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Abstract

Background: Pyrazinamide is one of the most important first-line medications for the treatment of tuberculosis and an alternative
intake for MDR-TB and XDR-TB patients.
Objectives: The purpose of this study was to evaluate resistance to pyrazinamide in the isolates resistant to the Mycobacterium
tuberculosis drug in patients in the city of Isfahan.
Methods: In this study, the drug susceptibility test was performed with pyrazinamide using the proportion method and PZA assay
on 47 isolates resistant to Mycobacterium tuberculosis. Then, the mutations of the pncA and rpsA genes of the isolates resistant to
pyrazinamide were evaluated by the sequencing method.
Results: According to the proportion method, 19 cases were resistant to pyrazinamide, 16 of which had mutations in their pncA and
rpsA genes. Besides, five new mutations were recorded, and three isolates lacked mutations in the mentioned genes.
Conclusions: Pyrazinamide resistance is high in MDR-TB and INH mono-resistant isolates. Therefore, evaluating the susceptibility
to pyrazinamide in patients with MDR-TB before the initiation of treatment with pyrazinamide is considered essential.
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1. Background

After more than a century of the discovery of the tu-
berculosis virus by Robert Koch, the disease remains one
of the most common infectious diseases with the highest
mortality after the immune deficiency virus (HIV) (1). Af-
ter 1982 due to medical advances in the discovery of the
disease, identification of pathogenesis, and establishment
of a standard treatment regimen to combat tuberculosis,
there was a belief among physicians that the disease would
be limited to case reports and medical literature by 2000.
However, the spread of AIDS epidemics, the emergence of
Mycobacterium tuberculosis strains with multiple-drug re-
sistance (MDR-TB), and extra-drug resistance (XDR-TB) have
caused the disease to be declared in 1993 as a global emer-
gency (2, 3). According to available sources, it was esti-
mated that in 2012, nearly 3.6% of new cases of tubercu-
losis and about 20.2% of tuberculosis cases were MDR-TB
cases, and what was more worryingly was that only less
than 25% of MDR-TB cases were identified and reported in
that year (4). In addition, according to the World Health Or-

ganization (WHO) reports in 2015, around two billion peo-
ple worldwide are infected with Mycobacterium tuberculo-
sis bacillus, although they do not feel any signs of illness.
Moreover, 10.4 million new cases and 1.4 million mortali-
ties due to tuberculosis have been estimated for this year
(5). The incidence of tuberculosis in Iran is estimated to be
21 cases per 100,000 people. This rate is much lower than in
the neighboring countries such as Afghanistan, Pakistan,
Azerbaijan, and Armenia (these countries are among “high
TB-burden” countries). Thus, one of the programs for con-
trolling tuberculosis in Iran is to control and monitor im-
migration to the country. However, the second report re-
garding tuberculosis resistance to all drugs (XXDR-TB or
TDR-TB) after Italy was reported from Iran (1, 3).

Pyrazinamide is considered one of the four first-line
anti-tuberculosis drugs within the first two months of
treating the disease. The anti-tuberculosis activity of this
drug was first discovered in 1952, but its role in acceler-
ating the effect of treatment was found when it was co-
administered with isoniazid and rifampin (1, 6). By elimi-
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nating the active and inactive forms of tuberculosis bacilli
in acidic environments within macrophages, this drug, in
addition to shortening the course of treatment, is also very
effective in eradicating the organism in the patient’s body
(6, 7). The role of pyrazinamide is important in standard tu-
berculosis treatment regimens because it is more effective
in the acidic conditions of macrophages and monocytes
against Mycobacterium tuberculosis (1, 6). Today, this drug is
the second-line treatment of MDR-TB and XDR-TB patients
that eliminates latent tuberculosis bacilli in macrophages
and prevents the recurrence of the disease (8). Pyrazi-
namide is a precursor and is converted to its active form
(pyrazinoic acid or POA) by the enzyme pyrazinamidase
after entering the cytoplasm of Mycobacterium tuberculo-
sis (Mtb), causing the acidification of the Mtb cytoplasm,
inhibiting the synthesis of fatty acids, and disrupting the
cell wall function. Pyrazinoic acid can also prevent the
translation process by binding to the ribosomal protein S1
(rpsA gene product) (1, 9). As known, PncA gene mutations
are one of the major mechanisms of resistance to pyraz-
inamide, followed by rpsA gene mutations. However, ac-
cording to recent studies, panD gene mutations may also
be involved in this phenomenon. This gene encodes an as-
partate decarboxylase enzyme and plays an important role
in the metabolism of amino acids alanine and aspartate.
Besides, PanD gene mutations are observed in theMycobac-
terium tuberculosis strains of the canettii subtype (one of
the members of the Mycobacterium tuberculosis complex,
which is naturally resistant to pyrazinamide, such as My-
cobacterium bovis and Mycobacterium bovis BCG) and MDR-
TB strains. It was suggested that the mutations of this gene
are related to the resistance of TB bacilli to pyrazinamide,
but the required verification is under review and needs
more extensive studies (1, 10).

Contrary to anti-tuberculosis drugs, activating pyrazi-
namide in acidic pH has provided difficulties for the evalu-
ation of this drug. Also, considering that there is currently
no standard method for evaluating susceptibility to pyraz-
inamide, this is usually ignored in mycobacteriology lab-
oratories, especially in developing countries, and most re-
sults on determining the anti-tuberculosis drug suscepti-
bility do not include the results regarding pyrazinamide
(4, 11). Based on a meta-analysis of the rate of resistance
to pyrazinamide, the prevalence of resistance to pyrazi-
namide in the susceptible isolates to the drug is estimated
to be 0% - 9% and 31% - 89%, respectively (12).

Considering previous studies in the city of Isfahan, it
was found that the most important factor for TB in this
region is due to the reactivation of the previous infec-
tion to TB bacillus (Mtb), and it was also revealed that by

eliminating the inactive forms of TB bacilli in the lung
macrophages, pyrazinamide can prevent the reactivation
of tuberculosis (1, 13).

2. Objectives

Due to the rarity of information about resistant strains
to Mycobacterium tuberculosis drug as compared to pyraz-
inamide, this study aimed to estimate and evaluate re-
sistance to pyrazinamide in isolates resistant to Mycobac-
terium tuberculosis drug in patients in the city of Isfahan.

3. Methods

3.1. Isolation of Mycobacterium tuberculosis Isolates, Culture,
and Diagnosis Using Phenotypic andMolecular Tests

In this study, 47 isolates of drug-resistant Mycobac-
terium tuberculosis bacillus (Mtb) (including MDR, isoni-
azid mono-resistant, and rifampin mono-resistant strains)
were studied which were isolated from patients refer-
ring to the Isfahan Tuberculosis Center. After initial cul-
ture, these isolates were transferred to the Löwenstein-
Jensen medium and underwent phenotypic tests such as
the Ziehl-Neelsen method of staining, growth rate, colony
morphology, pigment production, biochemical tests in-
cluding nitrate recovery, niacin production, urease, iron
withdrawal, growth on MacConkey agar without crystal
violet, hydrolysis of tween 80, three-day Arylsulfatase,
quantitative catalase resistant to heat, and cytochrome
P450-PCR. Cytochrome P450-PCR was performed accord-
ing to the primers and temperature programs of Darban-
Sarokhalil et al. (14).

3.2. Antibiotic Susceptibility Test

The PZA susceptibility test was performed using the
conventional 1% proportional method according to the
Canetti et al. method (15). In brief, the Löwenstein-Jensen
medium containing 400 mg of pyrazinamide and pH = 6 -
6.5 was prepared. Then, 0.1 mL of 10 - 2 and 10 - 4 concentra-
tions, prepared from an equivalent suspension of McFar-
land’s turbidity were cultured on the media containing the
drug while the Löwenstein-Jensen medium with no drug
and pH = 6 - 6.5 was used as the control medium. The cul-
ture media was kept at 37°C in the incubator with 5% CO2

for four weeks. Besides, M. tuberculosis H37Rv ATCC 2729
and M. bovis ATCC 19210 were used as the controls of the
susceptible strains resistant to pyrazinamide. Moreover,
PZAse activity using 7H10 agar Middlebrook medium con-
taining 100 mg of pyrazinamide and 2 g/l of sodium pyru-
vate was done based on the Wayne method (16).
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3.3. DNA and PCR Extraction

Cetyl trimethylammonium bromide (CTAB) was used
to extract theMycobacterium tuberculosis isolates’ genomes
as per the Miyata et al. protocol. In general, after deactivat-
ing the bacteria at 80°C in 20 min, the top solution was sep-
arated with the centrifugal force (4,500 rpm for 10 min.)
and increased to 10 mL by the TE IX buffer. By re-centrifugal
action and adding 100µL of the lysozyme enzyme and 450
µL of TE IX buffer to the deposit, it was placed at 37°C for 24
h. Next, 72.5 µL of SDS 10% solution and K proteinase solu-
tion were added to each sample at 65°C for one day. Each
sample was added 100 µL of NaCl at a concentration of 5
mol and 100 µL of CTAB-NACL and placed after vortex at
65°C for 10 min. To each microtube, 750 µL of chloroform
isoamyl alcohol mixture was added and after centrifuga-
tion, 600 µL of isopropanol was added per 1000 µL of the
solution to the deposit of each sample and kept for 24 h at
-20°C. Then, 1000 µL of alcohol 70% was added to the de-
posit, and after centrifuging, drying, and adding 30 µL of
TE IX buffer at 37°C for 3 - 4 h, the DNA density was measured
by a spectrophotometer.

Then, for the reproduction of the 720-bp fragment
containing the complete sequence of the pncA gene,
primers P1 (5’-GTCGGTCATGTTCGCGATCG-3’) and P6 (5’-
GCTTTGCGGCGAGCGCTCCA-3’) were used as suggested by
Scorpio et al. (17) Also, to study mutations in the region
“742” pair of the genes from the early part of the rpsA gene,
rpsA-1 primers (5’-ATCTGTCCCTACGACCCAAC-3’) and rpsA-
5 (5’-ACCGTCCACACCGCCGAGA-3) were used according to
Akhmetova et al. (18). The temperature program in Table
1 was used for the reproduction of the genes. Finally, PCR
products were sequenced using the aBi3730Xl Automatic
Sequencer from Macrogen Co. (South Korea).

3.4. Statistical Analysis

We used chi-square and Fisher Exact tests (P-value <
0.05) in SPSS ver. 20 for comparing the relative frequency
of the mutations in the pncA and rpsA genes of Mtb resis-
tant isolates and its types among three resistant groups to
isoniazid, rifampin, and MDR (19).

3.5. Nucleotide Sequence Accession Numbers

The sequences containing new mutations, obtained in
the present study, were recorded in the GenBank database
under access codes MG956806, MG920781, and MG920781
for thepncAgene and access codes MG888046 and MG77745
for the rpsA gene. Additionally, the accession numbers of
the sequences of pncA, rpsA, CYP 141, hsp65, and 16S rRNA
genes for suspected isolates to the new subtype of Mycobac-
terium tuberculosis complex are MG920781, MG888046,
MH020184, MG994961, and MH002343, respectively.

4. Results

In this study, 47 cultures resistant to Mycobacterium tu-
berculosiswere studied. They included nine (19.1%) MDR iso-
lates, 26 (55.3%) isolates resistant to isoniazid, and 12 (25.5%)
isolates resistant to rifampin. Of the patients, 31 (65.9%)
cases were men, and 16 (34%) cases were women; 33 (70.21%)
cases were Iranian, while 14 (29.7%) cases were Afghani. All
isolates were identified asMycobacteriumtuberculosisusing
the results of phenotypic and molecular tests. Also, based
on the results of the proportional and pyrazinamidase test,
19 isolates were resistant to pyrazinamide (Table 2).

Accuracy of DNA amplification was confirmed by elec-
trophoresis on a 1% agarose gel (Figure 1). Then, PCR prod-
ucts were purified and sequenced using a PCR product
purification kit (Roche). The sequences were finally se-
quenced using MEGA 7.0 software. Sequencing of the 720-
bp fragment from P1 primers (from position -150 bp up-
stream of the starting codon of pncA) and P6 (from the po-
sition of + 60 bp downstream of the codon of pncA end-
point) was performed using a pyrazinamide-sensitive My-
cobacterium tuberculosis strain (Rv2043c). The analysis of
the pncA sequence showed that 16 (84.2%) isolates were eli-
gible to mutate in theirpncA sequence (Table 3) while three
isolates lacked any mutation. Furthermore, based on the
results of the sequence analysis of the primordial 742 bp
segment of the rpsA gene and the control strain sensitive
to pyrazinamide (Rv2043c), six (14.1%) isolates had muta-
tions in the region of the rpsA gene (Table 3). Three isolates
had two types of mutations in the pncA gene. An isolate
was found in both the pncA and rpsA genes. An isolate had
two “missense” mutations in codons 24 and 524 of thepncA
gene, and an isolate had a “silent” Missense mutation and
a “missense” mutation in codons 195 and 535 of the pncA
gene, respectively. We also investigated three isolates sus-
ceptible to all drugs and one isolate of M. tuberculosisH37Rv
ATCC 27294 as controls that lacked any mutations in the
pncA gene and the primary part of their rpsA.

Of the mutations mentioned, five mutations were new
in the pncA and rpsA genes, and are first reported in this
study. In addition, one of the isolates under study with
high resistance to pyrazinamide (MIC 1200 µg/mL) and
significant genetic differences from M. tuberculosis H37Rv
ATCC 27294 was considered as a candidate for the new sub-
type of Mycobacterium tuberculosis native to this geograph-
ical area, which requires more research.

Based on the statistical analysis, it was found that the
level of pyrazinamide-resistant isolates increased signifi-
cantly with the increased resistance to isoniazid and MDR-
TB (P ≤ 0.001). Generally, the resistance to pyrazinamide
was evaluated among the isolates of MDR (77.7%; seven iso-
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Table 1. PCR Program for Amplification of PncA and rpsA Genes

Gene Primary Denaturation
Repetition

Final Expansion Cooling
Denaturation Annealing Expansion

pncA

Temperature 94 94 55 72 72 12

Time 15 min 30 sec 30 sec 1 min 7 min 10

Course 1 30 1 1

rpsA

Temperature 96 95 62 72 72 12

Time 3 min 10 sec 10 sec 40 sec 3 min 10

Course 1 38 1 1

Table 2. Result of Pyrazinamide Resistance Evaluation with Pyrazinamidase and Proportion Methods

Sample Test MDR Rifampin Isoniazid

Pyrazinamidase 4 10 21

Proportional method 7 3 9

Table 3. Amino Acid Changes of Pyrazinamide-Resistant MTB Isolates

Number of Isolates Resistance to Pyrazinamide Changes in Nucleotide Amino Acid Changes

Changes in pncA Nucleotide

3 R C(195) → t Ser(65) → ser

1 R C(24) → A Asp(8) → Glu

1 R T(184) → C Pro(62) → ser

1 R A(535) → C Ser(179) → Arg

2 R A(535) → G Ser(179) → Gly

1 R C insertion in nt 559 Frameshift

1 R T → G Stop → Gly

1 R GC insertion in nt 444,45 Frameshift

1 R A(139) → G Thr (47) → Ala

1 R T(524) → C Met(175) → Thr

1 R C(185) → A Pro(62) → His

1 R A(410) → C His(137) → Pro

1 R C insertion in 407,8 Frameshift

1 R T(56) → C T76 → proline

1 R T(254) → C Lu85 → Pro

Changes in rpsA Nucleotide

1 R T insertion 37 Phenylalanine

1 R C insertion 54 Leu

1 R G(618) → A Leu(206) → leu

1 R G(619) → A Ther(207) → Leu

1 R G(221) → A His(14) → Arg

1 R C insert in 40 Ser
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Figure 1. Distribution of pyrazinamide MTB strains among MDR, rifampcine mono-
resistant TB, and isoniazid mono-resistant TB isolates

lates), isoniazid (34.6%; nine isolates), and rifampin (25%;
three isolates) (Figure 1).

5. Discussion

One of the most important measures for the proper
treatment of tuberculosis patients is the determination
of the patient’s drug sensitivity profile before the onset
of treatment, which today seems to be necessary in soci-
eties due to the increase in cases of drug-resistant tuber-
culosis (19). Pyrazinamide is one of the first-line drugs for
the treatment of tuberculosis that can reduce the dura-
tion of treatment from 12 months to six months by elimi-
nating the latent bacilli in the alveolar macrophages. The
importance of this drug was further enhanced by the lat-
est WHO recommendations for the use of this drug for the
treatment of MDR-TB (6, 8). However, susceptibility to this
drug is one of the main challenges of mycobacterial lab-
oratories. This drug requires acidic pH for activity, while
the optimum growth rate for Mycobacterium tuberculosis
occurs at a neutral pH limit. The BACTEC Mycobacteria
growth indicator tube (MGIT) 960 system and 100 µg/mL
pyrazinamide concentration are selected nowadays as a
reference method for measuring susceptibility to pyrazi-
namide, but, the results of the false resistance from the
inoculation of excess bacteria and the presence of bovine
serum albumin is a serious threat to this technique. More-
over, this technique is costly and cannot be performed in
many developing countries (6, 20). Molecular methods are
considered one of the fastest and least costly methods for
measuring the drug susceptibility to Mycobacterium tuber-
culosis. Based on evaluations and comparisons of the re-
sults of phenotypic and molecular methods, it can be safely

said that sequencing is one of the most reliable methods
for screening pyrazinamide resistance strains (17).

This study was done regarding the limited research
and information on the resistance of DR-TB isolates (TDR-
TB, XDR-TB, MDR-TB, RIF mono-resistant, and INH mono-
resistant) to pyrazinamide. This is the first report of re-
sistance to pyrazinamide among DR-TB isolates from Iran.
In this study, pyrazinamide-resistant DR-TB isolates were
identified using the proportion method and pyrazinami-
dase test. Then, mutations of pncAand rpsAgenes in the iso-
lates resistant to pyrazinamide were studied using the se-
quencing technique. In general, 19 isolates from the study
were resistant to pyrazinamide, with 16 isolates with muta-
tions in the pncA gene, six isolates having mutations in the
rpsA gene, and three isolates lacking any mutation in their
sequence. Finally, the resistance to pyrazinamide was eval-
uated among the isolates of MDR as 77.7% (seven isolates),
isoniazid 34.6% (nine isolates), and rifampin 25% (three iso-
lates).

In recent years, the emergence of multi-drug resistant
TB has been the greatest threat for TB control programs (21,
22). According to the WHO tuberculosis report, the over-
all prevalence of Iranian MDR-TB cases is from 1% - 2% (in
new cases) to more than 29% (in treatment failure cases)
(23). In a recent eight-year prospective study on Iranian TB
cases, the average prevalence of MDR-TB cases was reported
as 14.18% that was significantly higher than the global aver-
age (3.5%) (24). Haratiasl et al. (25) in 2020 showed that the
prevalence of pyrazinamide resistance is high among Ira-
nian MDR-TB patients. Several studies have suggested that
the frequency of the Beijing family in MDR-TB strains is sig-
nificantly more than that of other lineages (26, 27). Vaziri
et al. (28) in 2019 revealed that MDR-TB strains have several
mutations that cause primary resistance to various anti-
tuberculosis drugs. We also found that the frequency of
resistance to pyrazinamide was significantly higher than
that of mono-resistance in TB strains that confirm previous
Iranian reports (25, 29).

The results of this study are similar to other stud-
ies in this area. For example, in a study by Whitfield
et al. (6) on South African pyrazinamide-resistant DR-TB
isolates, it was found that pyrazinamide resistance was
high among the isolates of MDR-TB (39.3%) and RIF mono-
resistant (7.5%). In contrast to our results, the resistance to
pyrazinamide is relatively high among rifampin-resistant
TB isolates compared than MDR-TB as well as isoniazid-
resistant TB isolates., which can be attributed to genetic
differences in pyrazinamide-resistantMycobacterium tuber-
culosis and transmission of these strains among patients
in different countries (30). In a study in India, resistance
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to pyrazinamide in MDR-TB, INH mono-resistant isolates,
and MIO-resistant RIF was 63.7%, 97.2%, and 87.7%, respec-
tively. In the studies from China, Japan, Thailand, and
South Africa, pyrazinamide resistance among MDR-TB iso-
lates was in the range of 50% - 60% (19). Briefly speaking,
by reviewing different studies, it can be concluded that the
prevalence of pyrazinamide resistance in DR-TB isolates, es-
pecially MDR-TB, is high. Therefore, pyrazinamide suscep-
tibility testing is essential for these patients before the ad-
ministration of the drug.

In this study, there were differences between the re-
sults of the proportion method and pyrazinamide admin-
istration; 19 isolates were identified by the method of pro-
portion as the isolates resistant to pyrazinamide, of which
seven isolates were with pyrazinamidase activity. Accord-
ing to similar studies, it can be stated that the test results
of pyrazinamidase assay are not reliable, and this test is not
an accurate indicator for the screening of pyrazinamide-
resistant isolates. According to Singh et al. (31), it was
found that the specificity of the BacT/ALERT 3D System and
pyrazinamidase assay methods was 100% and 82.85%, re-
spectively, compared to the results in “proportion method
LJ”. Another study also found that some Mycobacterium tu-
berculosis isolates that did not have pyrazinamidase activ-
ity did not have any mutations in theirpncAgene sequence
(32). In the present study, the sensitivity rates of pyrazi-
namidase and sequencing methods were 63.1% and 84.2%,
respectively, in comparison with the proportion method,
and the specificity rates of these two methods were 80%
and 90%, respectively.

The pncA gene contains 561 nucleotides, which is an
encoder of pyrazinamidase enzyme (PZAase) that consists
of 186 amino acids (33). Based on various studies, about
90% of the Mycobacterium tuberculosis isolates resistant to
pyrazinamide (33)have mutations in their pncA gene, and
5% have mutations in the ribosomal binding site. Mycobac-
terium bovis andM. bovis BCG are resistant to pyrazinamide
due to the alteration of their nucleotide 169 (Asp57→His)
of thepncAgene, and this property has caused the ability to
differentiateMycobacteriumtuberculosis from them (34, 35).
Mutations of pncA genes are nowadays considered as the
main factor in resistivity to pyrazinamide, and sequencing
of this gene is one of the fastest and most reliable meth-
ods of determining susceptibility to pyrazinamide (36). Ac-
cording to Sreevatsan et al. (35), nucleotide replacement is
the most common type of mutation in the isolates of My-
cobacterium tuberculosis resistant to pyrazinamide. Also, in
this study, as reported by Scorpio and Zhang, mutations
in the pncA gene of the isolates resistant to pyrazinamide
are spread throughout the gene, in contrast to the rpoB

gene that majority of (about 96%) rifampin-resistant Mtb
isolates has mutation in the region 27 of the amino acid
in the β subunit of the RNA enzyme. (35). The results of
our study are consistent with that statement. Moreover,
Proline is thought to be one of the most important amino
acids in the functional domain of the pyrazinamidase en-
zyme, with variations in the amino acid content that al-
ter the shape and function of the enzyme and as a result,
causes resistance to pyrazinamide (37). In our study, sev-
eral isolates also have changes in proline replacement. Ac-
cording to previous studies, synonymous mutations are
supposed to occur due to the transformation of the pre-
decessors of the Mycobacterium tuberculosis complex (38).
In the present study, three isolates had synonymous muta-
tions in nucleotide 195 (C (195)→ T). It has also been sug-
gested that one of the most important characteristics of
the W family (one of the most important linages of the My-
cobacterium tuberculosis complex distributed throughout
the world which is resistant to many first-line drugs and
some second-line drugs) is “missense” mutation (Thr(47)
→Ala) in the pncA gene as one of the most important char-
acteristics of this family. In this study, one of the isolates
had the considered mutation (35).

The rpsA gene encodes a ribosomal S1 protein in the
30S component, and the sequence of this gene is pro-
tected so that it is considered an option for the differ-
entiation and identification of mycobacteria (1, 39, 40).
This gene was first introduced by Shi et al. (9) as a sec-
ondary candidate for resistance to pyrazinamide. On the
one side, the mutations of this gene have been seen in
a limited number of Mycobacterium tuberculosis isolates
resistant to pyrazinamide. On the other side, in the
study by Alexander et al. (41), none of the pyrazinamide-
resistant isolates in the rpsAgene sequence had mutations,
but instead, a mutation (A364G) was observed in 13 iso-
lates susceptible to pyrazinamide. This contradictory data
cause ambiguity in this regard (41). However, six muta-
tion types were observed in pyrazinamide-resistant iso-
lates in the present study, while drug-sensitive isolates and
pyrazinamide-susceptible strains did not have any muta-
tion. Also, the sequence of pncA and rpsA genes of three
studied isolates, which were evaluated based on the pro-
portion method for pyrazinamide resistance, lacked any
mutations, indicating that the mechanisms of resistance
to pyrazinamide are diverse.

5.1. Conclusions

Based on the results of this study, it was found that re-
sistance to pyrazinamide in MDR-TB isolates is high in pa-
tients in Isfahan and the evaluation of sensitivity to pyrazi-
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namide is essential for the patients affected by MDR-TB. The
present study was the first to measure resistance to pyrazi-
namide among isolates resistant toMycobacterium tubercu-
losis in Iran. Determining the prevalence of pyrazinamide
resistance in this category requires a much higher compar-
ison of phenotypic and genotypic methods.

Footnotes

Authors’ Contribution: Masoud Keikha investigated and
supervised the findings of this work, wrote the article, pro-
cessed the experimental data, and supervised the project.
Bahram Nasr-Esfahani designed the study, supervised the
project, conceived the original idea, processed the exper-
imental data, and developed the theoretical framework.
Sharareh Moghim: Provided critical feedback, helped with
the analysis of the manuscript, and contributed to the in-
terpretation of the results. Mahshid Salehi contributed
to the final version of the manuscript. All authors de-
signed the model and the computational framework and
analyzed the data.

Conflict of Interests: The authors have no conflict of in-
terest.

Ethical Approval: The Ethics Committee of Isfahan Uni-
versity of Medical Sciences approved the study.

Funding/Support: This study was financially supported
in part by grant 396122 from the Isfahan University of

Informed Consent: Informed consent was obtained from
all of the patients.

References

1. Lohrasbi V, Talebi M, Bialvaei AZ, Fattorini L, Drancourt M, Heidary
M, et al. Trends in the discovery of new drugs for Mycobacterium tu-
berculosis therapy with a glance at resistance. Tuberculosis (Edinb).
2018;109:17–27. doi: 10.1016/j.tube.2017.12.002. [PubMed: 29559117].

2. Daniel TM. The history of tuberculosis. Respir Med. 2006;100(11):1862–
70. doi: 10.1016/j.rmed.2006.08.006. [PubMed: 16949809].

3. Nasiri MJ, Dabiri H, Darban-Sarokhalil D, Rezadehbashi M, Zamani
S. Prevalence of drug-resistant tuberculosis in Iran: systematic re-
view and meta-analysis. Am J Infect Control. 2014;42(11):1212–8. doi:
10.1016/j.ajic.2014.07.017. [PubMed: 25242634].

4. World Health Organization. Global tuberculosis report 2013. Gevena,
Switzerland: World Health Organization; 2013.

5. World Health Organization (WHO). Global Tuberculosis Report. 2015.
Available from: http://www.who.int/about/licensing/copyright_
form/en/.

6. Whitfield MG, Streicher EM, Dolby T, Simpson JA, Sampson SL,
Van Helden PD, et al. Prevalence of pyrazinamide resistance
across the spectrum of drug resistant phenotypes of Mycobac-
terium tuberculosis. Tuberculosis (Edinb). 2016;99:128–30. doi:
10.1016/j.tube.2016.05.003. [PubMed: 27450014]. [PubMed Central:
PMC4963978].

7. Takii T, Hamasaki S, Hirano K, Abe C, Onozaki K. Simple fibroblast-
based assay to test the pyrazinamide susceptibility of Mycobac-
terium tuberculosis. Antimicrob Agents Chemother. 2005;49(2):804–
7. doi: 10.1128/AAC.49.2.804-807.2005. [PubMed: 15673774]. [PubMed
Central: PMC547215].

8. Aung WW, Ei PW, Nyunt WW, Htwe MM, Win SM, Aye KT, et al. Pyraz-
inamide Resistance among Multidrug-Resistant Mycobacterium tu-
berculosis Clinical Isolates in Myanmar. Antimicrob Agents Chemother.
2018;62(3). doi: 10.1128/AAC.01984-17. [PubMed: 29263056]. [PubMed
Central: PMC5826152].

9. Shi W, Zhang X, Jiang X, Yuan H, Lee JS, Barry C3, et al. Pyrazi-
namide inhibits trans-translation in Mycobacterium tuberculosis.
Science. 2011;333(6049):1630–2. doi: 10.1126/science.1208813. [PubMed:
21835980]. [PubMed Central: PMC3502614].

10. Zhang S, Chen J, Shi W, Liu W, Zhang W, Zhang Y. Mutations in
panD encoding aspartate decarboxylase are associated with pyraz-
inamide resistance in Mycobacterium tuberculosis. Emerg Microbes
Infect. 2013;2(6). e34. doi: 10.1038/emi.2013.38. [PubMed: 26038471].
[PubMed Central: PMC3697303].

11. Zhang Y, Wade MM, Scorpio A, Zhang H, Sun Z. Mode of action of pyraz-
inamide: disruption of Mycobacterium tuberculosis membrane
transport and energetics by pyrazinoic acid. J Antimicrob Chemother.
2003;52(5):790–5. doi: 10.1093/jac/dkg446. [PubMed: 14563891].

12. Chang KC, Yew WW, Zhang Y. Pyrazinamide susceptibility test-
ing in Mycobacterium tuberculosis: a systematic review with
meta-analyses. Antimicrob Agents Chemother. 2011;55(10):4499–505.
doi: 10.1128/AAC.00630-11. [PubMed: 21768515]. [PubMed Central:
PMC3186960].

13. Riyahi Zaniani F, Moghim S, Mirhendi H, Ghasemian Safaei H, Fazeli
H, Salehi M, et al. Genetic Lineages of Mycobacterium tubercu-
losis Isolates in Isfahan, Iran. Curr Microbiol. 2017;74(1):14–21. doi:
10.1007/s00284-016-1145-2. [PubMed: 27743106].

14. Darban-Sarokhalil D, Fooladi AA, Bameri Z, Nasiri MJ, Feizabadi
MM. Cytochrome CYP141: a new target for direct detection of My-
cobacterium tuberculosis from clinical specimens. Acta Microbiol Im-
munol Hung. 2011;58(3):211–7. doi: 10.1556/AMicr.58.2011.3.4. [PubMed:
21983322].

15. Canetti G, Froman S, Grosset J, Hauduroy P, Langerova M, Mahler HT,
et al. Mycobacteria: Laboratory Methods for Testing Drug Sensitiv-
ity and Resistance. Bull World Health Organ. 1963;29:565–78. [PubMed:
14102034]. [PubMed Central: PMC2555065].

16. Wayne LG. Simple pyrazinamidase and urease tests for routine iden-
tification of mycobacteria. Am Rev Respir Dis. 1974;109(1):147–51. doi:
10.1164/arrd.1974.109.1.147. [PubMed: 4203284].

17. Scorpio A, Lindholm-Levy P, Heifets L, Gilman R, Siddiqi S, Cynamon
M, et al. Characterization of pncA mutations in pyrazinamide-
resistant Mycobacterium tuberculosis. Antimicrob Agents Chemother.
1997;41(3):540–3. doi: 10.1128/AAC.41.3.540. [PubMed: 9055989].
[PubMed Central: PMC163747].

18. Akhmetova A, Kozhamkulov U, Bismilda V, Chingissova L, Abildaev T,
Dymova M, et al. Mutations in the pncA and rpsA genes among 77 My-
cobacterium tuberculosis isolates in Kazakhstan. Int J Tuberc Lung Dis.
2015;19(2):179–84. doi: 10.5588/ijtld.14.0305. [PubMed: 25574916].

19. Arora J, Sidiq Z, Visalakshi P, Bhalla M, Behera D, Myneedu VP.
Pyrazinamide resistance among drug-resistant Mycobacterium tu-
berculosis isolates at a referral hospital. Diagn Microbiol Infect Dis.
2013;77(4):380–1. doi: 10.1016/j.diagmicrobio.2013.08.014. [PubMed:
24075630].

20. Zhang Y, Scorpio A, Nikaido H, Sun Z. Role of acid pH and defi-
cient efflux of pyrazinoic acid in unique susceptibility of Mycobac-
terium tuberculosis to pyrazinamide. J Bacteriol. 1999;181(7):2044–9.
doi: 10.1128/JB.181.7.2044-2049.1999. [PubMed: 10094680]. [PubMed
Central: PMC93615].

Arch Clin Infect Dis. 2021; 16(2):e101092. 7

http://dx.doi.org/10.1016/j.tube.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29559117
http://dx.doi.org/10.1016/j.rmed.2006.08.006
http://www.ncbi.nlm.nih.gov/pubmed/16949809
http://dx.doi.org/10.1016/j.ajic.2014.07.017
http://www.ncbi.nlm.nih.gov/pubmed/25242634
http://www.who.int/about/licensing/copyright_form/en/
http://www.who.int/about/licensing/copyright_form/en/
http://dx.doi.org/10.1016/j.tube.2016.05.003
http://www.ncbi.nlm.nih.gov/pubmed/27450014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4963978
http://dx.doi.org/10.1128/AAC.49.2.804-807.2005
http://www.ncbi.nlm.nih.gov/pubmed/15673774
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC547215
http://dx.doi.org/10.1128/AAC.01984-17
http://www.ncbi.nlm.nih.gov/pubmed/29263056
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5826152
http://dx.doi.org/10.1126/science.1208813
http://www.ncbi.nlm.nih.gov/pubmed/21835980
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3502614
http://dx.doi.org/10.1038/emi.2013.38
http://www.ncbi.nlm.nih.gov/pubmed/26038471
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3697303
http://dx.doi.org/10.1093/jac/dkg446
http://www.ncbi.nlm.nih.gov/pubmed/14563891
http://dx.doi.org/10.1128/AAC.00630-11
http://www.ncbi.nlm.nih.gov/pubmed/21768515
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3186960
http://dx.doi.org/10.1007/s00284-016-1145-2
http://www.ncbi.nlm.nih.gov/pubmed/27743106
http://dx.doi.org/10.1556/AMicr.58.2011.3.4
http://www.ncbi.nlm.nih.gov/pubmed/21983322
http://www.ncbi.nlm.nih.gov/pubmed/14102034
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2555065
http://dx.doi.org/10.1164/arrd.1974.109.1.147
http://www.ncbi.nlm.nih.gov/pubmed/4203284
http://dx.doi.org/10.1128/AAC.41.3.540
http://www.ncbi.nlm.nih.gov/pubmed/9055989
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC163747
http://dx.doi.org/10.5588/ijtld.14.0305
http://www.ncbi.nlm.nih.gov/pubmed/25574916
http://dx.doi.org/10.1016/j.diagmicrobio.2013.08.014
http://www.ncbi.nlm.nih.gov/pubmed/24075630
http://dx.doi.org/10.1128/JB.181.7.2044-2049.1999
http://www.ncbi.nlm.nih.gov/pubmed/10094680
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC93615


Nasr-Esfahani B et al.

21. Keikha M, Esfahani BN. The Relationship between Tuberculosis and
Lung Cancer. Adv Biomed Res. 2018;7:58. doi: 10.4103/abr.abr_182_17.
[PubMed: 29657943]. [PubMed Central: PMC5887688].

22. Keikha M, Soleimanpour S, Eslami M, Yousefi B, Karbalaei M. The mys-
tery of tuberculosis pathogenesis from the perspective of T regula-
tory cells. Meta Gene. 2020;23. doi: 10.1016/j.mgene.2019.100632.

23. WHO. Global Tuberculosis Report 2017. Geneva: WHO; 2017.
24. Aghajani J, Saif S, Farnia P, Farnia P, Ghanavi J, Velayati AA. An 8-year

study on the prevalence and drug resistance of mycobacteria in clini-
cal specimens (2011–2018).Clin EpidemiolGlobHealth. 2020;8(2):557–61.
doi: 10.1016/j.cegh.2019.12.002.

25. Haratiasl AA, Hamzelou G, Amini S, Kardan-Yamchi J, Haeili M, Hei-
dari F, et al. Molecular identification of mutations conferring re-
sistance to rifampin, isoniazid and pyrazinamide among Mycobac-
terium tuberculosis isolates from Iran. J Chemother. 2020;32(2):75–82.
doi: 10.1080/1120009X.2020.1716479. [PubMed: 32009582].

26. Tarashi S, Fateh A, Jamnani FR, Siadat SD, Vaziri F. Prevalence of Beijing
and Haarlem genotypes among multidrug-resistant Mycobacterium
tuberculosis in Iran: Systematic review and meta-analysis. Tubercu-
losis (Edinb). 2017;107:31–7. doi: 10.1016/j.tube.2017.03.005. [PubMed:
29050769].

27. Keikha M. There is significant relationship between Beijing geno-
type family strains and resistance to the first-line anti-tuberculosis
drugs in the Iranian population. J Clin Tuberc Other Mycobact Dis.
2020;19:100161. doi: 10.1016/j.jctube.2020.100161. [PubMed: 32368621].
[PubMed Central: PMC7186555].

28. Vaziri F, Kohl TA, Ghajavand H, Kargarpour Kamakoli M, Merker M,
Hadifar S, et al. Genetic Diversity of Multi- and Extensively Drug-
Resistant Mycobacterium tuberculosis Isolates in the Capital of Iran,
Revealed by Whole-Genome Sequencing. J Clin Microbiol. 2019;57(1).
doi: 10.1128/JCM.01477-18. [PubMed: 30404943]. [PubMed Central:
PMC6322472].

29. Doustdar F, Khosravi AD, Farnia P. Mycobacterium tuberculosis geno-
typic diversity in pyrazinamide-resistant isolates of Iran. Microb
Drug Resist. 2009;15(4):251–6. doi: 10.1089/mdr.2009.0066. [PubMed:
19857130].

30. Heep M, Brandstatter B, Rieger U, Lehn N, Richter E, Rusch-Gerdes
S, et al. Frequency of rpoB mutations inside and outside the clus-
ter I region in rifampin-resistant clinical Mycobacterium tuberculo-
sis isolates. J Clin Microbiol. 2001;39(1):107–10. doi: 10.1128/JCM.39.1.107-
110.2001. [PubMed: 11136757]. [PubMed Central: PMC87688].

31. Singh P, Wesley C, Jadaun GP, Malonia SK, Das R, Upadhyay P, et al.
Comparative evaluation of Lowenstein-Jensen proportion method,
BacT/ALERT 3D system, and enzymatic pyrazinamidase assay for
pyrazinamide susceptibility testing of Mycobacterium tuberculosis.
J Clin Microbiol. 2007;45(1):76–80. doi: 10.1128/JCM.00951-06. [PubMed:
17093022]. [PubMed Central: PMC1828947].

32. Mestdagh M, Fonteyne PA, Realini L, Rossau R, Jannes G, Mijs W,

et al. Relationship between pyrazinamide resistance, loss of pyraz-
inamidase activity, and mutations in the pncA locus in multidrug-
resistant clinical isolates of Mycobacterium tuberculosis. Antimi-
crob Agents Chemother. 1999;43(9):2317–9. doi: 10.1128/AAC.43.9.2317.
[PubMed: 10471589]. [PubMed Central: PMC89471].

33. Lee KW, Lee JM, Jung KS. Characterization of pncA mutations
of pyrazinamide-resistant Mycobacterium tuberculosis in Korea. J
Korean Med Sci. 2001;16(5):537–43. doi: 10.3346/jkms.2001.16.5.537.
[PubMed: 11641519]. [PubMed Central: PMC3057581].

34. Suzuki Y, Suzuki A, Tamaru A, Katsukawa C, Oda H. Rapid detec-
tion of pyrazinamide-resistant Mycobacterium tuberculosis by a
PCR-based in vitro system. J Clin Microbiol. 2002;40(2):501–7. doi:
10.1128/JCM.40.2.501-507.2002. [PubMed: 11825963]. [PubMed Central:
PMC153375].

35. Sreevatsan S, Pan X, Zhang Y, Kreiswirth BN, Musser JM. Muta-
tions associated with pyrazinamide resistance in pncA of My-
cobacterium tuberculosis complex organisms. Antimicrob Agents
Chemother. 1997;41(3):636–40. doi: 10.1128/AAC.41.3.636. [PubMed:
9056006]. [PubMed Central: PMC163764].

36. Jureen P, Werngren J, Toro JC, Hoffner S. Pyrazinamide resistance
and pncA gene mutations in Mycobacterium tuberculosis. Antimi-
crob Agents Chemother. 2008;52(5):1852–4. doi: 10.1128/AAC.00110-08.
[PubMed: 18316515]. [PubMed Central: PMC2346646].

37. Musser JM, Kapur V, Williams DL, Kreiswirth BN, van Soolingen D, van
Embden JD. Characterization of the catalase-peroxidase gene (katG)
and inhA locus in isoniazid-resistant and -susceptible strains of My-
cobacterium tuberculosis by automated DNA sequencing: restricted
array of mutations associated with drug resistance. J Infect Dis.
1996;173(1):196–202. doi: 10.1093/infdis/173.1.196. [PubMed: 8537659].

38. Bifani PJ, Plikaytis BB, Kapur V, Stockbauer K, Pan X, Lutfey ML, et al.
Origin and interstate spread of a New York City multidrug-resistant
Mycobacterium tuberculosis clone family. JAMA. 1996;275(6):452–7.
[PubMed: 8627966].

39. Duan H, Liu G, Wang X, Fu Y, Liang Q, Shang Y, et al. Evaluation of
the Ribosomal Protein S1 Gene (rpsA) as a Novel Biomarker for My-
cobacterium Species Identification. Biomed Res Int. 2015;2015:271728.
doi: 10.1155/2015/271728. [PubMed: 25945329]. [PubMed Central:
PMC4402190].

40. Tan Y, Hu Z, Zhang T, Cai X, Kuang H, Liu Y, et al. Role of pncA and
rpsA gene sequencing in detection of pyrazinamide resistance in My-
cobacterium tuberculosis isolates from southern China. J Clin Micro-
biol. 2014;52(1):291–7. doi: 10.1128/JCM.01903-13. [PubMed: 24131688].
[PubMed Central: PMC3911430].

41. Alexander DC, Ma JH, Guthrie JL, Blair J, Chedore P, Jamieson FB.
Gene sequencing for routine verification of pyrazinamide resistance
in Mycobacterium tuberculosis: a role for pncA but not rpsA. J
Clin Microbiol. 2012;50(11):3726–8. doi: 10.1128/JCM.00620-12. [PubMed:
22895038]. [PubMed Central: PMC3486241].

8 Arch Clin Infect Dis. 2021; 16(2):e101092.

http://dx.doi.org/10.4103/abr.abr_182_17
http://www.ncbi.nlm.nih.gov/pubmed/29657943
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5887688
http://dx.doi.org/10.1016/j.mgene.2019.100632
http://dx.doi.org/10.1016/j.cegh.2019.12.002
http://dx.doi.org/10.1080/1120009X.2020.1716479
http://www.ncbi.nlm.nih.gov/pubmed/32009582
http://dx.doi.org/10.1016/j.tube.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29050769
http://dx.doi.org/10.1016/j.jctube.2020.100161
http://www.ncbi.nlm.nih.gov/pubmed/32368621
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7186555
http://dx.doi.org/10.1128/JCM.01477-18
http://www.ncbi.nlm.nih.gov/pubmed/30404943
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6322472
http://dx.doi.org/10.1089/mdr.2009.0066
http://www.ncbi.nlm.nih.gov/pubmed/19857130
http://dx.doi.org/10.1128/JCM.39.1.107-110.2001
http://dx.doi.org/10.1128/JCM.39.1.107-110.2001
http://www.ncbi.nlm.nih.gov/pubmed/11136757
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC87688
http://dx.doi.org/10.1128/JCM.00951-06
http://www.ncbi.nlm.nih.gov/pubmed/17093022
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1828947
http://dx.doi.org/10.1128/AAC.43.9.2317
http://www.ncbi.nlm.nih.gov/pubmed/10471589
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC89471
http://dx.doi.org/10.3346/jkms.2001.16.5.537
http://www.ncbi.nlm.nih.gov/pubmed/11641519
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3057581
http://dx.doi.org/10.1128/JCM.40.2.501-507.2002
http://www.ncbi.nlm.nih.gov/pubmed/11825963
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC153375
http://dx.doi.org/10.1128/AAC.41.3.636
http://www.ncbi.nlm.nih.gov/pubmed/9056006
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC163764
http://dx.doi.org/10.1128/AAC.00110-08
http://www.ncbi.nlm.nih.gov/pubmed/18316515
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2346646
http://dx.doi.org/10.1093/infdis/173.1.196
http://www.ncbi.nlm.nih.gov/pubmed/8537659
http://www.ncbi.nlm.nih.gov/pubmed/8627966
http://dx.doi.org/10.1155/2015/271728
http://www.ncbi.nlm.nih.gov/pubmed/25945329
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4402190
http://dx.doi.org/10.1128/JCM.01903-13
http://www.ncbi.nlm.nih.gov/pubmed/24131688
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3911430
http://dx.doi.org/10.1128/JCM.00620-12
http://www.ncbi.nlm.nih.gov/pubmed/22895038
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3486241

	Abstract
	1. Background
	2. Objectives
	3. Methods
	3.1. Isolation of Mycobacterium tuberculosis Isolates, Culture, and Diagnosis Using Phenotypic and Molecular Tests
	3.2. Antibiotic Susceptibility Test
	3.3. DNA and PCR Extraction
	3.4. Statistical Analysis
	3.5. Nucleotide Sequence Accession Numbers

	4. Results
	Table 1
	Table 2
	Figure 1
	Table 3

	5. Discussion
	5.1. Conclusions

	Footnotes
	Authors' Contribution: 
	Conflict of Interests: 
	Ethical Approval: 
	Funding/Support: 
	Informed Consent: 

	References

