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Pyrazinamide (PZA) plays a crucial role in the treatment of both active and latent tuberculosis, particularly in
regimens designed to treat drug-resistant TB. However, diagnosing resistance to PZA poses challenges for
managing TB, highlighting the need for accurate detection methods. This study aims to address the challenges in
detecting PZA resistance by modifying the standard MGIT960 PZA drug susceptibility testing method by opti-
mizing the inoculum dilution. Briefly, three MGIT DST versions were evaluated: the standard method, the
reduced inoculum (RI) method employing a 1:20 inoculum dilution and the sparse dilution (SD) method using a
1:50 dilution of the inoculum for growth control tube, while the undiluted MGIT positive culture was used for the
PZA test tube. The SD MGIT DST approach minimized the number of false-resistant PZA results to (31/401) 7.7 %
against 27 % by standard MGIT DST and 11.7 % by RI MGIT DST approach, thereby reducing the false-positivity
rate by 19.3 %. Targeted sequencing of pncA gene identified mutations in only 14/401 isolates (3.5 %). Whole
genome sequencing (WGS) of the 31 phenotypically resistant isolates identified resistance -associated mutations
in pncA gene (45 %), panD (9.6 %), mas (12.9 %), glpK (3.2 %), and IprG (3.2 %), and others efflux associated
genes like Rv1258¢ (3.2 %), Rv0191c (3.2 %), and Rv3008 (6.45 %), except for 4 isolates, for which no mutations
were detected in the target genes. These genes are involved in various resistance mechanisms including cell wall
synthesis, metabolic pathways, and drug tolerance, which are essential for PZA efficacy. Notably, new mutations
in glpK and mas were detected in isolates with wild-type pncA and were absent in the sensitive isolates. Our study
substantiates the improvement of phenotypic testing methods and enhances the detection of PZA resistance even
in resource-limited settings and direct research towards improving the diagnostic accuracy in TB drug resistance
management.

1. Introduction million new TB cases and 1.25 million deaths in 2023, with India

contributing 26 % of the global TB burden, the highest share worldwide.

Globally, the incidence of multidrug-resistant tuberculosis (MDR-TB)
is on the rise, leading to significant treatment failures primarily attrib-
uted to resistance against key first-line anti-TB drugs, such as isoniazid
and rifampicin (Ahmad et al., 2018; Brust et al., 2016). The World
Health Organization (WHO) reported 10.8 million incident cases, 8.2

India also holds the highest proportion of MDR-TB cases, accounting for
27 % of global TB cases (WHO, 2024). Among the core components of TB
regimens for MDR-TB, pyrazinamide (PZA) plays a crucial role and is
used in combination with other TB drugs to shorten TB therapy. How-
ever, it is imperative to acknowledge that the patterns of resistance to
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PZA are influenced by various factors, including genetic background,
prior exposure to anti-TB drugs, and PZA use in TB treatment (Balay
et al., 2024; Modlin et al., 2021; Ullah et al., 2016). A systematic review
and meta-analysis reported a global prevalence of 29 % for PZA resis-
tance among TB cases, 17 % among the high risk of MDR-TB patients,
and 75 % in the MDR-TB patients (Wang et al., 2023). In India, PZA
resistance rates of 6.95 % among new TB patients and 8.77 % among
previously treated TB patients have been reported (India TB Report
2016). A recent investigation identified PZA resistance as the most
prevalent among XDR isolates (68 %; 23/34), followed by pre-XDR (64
%; 756/1178), MDR (31 %; 133/432), and polydrug resistance (13 %;
29/230) (Tamilzhalagan et al., 2025).

The clinical importance of PZA is attributed to its distinctive steril-
izing effect on semi-dormant Mycobacterium tuberculosis bacilli in acidic
environments, making it a critical component of both first-line and
MDR-TB treatment regimens (Zhang and Mitchison, 2003). However,
PZA resistance in M. tuberculosis remains challenging because of the
complexity of its resistance mechanisms and limitations of current
diagnostic methods (Thuansuwan et al., 2024). The WHO’s recom-
mendation on the use of the BD MGIT 960 PZA susceptibility kit with a
low pH (World Health Organization, 2018) aligns with the longstanding
hypothesis that PZA is active against M. tuberculosis only at acidic pH
(Mitchison, 1985; Salfinger and Heifets, 1988; Zhang et al., 2003; Zhang
and Mitchison, 2003). Nevertheless, a few recent studies have shown
that M. tuberculosis is also susceptible to PZA at neutral pH, reduced
temperature, and alkaline pH, highlighting the complexities surround-
ing its mechanism and the need for more reliable and universally
applicable phenotypic methods (Den Hertog et al., 2016; Peterson et al.,
2015; Shi, 2021).

A significant drawback of using acidified media is its inhibition of
most clinical strains of M. tuberculosis growth at a pH level below 6.0
(Gouzy et al., 2021; Piddington et al., 2000). This impaired growth re-
sults in false susceptibility when PZA phenotypic methods are used
(Morlock et al.,, 2017; Piersimoni et al., 2013). Furthermore,
slow-growing populations are exposed to PZA in acidic environments,
may require multiple bacterial generations to achieve optimal bacteri-
cidal effects (Pullan et al., 2016). In our study, we addressed this issue by
extending the incubation period to allow ample time for growth under
acidic conditions, with the aim of enhancing the precision of PZA sus-
ceptibility testing.

Accurate diagnosis of drug resistance in tuberculosis is crucial for
effective treatment. Various methods are used to diagnose PZA resis-
tance, including Wayne’s assay, MGIT960 drug susceptibility testing
(DST), targeted sequencing, and next-generation sequencing (NGS)
(Nasiri et al., 2021; Werngren et al., 2021; Rajendran and Palaniyandi,
2022). Wayne’s assay, a conventional method, is widely used for
detecting PZA resistance, but is limited only to pncA mutations, with a
reported sensitivity of ~75.6 % and specificity of ~88.7 % (Nasiri et al.,
2021). The MGIT 960 system has been reported as a reliable method for
phenotypic PZA susceptibility testing (Sharma et al., 2010). However,
reports indicate a high false resistance rate of up to 58.2 % due to
excessive bacterial inoculum which can raise the medium’s pH and
result in poor reproducibility (Piersimoni et al., 2013; Werngren et al.,
2012). To mitigate this, subsequent studies proposed protocol modifi-
cations such as reducing the inoculum size from 0.5 ml to 0.25 ml, de-
creases the false resistance rates from 26 % to 11 %, compared to the
standard MGIT assay (Piersimoni et al., 2013). Further refinements by
Morlock et al. (2017) examined two different approaches, where the first
method used a 1:25 dilution of the inoculum for the control tube and
1:2.5 for the PZA tube and a second method further reduced the inoc-
ulum was to 1:50 and 1:5 dilutions respectively. These methods reduced
the false resistant results from 55.2 % in the standard test to 28.8 % and
16 % for the first and second dilutions, respectively (Morlock et al.,
2017). However, this approach has used different dilutions of the
inoculum for the control and PZA tubes, invoking complexities. Our
study builds on these techniques utilized the novel sparse dilution (1:50)
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approach designed to simplify the protocol, minimize pH fluctuations,
and reduce false resistance without requiring different dilution ratios for
the control and PZA tubes. This method further reduces the bacillary
load, allowing sufficient time for the drug to act while preserving the
acidic conditions required for PZA activity, compared to the RI MGIT
DST and standard MGIT DST methods.

Implementing molecular methods for detecting PZA resistance is
challenging due to heterogeneity in mutations associated with PZA
resistance, particularly in the pncA gene encoding pyrazinamidase
(PZase) (Chang et al., 2011; Karmakar et al., 2020). The performance of
pncA-based molecular diagnostics is being considered by the WHO, with
the inclusion of other genes, such as panD and rpsA, to improve the
detection of PZA resistance (Ramirez-Busby et al., 2017; Thiede et al.,
2021). These findings highlight the ongoing efforts to improve the ac-
curacy of diagnosing PZA resistance for better treatment outcomes.
Whole genome sequencing (WGS) is a powerful tool that identifies
mutations across the entire genome (Nimmo et al., 2019), including
genes not traditionally considered in resistance studies. This approach
has enabled the discovery of previously unknown or novel mutations
associated with resistance, providing a more complete understanding of
the genetic mechanisms underlying resistance. Whole genome
sequencing has been employed to detect and predict drug resistance in
M. tuberculosis (Allix-Beguec et al., 2018). It was used as the reference
method for defining the resistance and susceptibility profiles of the study
isolates. Although phenotypic DST remains the gold standard, the high
resolution and predictive accuracy of WGS for known resistance-related
mutations have led to its increased acceptance in research settings
(Koser et al., 2012). Accordingly, we evaluated the performance of
various phenotypic methods in relation to the genotypic classification
provided by WGS. Despite increasing recognition of the role of non-pncA
genes in conferring PZA resistance, there is still a lack of extensive data
correlating these mutations with phenotypic resistance profiles. Our
study addresses this gap by employing WGS with optimized phenotypic
DST to identify novel mutations, particularly in isolates lacking pncA
mutations and in genes that have not previously been reported to harbor
resistance-associated mutations in clinical isolates, contributing to a
more comprehensive understanding of the genetic landscape of PZA
resistance.

This primary objective of the study seeks to resolve concerns
regarding false resistance and overcome challenges in assessing PZA
resistance in M. tuberculosis by further modifying the reduced inoculum
(RI) by Piersimoni et al. who used a lower bacterial load in the growth
control (GC) tube and with a sparse dilution (SD) approach, employing
an even greater dilution for the GC tube to prolong incubation and
enhance test accuracy (Piersimoni et al., 2013). Recognizing that PZA
resistance may extend beyond the pncA gene and as a secondary
objective this study analyzed the genetic makeup of the isolates and
explored additional genes contributing to PZA resistance using WGS.
Advocating the integration of genotypic methods with standardized
testing helps understand resistance mechanisms, contributing to
improved diagnostic precision and effective treatment strategies. This
study evaluated PZA resistance in presumed drug-resistant
M. tuberculosis isolates using SD MGIT DST, Wayne’s method, targeted
sequencing, and WGS seeking correlations between phenotypic out-
comes and genotypic assessment to address challenges in detection of
emerging drug resistance.

2. Methods
2.1. Isolate selection, phenotypic assays and genotypic sequencing

The samples included in this study were retrieved from archived
cultures stored at the National Institute for Research in Tuberculosis
(NIRT), Chennai, South India, from 2019 to 2020. These clinical isolates
were initially identified as presumptive drug-resistant strains, although
the specific phenotypic and genotypic resistance profiles were unknown
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at the time of inclusion. The stored cultures were revived in Lowenstein-
Jensen (LJ) medium and inoculated into MGIT tubes, the cultures that
exhibited positive growth were included, and the cultures that were
unable to be revived and cultures that had contamination or mixed
mycobacterial growth and non-tuberculous mycobacteria were excluded
from the study. All isolates were anonymized prior to analysis, and the
study was approved by the institutional ethics committee (NIRT-IEC ID
2019002). A total of 401 isolates were selected for this study using
convenience sampling. These isolates were subjected to phenotypic
MGIT 960 standard DST, reduced inoculum (RI) MGIT DST, and sparse
dilution (SD) MGIT DST methods with 100 pg/ml concentration of PZA
(Fig. 1). Additionally, PZase activity by Wayne’s method and genotypic
methods including targeted and whole genome sequencing were used to
determine resistance profile.

2.2. MGIT 960 standard DST method

The phenotypic MGIT 960 method was used to assess the suscepti-
bility of clinical strains to first-line TB drugs, including rifampicin (RIF),
isoniazid (INH), and pyrazinamide (PZA). Isolates from preserved cul-
tures were revived and inoculated onto MGIT 7H9 tubes containing 0.8
ml of PANTA supplement. The cultures were then grown until MGIT 960
indicated that the results were positive. For each drug, the DST was
performed according to the manufacturer’s standard procedure (Becton,
Dickinson, and Company) (Siddiqi and Riisch-Gerdes, 2006). Here,
M. tuberculosis strain H37Rv was used as a PZA-susceptible control and
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M. bovis BCG was used as a PZA-resistant control (Sharma et al., 2010).
For each isolate, three 7 ml 7H9 MGIT tubes were used, one labeled as
GC, and the other two as INH and RIF. For the PZA DST, two MGIT PZA
tubes were used, one for GC and the other for the PZA drug-containing
tube. To each tube, 0.8 ml MGIT SIRE/PZA supplement was added,
followed by 0.1 ml of the respective drug in the corresponding tubes.
The inoculum prepared from positive MGIT tubes, and two sterile 15 mL
Falcon tubes were labeled for 1:10 and 1:100 dilution. Positive MGIT
cultures on days 1-2 was vortexed and allowed to settle. Then, 0.1 ml of
the culture supernatant with 9.9 ml of saline was transferred to 1:100
dilution tube, vortexed, and allowed to settle for 15 min. From this 1:100
diluted suspension, 0.5 ml was inoculated into GC tubes for INH and RIF.
Simultaneously, 0.5 ml of the positive MGIT culture with 4.5 ml of
sterile saline was added to the 1:10 tube, vortexed and stand for 15 min.
The resulting suspension, 0.5 ml was transferred to the PZA-GC tube. All
tubes were gently tilted 3-4 times to ensure mixing. If the MGIT cultures
were positive on days 3-5, 1 ml was added to 4 ml of saline tube labeled
as “Neat” (1:5 dilution). Suspensions of 1:10 and 1:100 were prepared
from this “Neat” using sterile saline, following the same procedure
described above. The DST results showed that the growth unit (GU)
value in the GC tube must reach a minimum of 400 to confirm valid
culture growth. For drug-containing tubes, a GU value above 100 in-
dicates resistance to the respective drug, while a GU value below 100
indicates drug susceptible based on the WHO guidelines for standard
MGIT DST (World Health Organization, 2018).

Subculture/Primary culture tube

r

MGIT960 standard
PZA DST method

—

GC tube

| S—_— el

GC tube PZA tube _
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Fig. 1. MGIT PZA susceptibility testing performed using three different protocols to assess phenotypic resistance in M. tuberculosis isolates.
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2.3. Reduced inoculum (RI) MGIT DST method

The reduced inoculum for PZA susceptibility testing was carried out
in accordance with the procedure standardized by Piersimoni et al.
(2013). For each isolate, the inoculum was prepared from MGIT-positive
cultures (1-5 days positive), following the MGIT protocol. The main
modification consisted of reducing the inoculum volume from 0.5 mL to
0.25 mL for both the GC and PZA test tube. A 1:10 dilution of the culture
suspension was prepared, and 0.25 mL of this diluted suspension was
added to the GC tube. This resulted 20-fold (1:20) reduction of bacterial
load compared to the standard MGIT method, and a 2-fold reduction in
the PZA tube. The remainder of the protocol remains unchanged. Based
on previous investigations, this modification was performed to reduce
false PZA resistance and to ensure susceptibility evaluation (Piersimoni
et al., 2013).

2.4. Sparse dilution (SD) MGIT DST method

In the SD MGIT DST method, an inoculum dilution of 1:50 was
prepared from MGIT-positive tubes (1-5 days positive). The tubes were
vortexed for homogenization and the clumps allowed to settle for 15
min. From the upper portion, 100 pL of the culture suspension was
transferred into 4.9 mL of sterile saline for a 1:50 dilution. Subsequently,
0.25 mL of this dilution was inoculated into the GC tube, followed by the
addition of 250 uL of sterile saline. Similarly, 250 pL of the undiluted
culture suspension and 250 pL of sterile saline were added to the PZA
test tube to achieve a total volume of 500 uL (Fig. 1). This procedure was
aimed to extend the incubation time required for bacillary growth in the
GC tube, thereby allowing sufficient time for the drug to act in the PZA-
containing tube. By decelerating the growth rate in the GC, the system
allows more time for PZA in the test tube to be converted to its active
form, POA, and act against M. tuberculosis. This modification reduced the
bacillary load in the PZA tube while preserving the acidified conditions
required for PZA activity and minimizing the risk of false resistance due
to alkalinization. Care was taken to ensure that the changes in inoculum
volume did not significantly affect the initial pH (5.9) of the medium.
After the addition of the OADC supplement (800 pL), the pH increased
slightly. Further addition of 250 pL of culture suspension and sterile
saline restored the pH back to acidic conditions, thereby maintaining the
essential conditions for PZA activation. MGIT DST by the system is
programmed in such a way that once the GC reaches GU of 400, the
system finalizes the results according to the growth in the test sample. By
lowering the bacillary burden in the GC tube, the time to the GU
threshold was extended, thereby giving PZA more time to convert to
POA, and act against viable bacilli in the PZA tube. If the GC reached GU
400 within ten days, suggesting insufficient bacillary elimination in the
test tube, showing a GU >100, the result was interpreted as resistant.
The rest of the procedure, including the reagent concentrations and in-
cubation parameters, followed the standard MGIT PZA protocol. The SD
MGIT DST method was also evaluated using a PZA concentration of 200
ug/mL for selected isolates.

2.5. Pyrazinamidase assay

PZase activity in the clinical isolates was assessed using Wayne’s
method (Sharma et al., 2010), Actively growing M. tuberculosis cultures,
aged 3 weeks (21 days), were obtained from LJ slants. A heavy inoculum
was obtained by scraping colonies from the LJ slant, which was directly
stabbed into tubes containing the assay medium. The medium was
prepared by combining Dubos broth base, 0.5 % agarose, 100 pg/mL
pyrazinamide (PZA; Sigma-Aldrich), and 0.1 % sodium pyruvate. A
volume of 5 mL of this mixture was dispensed into glass tubes and
sterilized by autoclaving prior to inoculation. Agarose was substituted
for agar to enhance the visibility of the colour. For each culture,
duplicate PZase tubes were inoculated and incubated at 37 °C. Readings
on the 4th and 7th days involved the addition of 1 ml of 1 % ferrous
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ammonium sulfate. The presence of any intensity of the pink band in-
dicates the release of the PZase enzyme that determines the strain as
susceptible. The absence of a pink band indicates a resistant strain with
possible mutations in the pncA gene. M. tuberculosis strain H37Rv and
M. bovis BCG were used as the positive and negative controls, respec-
tively. Discordant or unclear results were repeated, and tubes showing
contamination were excluded and retested.

2.6. DNA extraction and polymerase chain reaction (PCR)

DNA extraction was done by CTAB/NaCl (Hexadecyltrimethyl
Ammonium Bromide/Sodium Chloride) method (Somerville et al.,
2005). A loopful of bacterial culture was suspended in 100 pL of sterile
distilled water and homogenized. The homogenate was treated with 50
pL lysozyme (10 mg/mL) and incubated overnight at 37 °C. Subse-
quently, 70 pL 10 % SDS and 6 pL Proteinase K (10 mg/mL) were added
and incubated at 65 °C for 15 min. Next, 100 pL of 5 M NaCl and 80 pL of
CTAB/NaCl were added and incubated at 65 °C for 10 min. To extract
nucleic acids, 800 pL of chloroform:isoamyl alcohol (24:1) was added
and centrifuged at 13,000 rpm for 10 min. The supernatant was trans-
ferred to a fresh tube, and DNA was precipitated by adding 600 pL
isopropanol, followed by overnight incubation at —20 °C. DNA pellets
were obtained by centrifugation at 12,000 rpm for 10 min at 4 °C,
washed with 70 % ethanol, air-dried, and dissolved in 20 pL 1 x TE
buffer.

Primers were specifically designed using Primer-BLAST to amplify
the entire pncA gene, including its upstream promoter region, which
encompasses positions —1 to —100 bp upstream of the pncA start codon
(Miotto et al., 2014). The forward pncAF- GGCGTCATGGACCCTATATC,
and reverse pncAR- CAACAGTTCATCCCGGTTC primers resulted in 670
bp of oligonucleotides used for amplification. PCR was performed under
the following conditions: denaturation at 95 °C for 1 min, annealing at
56 °C for 30 s, and extension at 72 °C for 1 min. The amplified PCR
product was purified using a QIAquick PCR Purification Kit. DNA con-
centration was determined using NanoDrop spectrophotometer.

2.7. Spoligotyping

Spoligotyping was performed using the standard methods (Driscoll,
2009). PCR was carried out on the isolated DNA with DR region
amplification primers, Dra (GGTTTTGGGTCTGACGAGC, 5' biotinylated)
and DRb (5- CCGAGAGGGGACGGAAAC -3, and the amplification
products were hybridized to a Biodyne C membrane (Isogen Bioscience).
Synthetic oligomeric spacer sequences immobilized on this membrane
originate from the direct-repeat regions of M. tuberculosis H37Rv and
Mycobacterium bovis BCG. Hybridized DNA was detected using an
enhanced chemiluminescence kit. In comparison to the patterns existing
in the SpolDB4 database, the acquired patterns were evaluated (Brudey
et al., 2006; Demay et al., 2012).

2.8. Targeted DNA sequencing by Sanger method

DNA sequencing was performed on a Veriti® 96-Well Thermal Cycle
(Applied Biosystems) using the Big Dye Terminator v3.1 Cycle
Sequencing kit (Qiagen). A genetic sequencer 3500 genetic analyser
(Applied Biosystems) was used for Sanger Sequencing. The same primer
sets were used for sequencing PCR product. Each 10 uL reaction
comprised the following components: 2 pL of the amplified PCR product
(10 ng/uL), 1.75 pL of 5x Sequencing buffer, 0.5 uL of Big Dye Termi-
nator solution, 2 uL of sequencing primers (1.6 pmoles/uL), and 3.75 pL
of nuclease-free water. The reaction conditions were as follows: initial
denaturation at 96 °C for 1 min (cycle 1), followed by polymerization at
96 °Cfor 10 s, 50 °C for 5 s, 60 °C for 4 min, and extension at 72 °C for 1
min. Followed this, 75 % isopropanol purification was performed and 10
pL of Hi-Di Formamide was added to the purified product before
sequencing. The sequence data were compared with the reference strain
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H37Rv and analyzed using Seq Scape software (version 3.0; Applied
Biosystems, Foster City, CA) (Kumar et al., 2024).

2.9. Whole genome sequencing analysis

Paired-end whole-genome sequencing was performed using isolated
DNAs. Sequence libraries were constructed using the Nextra XT DNA
library preparation kit (Illumina) according to manufacturer’s in-
structions and the resulting libraries were run on an Illumina HiSeq
2500 platform. Genome sequences were analyzed using MTBseq pipe-
line (https://github.com/ngs-fzb/MTBseq source), which performs
lineage classification based on phylogenetic single nucleotide poly-
morphisms and detects variant positions based on known associations
with antibiotic resistance. Briefly, the filtered reads were aligned to the
reference genome M. tuberculosis H37Rv (NC_000962), and variant
calling was performed using the default parameters of the MTBseq
pipeline, which included a minimum read coverage of 5 x, a phred score
>20, and an allele frequency threshold of 75 % for SNP confirmation.
The sequences were further analyzed using the vSNP pipeline (htt
ps://github.com/USDA-VS/vSNP), which locates and validates SNPs
and produces annotated SNP tables and their corresponding phyloge-
netic trees. The phylogenetic tree was further annotated to represent the
lineage and observed resistance patterns using the Interactive Tree of
Life iTOL) (Letunic and Bork, 2021). The RD Analyzer (https://github.
com/xiaeryu/RD-Analyzer) (Faksri et al., 2016) and RDScan were used
to identify the regions of difference present within the sequences
(https://github.com/dbespiatykh/RDscan) (Bespiatykh et al., 2021).
ISMapper (version 2.0) (https://github.com/jhawkey/IS mapper) was
used to localize IS6110 among the sequences with M. tuberulosis H37Rv
(NC000962.3) as reference genome.

2.10. Drug resistance prediction

Genotypic resistance was predicted using TBProfiler ( https://github.
com/jodyphelan/TBProfiler) and GenTB (https://gentb.hms.harvard.
edu) software. Both TBprofiler and GenTB recognize other variants in
addition to previously reported resistance mutations. If the mutations
identified in this study fall under the reported mutations or if it has been
previously published in a peer-reviewed journal or reported in either the
WHO mutation catalogue for M. tuberculosis (versions 1 and 2, 2021)
(Shaojun and Xichao, 2024; WHO mutation catalogue, 2021) or in the
Indian TB mutation catalogue (Indian mutation catalogue, 2022), they
were classified as “previously reported”. Those mutations that are
exclusively found in this study for the first time and those that were not
reported elsewhere and those that are not present in any of the mutation
catalogues mentioned earlier were classified as “Novel”. The mutations
identified in this study were further compared with 100 resistant and
sensitive South Indian isolates downloaded from the NCBI database to
further confirm our findings.

3. Results
3.1. Lineage prediction by spoligotyping of the study isolates

Spoligotyping was done for the all the 401 study isolates and the
lineage of the isolates were analyzed by using the spolDB4 database. The
analysis revealed 176 (44 %) isolates as L1, 40 (10 %) isolates as L3, 25
(6.23 %) as L4, and 19 (4.73 %) isolates as L2. Strains exhibiting unique
genetic patterns that did not align with any recognized lineage in the
SITVITWEB database were classified as orphan strains, comprising 130
(32.4 %) of the total isolates (Demay et al., 2012). Furthermore, 11
isolates possessed a SIT number available in the SITVIT database; but,
lacked a designated clade name (Table 1).
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Table 1
Spoligotyping lineage distribution of 401 M. tuberculosis isolates analysed using
spolDB4 databases.

SIT No Octal No. Clade PZA pDST No of isolates
6 077777777413731 L1-EAI1-SOM Sensitive 3
8 400037777413771 L1-EAI5 Sensitive 6
11 477777777413071 L1-EAI3-IND Resistant 12
11 477777777413071 L1-EAI3-IND Sensitive 68
43 777777747413771 L1-EAI6-BGD1 Sensitive 2
48 777777777413731 L1-EAI1-SOM Resistant 3
48 777777777413731 L1-EAI1-SOM Sensitive 6
100 777777777773771 L1-EAI3-IND Sensitive 3
120 477577777413071 L1-EAI3-IND Sensitive 3
126 477777777413771 L1-EAI5 Resistant 1
126 477777777413771 L1-EAI5 Sensitive 15
138 777777777413700 L1-EAI5 Sensitive 1
236 777777777413771 L1-EAI5 Sensitive 4
256 777777777413671 L1-EAI5 Sensitive 1
298 477767777413071 L1-EAI3-IND Sensitive 1
338 077777777413071 L1-EAI3-IND Sensitive 4
340 474377777413771 L1-EAI5 Sensitive 13
342 677777777413771 L1-EAI5 Sensitive 3
355 477777777413031 L1-EAI3-IND Sensitive 11
414 477777767413071 L1-EAI3-IND Sensitive 1
473 401777777413071 L1-EAI3-IND Sensitive 2
475 477776077411771 L1-EAI5 Resistant 1
591 777777757413771 L1-EAI6-BGD1 Sensitive 5
763 777700777413700 L1-EAI5 Sensitive 1
1182 477777777413731 L1-EAI1-SOM Sensitive 3
1956 467777777413071 L1-EAI3-IND Sensitive 5
1966 477777777413011 L1-EAI5 Sensitive 1
1983 474000377413031 L1-EAI3-IND Sensitive 1
2452 477774377413071 L1-EAI3-IND Sensitive 4
2465 477777757413771 L1-EAI3-IND Sensitive 1
2698 777777743763771 L1-MANU2 Sensitive 1
1 000000000003771 L2-Beijing Sensitive 17
616 400000000003771 L2-Beijing Sensitive 1
1187 000002000003771 L2-Beijing Resistant 1
25 703777740003171 L3-CAS1-Delhi Sensitive 2
26 703777740003771 L3-CAS1-Delhi Resistant 2
26 703777740003771 L3-CAS1-Delhi Sensitive 13
142 703777700003771 L3-CAS1-Delhi Sensitive 1
288 700377740003771 L3-CAS2 Sensitive 7
289 703777740003571 L3-CAS1-Delhi Sensitive 1
1264 703777740000000 L3-CAS1-Delhi Sensitive 1
1320 700177740003771 L3-CAS2 Sensitive 4
2100 700377700003771 L3-CAS Sensitive 3
40 777777377760771 L4-T4 Sensitive 1
42 777777607760771 L4-LAM9 Resistant 1
47 777777774020771 L4-H1 Sensitive 2
50 777777777720771 L4-H3 Sensitive 2
52 777777777760731 L4-T2 Sensitive 1
53 777777777760771 L4-T1 Resistant 2
53 777777777760771 L4-T1 Sensitive 4
119 777776777760771 L4-X1 Sensitive 2
163 777777607760700 L4-LAM4 Sensitive 1
200 700076777760700 L4-X3 Sensitive 1
281 777775777760771 L4-T1 Resistant 2
281 777775777760771 L4-T1 Sensitive 1
397 777777600000771 L4-LAM Sensitive 1
512 777777707720771 L4-H3 Sensitive 1
787 777777777760071 L4-T1 Sensitive 1
1324 777760047760771 L4-T2 Sensitive 1
1367 377737607760771 L4-LAM5 Sensitive 2
124 777777777700771 Unknown Sensitive 6
1275 777777774000371 Unknown Sensitive 1
1952 777777774000771 Unknown Sensitive 3
2704 677777457413771 Unknown Sensitive 1
777777740363771 Orphan strain Sensitive 1
777777000360731 Orphan strain Sensitive 1
777777774005771 Orphan strain Sensitive 1
500033000001771 Orphan strain Sensitive 1
500573000003771 Orphan strain Sensitive 1
473776077411771 Orphan strain Sensitive 1
474377777413731 Orphan strain Sensitive 1
477777777413571 Orphan strain Sensitive 2
763777747413771 Orphan strain Sensitive 1

(continued on next page)
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Table 1 (continued)

SIT No Octal No. Clade PZA pDST No of isolates SIT No Octal No. Clade PZA pDST No of isolates
677777777413071 Orphan strain Sensitive 3 476000003413071 Orphan strain Sensitive 1
567777777413571 Orphan strain Sensitive 1 401777777017071 Orphan strain Sensitive 1
677777476001771 Orphan strain Sensitive 1 707777777700771 Orphan strain Sensitive 1
674377777413771 Orphan strain Sensitive 1 477037777413771 Orphan strain Sensitive 1
677775777413071 Orphan strain Sensitive 1 501047600003661 Orphan strain Sensitive 1
477400177413071 Orphan strain Sensitive 4 777774007413771 Orphan strain Sensitive 1
474017777413071 Orphan strain Sensitive 1 700777700017771 Orphan strain Sensitive 1
776177753011571 Orphan strain Sensitive 1 777777777764621 Orphan strain Sensitive 1
476777777013571 Orphan strain Sensitive 1 473777037411771 Orphan strain Resistant 1
476777777013071 Orphan strain Sensitive 1 777777777412031 Orphan strain Resistant 1
476777770013771 Orphan strain Sensitive 1 667777777413031 Orphan strain Resistant 1
400000177413571 Orphan strain Sensitive 1 473776077411771 Orphan strain Resistant 1
403777777413071 Orphan strain Sensitive 2 400000007777711 Orphan strain Resistant 1
701777740003671 Orphan strain Sensitive 1
477774302413071 Orphan strain Sensitive 1
677777777413571  Orphan strain Sensitive 5 3.2. Phenotypic DST outcomes of standard and RI MGIT DST and
460000077003071 Orphan strain Sensitive 1 Waynes’s assay
500033000000771 Orphan strain Sensitive 1
545533000003771 Orphan strain Sensitive 1 L.

777777377761771  Orphan strain Sensitive 1 Standard MGIT DST was performed initially on a subset of 100 /401
677673177413571 Orphan strain Sensitive 1 M. tuberculosis isolates among which 73/100 (73 %) isolates were
200272100003771  Orphan strain Sensitive 1 identified as sensitive and 27/100 isolates (27 %) as resistant. Whereas,
%gggg;z;ﬂ;ggg gig:: :K::g ::2:2:2 é Wayne’s assay performed in parallel for these 100 isolates, identified all
000012000003771  Orphan strain  Sensitive 1 100 isolates as sensitive. The results observed by both these methods
773777700003071  Orphan strain Sensitive 1 were highly incongruent, hence DST was performed using the RI MGIT
474377777413571 Orphan strain Sensitive 1 DST method (Piersimoni et al., 2013), which identified only 2/100 (2 %)
i;;;;;;;;:(l);l)gi grP:an strain ;ensft%ve g isolates as resistant. Owing to the considerable reduction in
rphan strain ensitive . .

477777703413071 Orphan strain Sensitive 1 false-refsmtant results, the remaining :';arn.ples .(‘301/401) were tested
777777737760621 Orphan strain Sensitive 1 only with the RI MGIT DST method, which identified 47/401 (1 1.7 %) as
733377740003771  Orphan strain Sensitive 1 resistant and 354/401 (88.3 %) as sensitive. However, only 13/401 (3.2
440377777413171  Orphan strain Sensitive 1 %) were found to be resistant by Wayne’s method. A comparative
4777777413051 Orphan strain  Sensitive ! analysis of the two methods demonstrated that Wayne’s assay had a
401777777413031 Orphan strain Sensitive 3 T o . o
703767700000061  Orphan strain Sensitive 1 sensitivity of 41.9 %, specificity of 100 %, and F1 score of 0.59. How-
377777477413771 Orphan strain Sensitive 1 ever, 34/47 isolates (72.34 %) classified as susceptible by Wayne’s assay
400037777413711  Orphan strain Sensitive 1 were determined to be resistant by RI MGIT DST, reflecting the need for
377777777413771  Orphan strain Sensitive 2 comprehensive testing to avoid false resistance classifications. The high
077774400000200 Orphan strain Sensitive 1 ificity of W. S that it tel 1 t fal
477777766000071  Orphan strain Sensitive 1 spe.c1 city o .ayne s assay ensu.r(?s. at i car.1 accurately rule out false
400777777413031  Orphan strain Sensitive 1 resistance, but its moderate sensitivity necessitates the use of RI MGIT
501777740003661 Orphan strain Sensitive 1 DST for reliable identification of resistant isolates. The difference in
777777777737771  Orphan strain Sensitive 1 resistant strains observed in both these methods might owe to the nature
774377777437771 Orphan strain Sensitive 1 f the ph . . .

n i wherein the RI MGIT DST meth irectl
640372363777711 Orphan strain Resistant 1 of the phenotyp C,assay,s’ erein the R G S, ethod d ectly
577777770000771  Orphan strain Sensitive 1 assesses phenotypic resistance, whereas the Wayne’s method focuses
474377377413771  Orphan strain Sensitive 1 only on PZase production, providing a complementary yet distinct
474000377413071  Orphan strain Sensitive 1 perspective. So, the isolates classified as resistant only by the RI MGIT
700370740003771  Orphanstrain  Sensitive 1 DST assay, suggest the existence of alternative resistance mechanisms
777737543560771 Orphan strain Sensitive 1 b nd A mutations or PZ tivity di tion
777737757413371 Orphan strain Sensitive 1 eyond pnc utations o ase ac y disruption.
700175177760671 Orphan strain Sensitive 1
467377777413031  Orphan strain Sensitive 1 3.3. Comparison of SD MGIT DST and assessment of PZA concentration
777777407700071 Orphan strain Sensitive 1
777777660020771 Orphan strain Sensitive 1 . o
400057777413771 Orphan strain Sensitive 1 To address the discrepancy between t}Te RI MGIT DST (11.7 '/0) and
077767777413621  Orphan strain Sensitive 1 Wayne’s assay (3.2 %), and to potentially reduce false resistance
513767740003661 Orphan strain Sensitive 1 detected, RI MGIT DST was further modified. This modified SD MGIT
474377777413671  Orphan strain Sensitive 2 DST was applied to a total of 100 isolates consisting of all the 47 isolates
474777777407771  Orphan strain  Sensitive ! previously identified as resistant and an additional 53 randomly selected
077777017413731 Orphan strain Sensitive 1 i . . .
477774202001071  Orphan strain Sensitive 1 phenotypically sensitive isolates. The sample inoculum was further
477777777417771 Orphan strain Sensitive 1 diluted to 1:50 instead of the 1:20 used in the RI MGIT DST method. This
477777777413471  Orphan strain Sensitive 1 dilution precisely controls the bacterial load and drug exposure condi-
Z;Z;;;Z;Z;g;i 8‘1’:““ strain :ensftf"e é tions providing ample time for the growth unit in the GC to reach 400.

rphan strain ensitive . . . pe . . .

777737757411371  Orphan strain Sensitive 1 This methoq 1'dent1ﬁed only 31/47 1solate§ 'as r'esmtant and 16/47 iso-
476077777410071  Orphan strain Sensitive 1 lates as sensitive. However, all the 53 sensitive isolates were confirmed
477774200013071  Orphan strain Sensitive 1 as sensitive. This result suggests that the modified SD MGIT DST method
477777770013071  Orphan strain  Sensitive 1 reduced the false-resistance rate from 11.7 to 7.7 % while maintaining
500066677760600  Orphan strain  Sensitive ! specificity and improving the concordance with Wayne’s assay. This
463777777413071 Orphan strain Sensitive 1 dified hod lied h . ; 1 h
700037777413771 Orphan strain Sensitive 1 modified method was not applied to the entire set of 401 samples. The
701777700003771 Orphan strain Sensitive 1 reduced rate likely reflects a more accurate determination of resistance,
777757777600561  Orphan strain Sensitive 1 reinforcing the critical role of optimized DST conditions for reliable

phenotypic results.
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To further validate the SD MGIT DST method and evaluate the
resistance stability, all 47 isolates identified as resistant by RI MGIT DST
were tested with 200 ug/mL PZA. The results showed that only 25/47
maintained resistance at 200 pg/mL PZA with > 100 GU, and the
remaining 22/47 isolates had < 100 GU classifying as sensitive
(Table 2). These findings support the improved performance of the SD
MGIT DST method and also indicate that 100 ug/mL acts as a crucial cut-
off point for detecting PZA resistance, encompassing a wider spectrum of
resistant phenotypes. However, the stronger correlation with resistance
observed at 200 pg/mL suggests its effectiveness as a more stringent
indicator of high-level resistance, consistent with previously established
MIC-based classes of resistance severity (Stoffels et al., 2012).

3.4. Genotypic findings: pncA mutations
Targeted sequencing of the pncA gene was performed for all 401

isolates, among which only 14 isolates revealed mutations in the pncA
gene, which is among the 31 isolates classified as resistant by the SD

Table 2
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MGIT DST. Among these, 9 isolates carried mutations in the genes listed
in the WHO mutation catalogue, confirming their established role in
PZA resistance and validating our findings (WHO mutation catalogue,
2021). Two isolates harbored mutations reported in the literature
(Miotto et al., 2014) and one isolate in the Indian mutation catalogue
(Indian mutation catalogue, 2022), reflecting the diversity of mutations
linked to resistance. One isolate with a Cys14Phe mutation in pncA was
identified as susceptible by Wayne’s method and reported as neutral
elsewhere (Maharaj, 2016). Notably, one isolate (Sample no. KP126)
contained pncA (Del 2289115-2289127gatggtag) mutation that have
not been previously reported, suggesting novel mutations leading to PZA
resistance (Table 3). The absence of pncA mutations in the remaining
resistant isolates suggests alternative resistance mechanisms beyond
pncA. This signifies the complexity of PZA resistance and potential
involvement of other genomic factors. Additionally, synonymous mu-
tations in pncA gene were observed in 19/388 isolates identified as
sensitive by Wayne’s method, indicating possible natural poly-
morphisms that may not have a direct impact on PZA resistance.

Comparative assessment of phenotypic methods among the resistant isolates identified in this study.

S.no Sample ID ICT-MPT64 INH RIF RI MGIT DST 100 pg/ml SD MGIT DST Wayne’s/PZase Assay
100 pg/ml 200 pg/ml
1 KP126 POS R R R (GU_400) R (GU_400) R (GU_400) R
2 KP128 POS R R R (GU_400) R (GU_400) R (GU_400) S
3 KP159 POS R R R (GU_400) R (GU_400) R (GU_400) R
4 KP163 POS R S R (GU_400) R (GU_400) R (GU_400) R
5 KP184 POS R R R (GU_400) R (GU_400) R (GU_400) R
6 KP194 POS R S R (GU_400) R (GU_400) R (GU_400) R
7 KP207 POS R R R (GU_400) R (GU_400) R (GU_400) R
8 KP226 POS R R R (GU_400) R (GU_400) R (GU_400) R
9 KP228 POS R R R (GU_400) R (GU_400) R (GU_240) R
10 KP234 POS R R R (GU_400) R (GU_400) R (GU_400) R
11 KP236 POS R R R (GU_400) R (GU_400) R (GU_400) R
12 KP282 POS R S R (GU_400) R (GU_400) S (GU_93) R
13 KP363 POS R S R (GU_400) R (GU_400) R (GU_400) R
14 KP377 POS R S R (GU_400) R (GU_400) S (GU_76) R
15 KPO12 POS S S R (GU_400) R (GU_400) R (GU_400) S
16 KP102 POS R S R (GU_400) R (GU_400) R (GU_400) S
17 KP123 POS R R R (GU_400) R (GU_400) R (GU_377) S
18 KP138 POS R S R (GU_400) R (GU_400) S (GU_48) S
19 KP162 POS R S R (GU_400) R (GU_400) R (GU_400) S
20 KP196 POS R S R (GU_400) R (GU_400) R (GU_400) S
21 KP222 POS R R R (GU_400) R (GU_400) R (GU_400) S
22 KP242* POS S S R (GU_356) R (GU_400) R (GU_400) S
23 KpP245* POS S S R (GU_400) R (GU_400) R (GU_400) S
24 KP252* POS S S R (GU_400) R (GU_400) S (GU_0) S
25 KpP279* POS S S R (GU_400) R (GU_400) R (GU_400) S
26 KP367 POS S S R (GU_400) R (GU_257) S (GU0) S
27 KP383* POS S S R (GU_400) R (GU_400) R (GU_400) S
28 KP392* POS S S R (GU_400) R (GU_400) R (GU_400) S
29 KP403* POS S S R (GU_400) R (GU_400) R (GU_400) S
30 KP440* POS S S R (GU_400) R (GU_400) R (GU_400) S
31 KP455* POS S S R (GU_400) R (GU_400) S (GU_68) S
32 KP49 POS S S R (GU_400) S (GU.0) S (GU.0) S
33 KP145 POS R S R (GU_400) S (GU.0) S (GU_0) S
34 KP153 POS R R R (GU_400) S (GU_77) S (GU_0) S
35 KP154 POS R S R (GU_400) S (GU.0) S (GU_0) S
36 KP161 POS R R R (GU_295) S (GU.0) S (GU_0) S
37 KP166 POS R R R (GU_400) S (GU.0) S (GU_0) S
38 KP195 POS R S R (GU_400) S (GU.0) S (GU.0) S
39 KP233 POS S S R (GU_400) S (GU.0) S (GU_0) S
40 KpP277 POS S S R (GU_400) S (GU.0) S (GU_0) S
41 KP341 POS S S R (GU_400) S (GU.0) S (GU.0) S
42 KP361 POS S S R (GU_400) S (GU_76) S (GU_0) S
43 KP366 POS S S R (GU_400) S (GU.0) S (GU_0) S
44 KP383 POS S S R (GU_400) S (GU.0) S (GU.0) S
45 KP408 POS R S R (GU_400) S (GU_18) S (GU_0) S
46 KP435 POS S S R (GU_400) S (GU.0) S (GU_0) S
47 KP458 POS S S R (GU_400) S (GU.0) S (GU_0) S

Abbreviations: ICT - MPT64: Immuno chromatographic test for MPT64 antigen for M. tuberculosis complex. Pos - Positive; INH - Isoniazid; RIF - Rifampicin; R MGIT
DST - Reduced inoculum method; SD MGIT DST - Sparse dilution method; R - Resistant; S - Sensitive; GU - Growth unit; *- PZA mono resistant identified by TB profiler

WGS results.
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Table 3
Details of phenotypic and genotypic assays and mutations observed in all the resistant isolates identified in this study.
S. Sample SD Targeted pncA sequencing WGS results Lineage prediction Reference
no D MGIT
DST
100 NT AA Gene Mutation Type of WGS Spoligotyping
pug/ml mutation
1 KP126 R “Del at Frameshift pncA Del_2,289,115-2289127gatggtag Frameshift L1-EAIl EAI1-SOM Unreported
118-127
2 KP128 R G41T Cys14Phe pncA p.Cys14Phe Non- L1-EAI3 EAI3-IND (Maharaj,
synonymous 2016)
3 KP159 R G289T Gly97Cys pncA p.Gly97Cys Non- L1-EAI3 EAI3-IND (WHO
synonymous mutation
catalogue,
2021)
4 KP163 R G ins at Frameshiftat  pncA INS_i391G_131G Frameshift L4- T1 (Khan et al.,
392 codon 131 H37Rv 2019; Miotto
like et al., 2014)
5 KP184 R C24G Asp8Glu pncA p-Asp8Glu Non- L4-T T1 (WHO
synonymous mutation
catalogue,
2021)
6 KP194 R T254G Leu85Arg pncA p.Leu85Arg Non- L1-EAI3 EAI3-IND (WHO
synonymous mutation
catalogue,
2021)
©Del_CF. Frameshift Unreported
2,288,718 D524atctccteca_2,288,727
7 KP207 R G533T Val180Phe pncA p-Vall80Phe Non- L4-LAM LAM9 (WHO
synonymous mutation
catalogue,
2021)
8 KP226 R A152C His51Pro pncA p.His51Pro Non- L1-EAI3 EAI3-IND (WHO
synonymous mutation
catalogue,
2021)
9 KP228 R G538T Val180Phe pncA p-Vall180Phe; Rv0191c_Met381Thr Non- L1-EAI3 EAI3-IND (WHO
synonymous mutation
catalogue,
2021)
10 KP234 R T515C Leul72Pro pncA p.Leul72Pro Non- L2-Non- Orphan strain (WHO
synonymous Beijing mutation
catalogue,
2021)
11 KP236 R T559G Stop codon pncA p-187Gly Non- L2- Beijing (Indian
at 187Gly synonymous Beijing mutation
catalogue,
2022)
12 KP282 R T515C Leul72Pro pncA p.Leul72Pro Non- L2-Non- Orphan strain (WHO
synonymous Beijing mutation
catalogue,
2021)
13 KP363 R G ins at Frameshiftat  pncA pncA ¢.391dupG Frameshift L4- T1 (Miotto et al.,
392 codon 131 H37Rv- 2014)
like
14  KP377 R Al46C Asp49Ala pncA p.Asp49Ala Non- L3- CAS1-Delhi (WHO
synonymous Delhi- mutation
CAS catalogue,
2021)
@Upstream gene_c.—125delC Frameshif Unreported
15 KP012 R Nil Nil glpK Del_GAP_4,138,373 Frameshift L3-CAS CAS1-Delhi Unreported
16 KP102 R Nil Nil panD p-Ile49Vval Non- L1-EAIl1 Orphan strain (Werngren
Rv1258c  p.val280Leu synonymous etal, 2017)
17 KP123 R Nil Nil NA NA NA L1-EAIl EAI3-IND -
18 KP138 R Nil Nil NA NA NA L1-EAIl EAI3-IND -
19 KP162 R Nil Nil panD p-Ile49Vval Non- L1-EAI3 EAIS (Werngren
Rv1258c  p.val280Leu synonymous etal., 2017)
20  KP196 R Nil Nil Mas p-Vall034Met Non- L4-X T1 Unreported
synonymous type
21 KP222 R Nil Nil Rv3008c p-Leu32Pro Non- L1-EAI3 EAI3-IND Unreported
synonymous
22 KP242 R Nil Nil Mas p.11e1808Thr Non- L1-EAI3 EAI3-IND Unreported
synonymous
23 KP245 R Nil Nil IprG p.Argl57GIn Non- L1-EAI1 Orphan strain Unreported
synonymous
24 KpP252 R Nil Nil NA NA NA L1-EAI3 EAI3-IND -

(continued on next page)
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S. Sample SD Targeted pncA sequencing WGS results Lineage prediction Reference
no D MGIT
DST
100 NT AA Gene Mutation Type of WGS Spoligotyping
pug/ml mutation
25 KP279 R Nil Nil Mas p-Asp286Glu Non- L1-EAI1 EAI1-SOM Unreported
synonymous
26 KP367 R Nil Nil Rv0191 p.Ala303Thr Non- L1-EAIl EAI1-SOM Unreported
synonymous
27  KP383 R Nil Nil Mas p-Alal911Gly Non- L1-EAI3 EAI3-IND Unreported
synonymous
28 KP392 R Nil Nil NA NA NA L1-EAI3 Orphan strain -
29  KP403 R Nil Nil panD p.lle49val Non- L1-EAI Orphan strain (Werngren
Rvi258c  p.Val280Leu synonymous etal., 2017)
30  KP440 R Nil Nil Rv1258c  p.Val280Leu Non- L1-EAI3 EAI5 Unreported
synonymous
31 KP455 R Nil Nil Rv3008c  p.Leu32Pro Non- L1-EAI3 EAI3-IND Unreported
synonymous

Abbreviations: SD MGIT DST - Sparse dilution method; NC - Nucleotide change; AA - Amino acid change; NIL — No mutation in pncA; R - Resistant.
@ _ Novel mutations; pncA - Pyrazinamidase; panD - Aspartate decarboxylase; glpK - Glycerol kinese; mas - Mycocerosic acid synthase and IprG - Lipoprotein. NA- No

mutations observed in the target genes linked to PZA resistance.

3.5. Genotypic findings: alternative PZA resistance genes

Whole genome sequencing was performed on all 31/401 isolates
identified as resistant, along with 11 isolates that were phenotypically
sensitive, using the SD MGIT DST method to analyze the genes and
mutations associated with resistance. For each isolate, WGS yielded an
average of 6 million reads (range, 2 — 14 million), with an average read
length of 151 base pairs and an average coverage depth of 227 (range,
65 — 387). Additional associated features were detailed in Supple-
mentary table S2. WGS identified pncA mutations in 14 isolates, which
was concordant with the results of targeted sequencing. Of these, two
isolates exhibited two different pncA variants, of which p.Leu85Arg and
p-Asp49Ala have been previously reported. The other mutations in the
upstream region of Rv2044c_c.—125delC and Del CF_
2288718 _D524atctcctcca_2288727 in the pncA gene identified by WGS
have not been previously reported, suggesting novel mutations leading
to PZA resistance (Table 3). In alternative mechanisms, 3 isolates had
mutations in panD gene, which has already been reported for PZA
resistance. Additionally, 4 isolates had mutations in the mas gene, 1
isolate in the glpk gene and 1 in IprG gene. To the best of our knowledge,
this is the first study to observe mutations in these genes among clinical
isolates instead of in vitro mutant strains induced by POA. Mutations in
the PZA resistance associated efflux pump genes (Rv3008c, Rv0191c,
and Rv1258c) were observed in 4 of isolates; however, the position of the
mutations and amino acid changes observed in these genes were novel.
Nevertheless, 4 isolates did not possess any mutations in any of the
target genes contributing to PZA resistance, as reported in the WHO
mutation catalogue. In addition, ISMapper analysis determined that
there were no IS6110 insertions in the pncA and other genes of PZA
resistant isolates. The observed mutations in the resistant isolates were
absent in sensitive isolates. These findings underscore the genetic di-
versity underlying PZA resistance, and all the novel mutations identified
in this study are tabulated (Table 4). Furthermore, PZA resistance was
mostly observed in MDR-TB cases (12/31; 38.7 %), PZA with INH
resistance in 8/31 (25.8 %), PZA mono-resistance in 9/31 (29 %), and
PZA with other TB drugs in 2/31, according to TB profiler drug pre-
diction analysis (Phelan et al., 2019). A phylogeny was generated, with
all 31 resistant isolates showing the lineage and mutations observed
(Fig. 2). The predominant lineage among the resistant population was
M. tuberculosis Lineage-4, identified in 5/25 (20 %) isolates, followed by
Lineage-2 in 3/19 (15.7 %), Lineage-1 in 21/176 (11.9 %), and
Lineage-3 in 2/40 (5 %) isolates.

Table 4
Novel mutations identified in M. tuberculosis isolates ( n = 31) resistant to PZA.
Gene No. of Mutations Genome
Name Isolates Position
pncA 1 Del_115-127gatggtag (Frameshift) 2289,115 -
2289,127
pncA 1 Del_CF_D524atctccteca_175 2288,718 -
(Frameshift) 2288,727
pncA 1 Upstream gene_c.—125delC 2289,365
glpK 1 Del_GAP (Frameshift) 4138,373
IprG 1 G470A (R157Q) 1588,013
Mas 1 G3100A (V1034M) 3279,616
Mas 1 C858G (D286E) 3281,858
Mas 1 C5732G (A1911G) 3276,984
Rv3008¢ 2 T95C (L32P) 3366,738
Rv0191c 1 G907A (A303T) 223,195
Rv1258¢ 1 G838C (V280L) 1406,503

Abbreviations: Del- deletion; pncA - Pyrazinamidase; mas- Mycocerosic acid
synthase; glpK- glycerol kinase and, IprG- Lipoprotein-triacylglyceride.

3.6. Evaluation of genotypic mutations with phenotypic resistance

WGS revealed additional mutations in other PZA resistant associated
genes like glpK, mas, and IprG in clinical isolates that were phenotypi-
cally resistant to PZA, some of which had not been previously reported.
To determine the novelty and potential association of these mutations
with resistance, a comparative analysis using publicly available whole
genome sequences was performed. Phenotypically PZA sensitive and
PZA resistant isolates from South India from the project PRINA822663
(Shanmugam et al., 2022) was downloaded for this purpose. Mutations
identified in the resistant isolates were checked against these external
datasets. Variants that were absent in both sensitive and resistant iso-
lates from the same region were flagged as novel and the variants that
were absent in all sensitive isolates but present in other resistant isolates
were considered potentially resistance-associated. If such variants had
not been previously reported in the literature or databases, they were
also classified as novel. Detailed information on the downloaded se-
quences, the lineages and susceptibility profiles, and mutations identi-
fied in pncA and other genes associated with PZA resistance are provided
in Supplementary table S1.

We analyzed 142 sequences, inclusive of 100 sequences comprising
of 69 resistant and 31 sensitive isolates downloaded from NCBI, along
with 31 resistant and 11 sensitive isolates from this study. Among these,
100/142 were resistant, and 42/142 were phenotypically sensitive.
Among the 100 phenotypically resistant isolates, 52/100 had mutations
in the pncA gene and 23/100 in alternate genes. Whereas 5/100 had
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Fig. 2. Phylogenetic tree representing all the 31 resistant isolates identified in this study. The colored ranges represent the lineage distribution among the isolates

and the outer strip indicates the target genes linked to PZA resistance.

mutations in both pncA and alternative genes and the remaining 20,100
isolates harbored no mutations in the target genes related to PZA
resistance. Additionally, mutations in the pncA gene (Vall180Phe and
Thr142Lys) and rpsA (Ile139Ser) were found in 2 and 1 of the sensitive
isolates, respectively.

In regard with the alternative mechanism, mutations in mas gene 8/
23, panD 4/23, Rv0191 3/23, rpsA 1/23, IprG 2/23, Rv1258 2/23,
Rv3008 2/23, and gIpK 1/23 observed in the resistant isolates were
absent in PZA-sensitive isolates. Whereas mutations in cIpC1 (val63Ala),
glpK (val460Ala; A ins C_4139183), mas (Ala294Glu; Arg862Trp;
Ala810Thr; Gly1842Glu; His1498Try; Thr2005Pro), Rv0191
(Ala213Thr), Rvi258c (T ins G_1406760), Rv3236¢ (Thr102Ala) and
PPE35 (Leu896Ser, Gly877Asp, Gly624Asp, Gly415Ala) were observed

Table 5

in both sensitive and resistant isolates.

Our findings revealed that mutations in IprG (Argl57Gln), mas
(Vall1034Met; Ile1808Thr; Asp286Glu; and Alal911Gly), and gIpK
(Del_GAP at 4138373), and efflux mechanisms Rv0191 (Ala303Thr),
Rv1258 (Val280Leu), and Rv3008 (Leu32Pro) were absent in all PZA-
sensitive isolates used for analysis. However, the mutation Ile1808Thr
in the mas gene, identified only in the resistant isolates in our study, was
recently reported in sensitive PZA strain (Tamilzhalagan et al., 2025).
The mutations in IprG, mas, Rv0191, and Rv1258 genes identified in our
resistant isolates were also observed in the other resistant strains
included in our analysis, although these mutations have not been pre-
viously reported. Whereas the mutations in glpk and Rv3008 were pre-
sent only in our study isolates (Table 5).

Alternative mechanisms identified in this study were verified among retrieved sequence data.

Alternative Mutation Number of Downloaded Resistance phenotype  Gene function
mechanisms study isolates isolates from NCBI in retrieved data
panD Ile49Vval 3 1 R Aspartate decarboxylase PanD, involved in Coenzyme A
biosynthesis (Sun et al., 2020)
IprG Arg157GIn 1 0 R Conserved lipoprotein, binds triacylated glycolipids leading to drug
His59GIn 0 1 tolerance (Martinot et al., 2016a)
mas Vall034Met 1 0 R Multifunctional mycocerosic acid synthase membrane, involved in
11e1808Thr 1 4 phthiocerol dimycocerosate (PDIM) synthesis (Gopal et al., 2016)
Asp286Glu 1 0
Alal1911Gly 1 0
11e2083Leu 0 1
glpk Del_GAP_4,138,373 1 0 R Glycerol kinase, involved in glycerol catabolism (Safi et al., 2019)
Rv0191 Ala303Thr 1 1 R Conserved integral membrane protein, involved in transport of drug
Val250Ile 0 1 across the membrane (Zhang et al., 2017)
Rv1258 Val280Leu 4 2 R Putative multidrug efflux pump, encodes a tetracycline/
Gly416Val 0 1 aminoglycoside resistance (TAP-2)-like efflux pump (J. Liu et al.,
2019; Sharma et al., 2010)
Rv3008 Leu32Pro 2 0 R Uncharacterized membrane protein YhiD, involved in acid

resistance (Zhang et al., 2017)
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4. Discussion

The emergence of drug-resistant TB poses a significant and formi-
dable global public health threat, particularly in regions with limited
resources (Lv et al., 2024). The current study employed two phenotypic
methods to investigate PZA resistance in presumptive drug-resistant TB,
and subsequently correlated these findings with genotypic approaches.
The BD BACTEC MGIT 960 PZA kit, widely used under India’s National
Tuberculosis Elimination Programme (NTEP) for phenotypic PZA sus-
ceptibility testing, utilizes an acidified medium optimized for PZA ac-
tivity (PMDT guidelines, 2021).

The finding of the PZA resistance was initially 27 %, which did not
align with Wayne’s assay and targeted pncA sequencing results. The
observed false resistance in phenotypic DST may be attributed to a high
inoculum of M. tuberculosis, which can raise the pH of the culture me-
dium, diminishing PZA activity (Mustazzolu et al., 2017). Upon
employing the RI MGIT DST method, PZA resistance dropped to 11.7 %,
although these findings still were not congruent with either the Wayne’s
assay nor the targeted sequencing.

To overcome this, we employed SD MGIT DST method, which further
reduced the inoculum to 1:50 compared to 1:20 by RI MGIT DST
method. This modification decreases the bacilli load in the GC tube,
allowing ample time for the drug to act in the PZA test tube. As a result,
PZA resistance decreased from 11.7 % to 7.7 %, with a 4.1 % reduction
in false -resistant rates. These results aligned more closely with the
genotypic findings, providing credence for the SD MGIT DST approach.
Previous reports from Southern India reported 43 % phenotypic PZA
resistance, among which only 36.5 % had a genotypic correlation
(Indian mutation catalogue, 2022). Shanmugam et al. (2022) found that
among the 66 % (119/181) of phenotypic PZA resistance, 62 isolates did
not have any known mutations (Shanmugam et al., 2022). These find-
ings highlight the importance of using the SD MGIT DST method to
improve the accuracy.

Our approach differs from Morlock et al. (2017), who employed
different dilution strategies for both the control and PZA tubes. In
contrast, the SD MGIT DST method focused on reducing the dilution in
the GC tube to 1:50, and the inoculum volume was reduced to 250 uL
and compensated with 250 pL of sterile saline in both control and PZA
tubes. This effectively reduced the bacterial load, while maintaining the
overall test volume and pH. This step was performed to minimize false
resistance, while simplifying the procedure compared to the
dual-dilution methods. Given that acidic pH slows M. tuberculosis
metabolism and growth, this method prevents rapid overgrowth in the
GC tube and ensures prolonged exposure of bacilli to PZA. Extending the
incubation period further accommodated the slow growth, thereby
enhancing the precision of resistance detection. These refinements are
supported by previous studies that emphasized improved test accuracy
with a lower GC inoculum and extended incubation (Morlock et al.,
2017; Mustazzolu et al., 2017, 2019; Piersimoni et al., 2013; Zhang
et al., 2002).

The main genetic mechanism of PZA resistance lies in the mutations
within the pncA gene, as evidenced by various studies which have re-
ported 72 - 98 % of PZA resistance is attributed to pncA mutations (Che
et al.,, 2021; Li et al., 2021; Shi et al., 2022). Contrarily, our study
identified that only 45 % (14/31) of PZA resistance was contributed by
pncA mutations. Other 41.9 % (13/31) of PZA resistance were due to
alternative mechanisms without pncA mutations, and the remaining
12.9 % (4/31) of the resistance is still unknown. Moreover, in the case of
MDR-TB isolates, resistance was predominantly linked to pncA muta-
tions (32.2 %), with alternative mechanisms contributing to a lesser
extent (6.4 %), consistent with previous findings (Khan et al., 2018;
Whitfield et al., 2015).

The alternative mechanisms identified in our study were attributed
to panD (9.6 %), mas (12.9 %), glpK (3.2 %), and IprG (3.2 %). Similarly,
other studies have reported mutations in the alternative mechanisms
such as rpsA (5.7 % to 72 %), panD (0.9 % to 2.5 %), Rv2783c (1.1 %),
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Rv2044c (0.74 %) (Akhmetova et al., 2015; Hameed et al., 2020; Liu
et al., 2018; Shi et al., 2020; Tan et al., 2014; Werngren et al., 2017),
ClIpC1, IprG, mas, gpsl, and fadD2 (Gopal et al., 2019; Lamont et al., 2020;
Shi et al., 2018). Furthermore, we identified genes involved in efflux
mechanisms associated with PZA resistance, such as Rv1258¢ (3.2 %),
Rv0191c (3.2 %), and Rv3008 (6.45 %), which is consistent with the
results of Zhang et al. (2017) (Zhang et al., 2017). Among the alternative
genes, panD is particularly noteworthy due to its established mechanistic
role in PZA resistance. Prior studies have shown that pyrazinamide and
its active form, POA, stimulate panD degradation by the ClpC1-ClpP
protease system in M. tuberculosis. Mutations in panD may interfere
with this degradation process, thereby conferring resistance and lending
credibility to the panD mutations identified in our dataset. Interestingly,
the mutation in the glpk gene identified in out resistant isolates have not
been previously reported in clinical samples. However, these mutations
have been previously described in vitro generated POA-resistant mutants
by Gopal et al. (2016). The recurrence of this mutation in both in vitro
and clinical isolate suggests selective advantage under drug pressure.
These observations highlight the fact that Wayne’s assay, though
reporting >90 % sensitivity and specificity (Akhmetova et al., 2015),
primarily detects pncA based resistance. Notably, one isolate identified
as susceptible by Wayne’s assay was found to be resistant to the SD MGIT
DST with a mutation in the pncA gene, as confirmed by sequencing
methods (Tables 1 and 2). The contradictory phenotypic results of 18
PZA-resistant isolates between Wayne’s and SD MGIT DST, 14 were
resolved by WGS analysis, and the remaining four isolates were still
unclear, which might signify the limitation of the SD MGIT DST method
employed in this study.

The identification of glpK, mas, and [prG mutations in clinical isolates
in this study provides new insights into the genetic basis of PZA resis-
tance. Previous studies have described mutations in these genes in vitro
induced resistant strains, but not in any of the clinical strains (Gopal
et al., 2016; Shi et al., 2018). Our findings address this gap by demon-
strating the presence of these mutations in clinical isolates, indicating
that experimentally identified resistance mechanisms may be clinically
significant. The lack of these mutations in phenotypically sensitive iso-
lates within our dataset further supports their potential role in resis-
tance. Moreover, owing to the fact that the susceptible isolates in our
dataset was limited, we made use of the susceptible isolates from the
data of the previous study on South Indian isolates (Shanmugam et al.,
2022). Although these genes may not be involved in the direct conver-
sion of PZA to its active form POA, they might possess alternate mech-
anisms that affect PZA activity, which need to be explored. For instance,
the gIpK gene encodes glycerol kinase, which is involved in the central
carbon metabolism in M. tuberculosis. Its disruption can reduce cellular
energy and acidic intracellular state required for optimal PZA activity.
Frameshift mutations in the gIpK have led to the reduced efficacy of TB
drugs and decreased the impact of PZA and a multidrug regimen con-
taining PZA in animal models. Hence, it has been used as a specific
marker for MDR-TB isolates (Bellerose et al., 2019). Phase variation in
gIpK occurs through reversible frameshift mutations in the homopoly-
meric region, which are linked to drug resistance, resulting in small
colonies with heritable multidrug tolerance in M. tuberculosis (Safi et al.,
2019).

The mas gene (mycocerosic acid synthase) regulates the synthesis of
dimycocerosyl phthiocerol (DIM), a pathogenicity factor in
M. tuberculosis (Sirakova et al., 2002). Disruption of this gene alters the
lipid composition of the bacterial cell envelope, which may interfere
with POA uptake or retention and has been shown to confer PZA resis-
tance independent of pncA mutations (Gopal et al., 2016). Mycobacte-
rium tuberculosis invades macrophages and modulates the host response
through DIM. Mutations in DIM-synthesis genes, such as mas, can
enhance M. tuberculosis pathogenicity, suggesting that DIM synthesis can
be targeted for new antimycobacterial drugs (Augenstreich et al., 2020).

Similarly, IprG gene encodes a lipoprotein involved in the transport
of triacylglycerides (TAGs) across the cell membrane and plays a crucial
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role in maintaining lipid homeostasis in M. tuberculosis (Martinot et al.,
2016) . Mutations in this gene have been shown to disrupt this transport
mechanism, leading to intracellular accumulation of TAGs, which is
associated with a drug-tolerant phenotype, potentially contributing to
PZA resistance (Gopal et al., 2019). This accumulation may interfere
with the susceptibility of the bacteria to PZA, highlighting the potential
contribution of IprG disruption to PZA resistance. Additionally, Shi et al.
(2018) reported mutations in IprG gene related to resistance against POA
and PZA in M. tuberculosis. These studies support our observation indi-
cating that various mechanisms, beyond pncA mutations, may affect PZA
resistance (Shi et al., 2018).

Although our findings indicated potential associations between gIpK,
mas, IprG mutations and PZA resistance, these results should be inter-
preted cautiously. Previous studies have also reported similar candidate
genes like Rv0521, Rv3630, Rv2783, Rv0191, Rv3756¢, Rv3008, and
Rv1667c, which are yet to be validated and their clinical significance is
yet to be determined (Hameed et al., 2020; Shi et al., 2018; Zhang et al.,
2017). Initially, rpsA was considered a key determinant of PZA resis-
tance, but subsequent research refuted the proposed mechanism
involving trans-translation, leading to the dismissal of the role of rpsA
mutations in PZA resistance (Dillon et al., 2017). These examples
highlight the need for caution when interpreting novel mutations,
particularly in the absence of strong phenotypic correlation. Phenotypic
drug susceptibility testing remains an essential method for validating
drug resistance, particularly when new or rare genetic variants are
encountered.

The discordance observed between phenotypic PZA resistance and
pncA mutation status highlights the key diagnostic challenges. Several
isolates exhibited phenotypic resistance despite the absence of pncA
mutations, suggesting that other genetic determinants such as mutations
in panD, mas, glpK, and IprG may underlie resistance. Conversely, some
pncA mutations occurred in phenotypically susceptible isolates, sug-
gesting the presence of neutral variants that do not confer resistance.
These discrepancies underscore the limitations of relying solely on pncA-
based molecular diagnostics.

To enhance diagnostic precision, it is crucial to identify region-
specific resistance mutations and integrate them into existing molecu-
lar assays or genotypic DST, which currently examine only a few known
mutations. Since PZA resistance may involve genes beyond pncA, WGS
can also be employed to detect additional mutations. This method en-
sures consistency in testing processes, making the results more compa-
rable and practical for routine use in TB diagnosis. Our findings support
the integration of robust phenotypic methods, like the SD MGIT DST,
alongside broader genotypic screening, to improve the accuracy of PZA
resistance detection in clinical settings.

Despite these strengths, this study had several limitations that war-
rant consideration. First, the clinical isolates used in this study were
retrieved from previously stored cultures confined to a particular
geographic area of South Indian isolates, limiting the generalizability of
our findings to a broader TB population. Much larger samples with a
wider geographical setting may provide more insight into the PZA
resistance mechanism. Second, while WGS facilitated the identification
of novel mutations in genes such as mas, glpK, and IprG, functional
validation assays like gene knockout or complementation experiments
are required to elucidate the biological relevance of these variants and
confirm their direct contribution to PZA resistance. Lastly, we identified
phenotypically resistant isolates without any genotypic correlation,
indicating that the SD MGIT DST method may yield false-resistant re-
sults at a lower percentage or they may exist other unknown mecha-
nisms towards PZA resistance. These limitations highlight the need for
integrated diagnostic approaches that combine refined phenotypic
testing and comprehensive genomic analysis for accurate resistance
detection.
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5. Conclusion

This study demonstrates that the SD MGIT DST method offers a more
accurate and reproducible approach for detecting PZA resistance in
M. tuberculosis compared to conventional phenotypic methods. By
significantly reducing false resistance rates and enabling a greater
concordance with genotypic findings, the SD MGIT DST method en-
hances the reliability of PZA susceptibility testing. This method can be
implemented with ease in any routine mycobacteriology laboratory, as it
requires only a minimal procedural modification compatible with the
standard MGIT 960 protocol, with no additional equipment or costs.
Further validation in larger, multicentre studies will be essential to
confirm its broader applicability and impact on effective TB treatment.
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