculum
suspensions were prepared to 0.5 McFarland standards and diluted 1:10 in adjusted pH
M7H?9. Fifty microliters of suspension was inoculated into each well of a 96-well plate
containing 50 pl of drug-containing, drug-free (pH 5.9), or drug-free (normal pH) medium
then incubated at 37°C for 48 h. One hundred microliter of ~2 x 103 PFU/mI D29 phage in
M7H9 supplemented with 10% OADC plus 1 mM CaCl, was added and re-incubated for 48
h. The D29 phage gPCR assay using real-time PCR was performed as described previously
(7). The cycle threshold (Ct) of D29 phage alone (Ct of starting phage), the Ct of MTB
isolates in drug-free (normal pH) medium followed by phage treatment (Ct of control TB),
the Ct of MTB isolates in drug-free (pH 5.9) medium followed by phage treatment (Ct of
acid control TB), and the Ct of TB isolates in drug-containing medium followed by phage
treatment (Ct of drug TB) were recorded then analyzed.

The MTT assay was performed by adaptation of our in-house MTT assay protocol for
isoniazid, rifampicin and ethambutol (8). Briefly, acid adjusted (pH 5.9) M7H9 broth
supplemented with 10% OADC enrichment was used as PZA susceptibility testing medium.
The PZA critical concentration was prepared as described above. Inoculum suspensions
were prepared to 0.5 McFarland standards in adjusted pH M7H9. Fifty microliters of
suspension was inoculated into each well of a 96-well plate containing 50 pl of drug-
containing, drug-free (pH 5.9) or drug-free (normal pH) medium then incubated at 37°C for
7 to 10 days until visible growth in the drug-free (pH 5.9) medium well (6), then 1 pl of
MTT solution (10 pg/ml) was added into each well. The plate was re-incubated for 3 hours
and then 100 pl of lysis solution (0.1 HCL in isopropanol) was added then the plate stood at
room temperature for 30 min. PZA resistant isolates were defined by the color change from
yellow to violet precipitate in both drug-free (pH 5.9) medium and drug-containing wells,
while PZA susceptible isolates turned yellow to violet only in drug-free (pH 5.9) medium.
When discordant results between the two developed methods (D29 phage and MTT) were
found, the isolates were repeated twice for each method and the final result was adjudicated
as the result of two of the three tests.

Sequencing of the pncA gene

Two hundred microliters of a 0.5 McFarland suspension was heat inactivated at 100 °C for
30 min then DNA was extracted by QlAamp DNA Mini Kit (Qiagen, Valencia, CA, USA)
according to manufacturer’s protocol. The pncA gene was amplified using forward and
reverse primer of Campbell et al. (3). Each 50-pl PCR mixture contained 25 pl KAPA Taq
ReadyMix PCR Kit (Kapa Biosystems, Boston, MA, USA), 0.3 ul of each forward and
reverse 50 UM primers, 19.4 pl nuclease free water, and 5 pl of genomic DNA. PCR was
performed on a CFX96 System (Bio-Rad, Hercules, CA, USA) with initial denaturation at
95 °C for 15 min followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 64 °C
for 30 s, and extension at 72 °C for 30 s, with a final extension at 72 °C for 7 min. PCR
products were analyzed on 2% agarose-gels, verified PCR products were purified using
QIAquick PCR Purification Kit (Qiagen, Valencia, CA, USA), mixed with primers and
submitted to 15t BASE (15t BASE, Seri Kembangan, Selangor, Malaysia) for DNA
sequencing.
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Statistical analysis

Receiver-operating characteristic (ROC) analysis was used to define a cut-off of ACT values
for D29 phage assay interpretation. Accuracy, sensitivity and specificity were analyzed by
using two by two table analyses. All P values were 2 tailed.

RESULTS

D29 phage assay interpretation criteria and the assay evaluation

The interpretation criteria was described in our previous publication (7). Briefly, to confirm
that the isolate “grew,” meaning that the isolate sufficiently allowed phage replication, we
required a ACt of control TB (Ct of starting phage - Ct of control TB) and ACt of acid
control TB (Ct of starting phage - Ct of acid control TB) = 3.0. There were only 3 of 71
isolates that did not “grow” in control medium and 4 that did not “grow” in acid medium. To
determine pyrazinamide susceptibility we used the ACt of (acid) control TB minus the Ct of
(acid) drug TB (14) and found the optimal cut-off for resistance was = —3.0 by receiver-
operating characteristic (ROC) versus standard MGIT PZA results. Using this optimized
cutoff the accuracy, sensitivity and specificity was 89, 94, and 85%, respectively (Table 1).
We noted five isolates that were falsely resistant by phage gPCR and two that were falsely
susceptible (Figure 1).

Evaluation of MTT assay

To define that an isolate was resistant to PZA, the color in all 3 wells (drug-containing,
drug-free pH 5.9 and drug-free normal pH medium) was required to change from yellow to
violet precipitate. There were only 2 of 71 isolates that did not “grow”, meaning the color
did not change in drug-free (pH 5.9) or drug-free (normal pH) media. Compared with
standard MGIT PZA method, accuracy, sensitivity and specificity of MTT assay was 83%,
88% and 78%, respectively (Table 1). Eight isolates were falsely resistant and four were
falsely susceptible.

Correlation of pncA sequencing and standard MGIT PZA susceptibility test

The results of pncA sequencing compared to the standard MGIT PZA result is shown in
Table 1. Accuracy, sensitivity, and specificity of sequencing were 90%, 91% and 89%,
respectively. Four were falsely resistant (pncA mutant but PZA susceptible) and 3 were
falsely susceptible (pncA wild-type but PZA resistant). The specific mutations found in this
repository are shown in Table 2.

Discrepancies across methodologies

We then evaluated the methods for their consistency across the other methods. An isolate
was defined as susceptible when 4 results were susceptible/0 resistant or 3 were
susceptible/1 resistant. The consensus for a resistant isolate was defined identically.
Ultimately, 8 isolates were impossible to adjudicate (2 susceptible results/2 resistant results).
In total this resulted in 56 isolates with complete data across all methods. Since MGIT was
repeated multiple times as the gold-standard it unsurprisingly had 100% accuracy versus the
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consensus result, whereas the phage method was 98% accurate, and MTT and sequencing
were each 95% accurate (Table 3).

DISCUSSION

PZA susceptibility testing methods will be of increasing importance in the context of new
TB drug regimens and in high MDR-TB settings. In this work we developed 2 rapid
methods for PZA susceptibility testing the phage gPCR and MTT method and evaluated
their performance against the MGIT PZA system as well as pncA sequencing. Accuracy and
concordance across all methods was good. The MGIT PZA is the commercial standard, but
it requires the MGIT 960 instrument and the kits are expensive. As has been seen before, we
also found that MGIT may give false PZA resistant results, in that when we repeated 13 of
the original PZA resistant results 6 of them became susceptible. This generates additional
workload and cost for the lab, in that all PZA resistant results need to be repeated.
Furthermore, such false resistance has generally been appreciated among otherwise pan-
susceptible TB strains (4, 16, 17), but our isolates were mostly MDR, whereby this poor
reproducibility of PZA resistance is even more problematic for clinicians since PZA is such
an important potential drug for MDR treatment.

The colorimetric MTT assay requires no specialized instruments and the turnaround time is
similar to MGIT (7 to 10 days while MGIT is 8 to 12 days). To obtain a faster result we
developed the gPCR phage assay. This required 4 days to complete and can also yield a
phenotypic result to any drug (7), including new drugs where molecular assays don’t exist.
However it does require several steps and real-time PCR analysis. Finally we found
sequencing to be 90% accurate, similar to what has generally been reported (12, 15). This
method is fastest but depends on sequencing availability. It has been proposed that by
knowing the exact pncA mutation that one could further improve accuracy, however our
repository argued against this in that we largely found mutations associated with resistance
and none of the simple variants previously associated with susceptibility (e.g., 12 of the 26
mutations we found were high confidence per Miotto et al (11)). Furthermore there were
many undefined mutations. Another point to remember is that sequencing can give
ambiguous results with mixtures of both mutant and wild-type sequences which can be
difficult to interpret. In particular we found that 4 of 31 MGIT PZA resistant strains yielded
a mixture of mutant/wild-type pncA traces. The depth of this phenomena is unclear, and we
did not perform further genotyping to examine whether these were different strains or a
mixture of the same strain. In sum however we conclude that any of these methods provided
reasonable accuracy against the imperfect PZA MGIT method and could therefore be used
depending on a laboratory’s capabilities, technologies, resources, and needed turnaround
time.
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Figure 1.

Correlation between MGIT pyrazinamide susceptibility results and D29 phage gPCR.
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Results of 64 M. tuberculosis isolates show the ACt (Ct of acid control TB - Ct of drug TB)
where a value < 3.0 is defined as susceptible, and a value = -3.0 is defined as resistant.

Red -, x are discrepancies between D29 phage gPCR and standard MGIT results.

Diagn Microbiol Infect Dis. Author manuscript; available in PMC 2016 November 01.



Page 10

Foongladda et al.

Author Manuscript

*adAy plim ‘I adA1 JueInw ‘YA IuBINW WBY) pajjed am pue Burousnbas Aq saoeu) woud adAl-plimaueInw paxiw pey Hm\vm

‘}NSal LIDIA [euly 3y} Se 8say} pasn s JUEISISa Pawasap uayl sem | DN Ad 8]q1idaisns
Alleu1bLIo G/T pue a)qndadsns pawaap usyy a1am | 19N Aq Juelsisas Ajjeulbruo £T/9 Agataym | |DIN Ag paiselas aiam ||e pue spoylsw € syl usamiaq Aouedsdsip swos sAey 0} punoy a1am sale|ost 8T ,

p'a

"..M0JB,, 10U pIp s,

‘.Mo1B,, Jou pip TUL,

€e € M
68 16 06
v al€ w0 Burousnbasg
8 14 S
8L 88 €8 ) o y  qese LI
68 6 68 & ¢ >
¥
g 62 N eesse abeyd
Um 2d
(%) Auoy1oads  (96) AUAIISUSS  (96) AdBNdDY poylaw 1591

{U) LIS pIepuels

‘synsas Aijiqndeasns wzd 119N plepuels 01 pasedwod Butousnbas pue ‘1 1 A ‘abeyd YDdb Jo souewlopad

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Diagn Microbiol Infect Dis. Author manuscript; available in PMC 2016 November 01.



Page 11

Foongladda et al.

Author Manuscript

Umolb oN ‘ON
Y d o A9 TET BA  HIysaweld ‘999 - D1  UOIISSUl Z6E-TEE D9 T
o o o - Blysauwreld uonaep 68-08 T
d d o - Hiysawe.d uonaIdp 6EY-G9€E T
Y " " eIV 08T [eA 209-019 XIw O 'L 6ES L I
185 00T UL 209V - 00V XIw 9 ‘0 662 O
d S d K19 L81 dois V99 - VOL 9685 L T
S S S eIV £9T [eA 909-919 088y L T
d o o A9 zsT By ‘099 -009 XIW 9 ‘0§57 O T
S o d K19 9¢T dsv 199-1v9 907V T
d o o BN ZPT UL 91V - 90V LGzr 0 Z
o d o dois €01 1AL VVL1-0vl XIW Vv ‘0 60€ O [/
S o d K19 6€T IBA 999-919 99Ty L [
Y d o N9 9ET dsy  WIUssWeld YV — LVD uoIasul 80 v T
d o o [BA S0T A1 019-099 LYI€D T
d o S fiv 89 diL 99V - 991 XIWYV ‘1202 L 1
ON o o 01d 99 133 902-901 296T L T
S S S A19 €9 dsy 099-90VD 9881V T
d o d dsy /G SIH JV9 - OVO 96910 1
Y d o 0id L7 UL 2002 - 00V J6ETV T
S (ms'(my S JyLTeall 20V - 0LV (xw) 1026 L 14
d o S Biv ¥T sAD 090-091 o207 L T
d o o usy 1 dsy VYV - OV9D VED €
d o o dois 0T U9 9VL-9Vv0 1820 T
o o o - - 221 T
Ms'@y  Ms'@y E - - oTT-V €
o o o - - 21T-V z
o o o - - 2/-1 T
abeyd 11N 119N abueyd pioe oulwy abueyo uopo)d abueyd apnosoNN  S81e|osl Jo 'ON
sHnsaJ 1A
puejleyl wouj $81ej0sI SIsonaJagn “|A Ul auab woud ul suoneini
¢3l|qelL

Author Manuscript

Author Manuscript

Author Manuscript

Diagn Microbiol Infect Dis. Author manuscript; available in PMC 2016 November 01.



Page 12

Foongladda et al.

Author Manuscript

S¢ 0
68 00T §6

€6 96 S6

96 00T 86

adAy-piIm
wemni
S

d
S
d

Burouanbag

Aesse | 1IN

Aesse abeyd

(9%) Anoytoads (%) Auainsuss (%) Aoeanooy

u) 3jNsaJt snsussuo)

pouaw 1sa L

(96 = u) synsas AlLiofew snsuasuod 01 patedwod Buiouanbas pue ‘1 1 A ‘abeyd 4Odb 1o aourwIoad

€9lgel

Author Manuscript Author Manuscript

Author Manuscript

Diagn Microbiol Infect Dis. Author manuscript; available in PMC 2016 November 01.



