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ABSTRACT

Emergence of multidrug resistant tuberculosis
(MDR-TB) and extensively drug resistant
tuberculosis (XDR-TB) is one of the reasons
why tuberculosis (TB) continues to cause great
mortality and morbidity in less-developed
countries. The development of rapid diagnostic
methods targeting genetic mutations associated
with resistance to the anti-tuberculous drugs is
essential to fight this deadly pathogen. Isoniazid
(INH) has been included in the multidrug
regimens for the treatment of drug-susceptible
TB for the decades. In the worldwide setting,
isoniazid resistance was highly prevalent and was
observed in one of every seven TB cases. Since
katG315 mutation is highly prevalent, the common
mutation in the enzyme essential for the activation
of the INH concerned with the mechanism of drug
resistance and associated with high level resistance
to INH, katG315 mutation was necessary to be
identified by molecular method as a molecular
determinant of INH resistant Mycobacterium
tuberculosis. The prevalence of katG315 mutation
in various countries was discussed in this report
and a new molecular method for the detection of
the mutation was proposed.
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determinant, isoniazid resistance, Mycobacterium
tuberculosis

INTRODUCTION

Tuberculosis (TB) continues to cause great
mortality and morbidity in less-developed
countries although an effective drug regimen
has been available for decades. The reason for
high mortality is prevalence of TB in HIV/
AIDS pandemic population and emergence

of multidrug resistant TB (MDR-TB) and
extensively drug resistant TB (XDR-TB).
These two factors made the control of the TB
complicated worldwide." 2 About 85% of new
cases of TB were in Asia and Sub-Saharan
Africa with 8.8 million new cases of TB were
reported in 2010 and 1.4 million deaths occurred
due to TB worldwide.?

Conventional methods for detection of
drug resistance were usually undertaken in the
reference laboratory in case of poor resource
country with the delay of 4 — 8 weeks to get the
results. Within that period, the patient was not
properly treated with consequence of acquiring
more serious drug resistance and having problem
of unnecessary toxic effects of drugs, especially
in HIV patients superimposed by TB. Rapid
detection of drug resistance and starting of the
correct treatment could overcome spread of
multidrug resistant pathogens in the community
and these measures are the top priorities in TB
control. The development of rapid diagnostic
methods targeting genetic mutations associated
with resistance to the anti-tuberculous drugs
in the tubercle bacilli is beneficial to fight this
deadly pathogen.* 5 Studies of mutations and
Single Nucleotide Polymorphisms (SNPs)
within the genes associated with drug resistance
were the research area which comes to the
frontier in the control of TB.

History of Drug Resistance in Mycobacterium
tuberculosis

Two anti-TB drugs, para-aminosalicylic acid
and isoniazid (INH) were discovered in 1946
and 1952 respectively.® " # Although both of
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the drugs were active against Mycobacterium
tuberculosis (M. tuberculosis), drug resistance
emerged within short period during the clinical
usage of single drug.” ' Drug resistance has
emerged to these two drugs in a short time
because the drugs were used singly instead of
combination with other anti-TB drugs. These
two drugs, together with streptomycin (SM),
which was discovered earlier, were combined
in a first successful multidrug regimen for TB.!?
This three drug regimen was very effective that
it was thought a foe of man has been already
fought. The limitation of this regimen was
long and expensive so that dropped out cases
among patients made the therapy incomplete
and problem of drug resistance emerged. In
1984, a new short-course treatment was started
and this regimen had advantages of improved
efficacy and better compliance of patients.
The short course includes four drugs for 2
months followed by two drugs for 4 months.
Four drugs were INH, rifampicin (RIF),
pyrazinamide (PZA), and ethambutol and two
drugs included INH and RIF. Strains resistant
to INH and RIF started to emerge in 1985. To
date, 20% of previously treated TB cases are
caused by MDR-TB whereas nearly 4% of
new cases were infected by these strains.' The
M. tuberculosis strains which are resistant to
INH, RIF, fluoroquinolones and one second-
line drug that has to be given by injection are
called XDR-TB. XDR-TB isolates are observed
in at least 84 countries and prevalent up to 9%
of MDR-TB. In addition, totally drug-resistant
(TDR-TB) M. tuberculosis strains have already
emerged in India, Iran, Africa and Europe and
these strains are characterized by resistance
formation to 10 TB drugs.'* The reason for the
starting and spreading of drug resistance is the
delay in diagnosis because of unavailability
of rapid diagnostic facilities.'” Drug resistance
mechanisms are essential for the diagnosis of
these XDR-TB and TDR-TB. For MDR-TB,
drug resistance mutations are well known.

INH Resistance in M. tuberculosis

INH is the prodrug and catalase peroxidase
(katG) activates INH which reacts with NAD+
resulting in INH-NAD. This compound inhibits
InhA with the consequence of stoppage of
mycolic acid biosynthesis which ends in
mycobacterial cell death. SNPs in katG gene
result in inactive katG with loss of activation of
INH. S315T mutation of katG was observed in
94 — 95% of INH-resistant clinical isolates."

INH was synthesized in 1912 and its
anti-tuberculous activity was known after 40
years. It has been included in the multidrug
regimens for the treatment of drug-susceptible
TB. In addition, INH monotherapy has been
recommended for the management of latent
TB. INH preventive therapy was well effective
for HIV-infected individuals. In the worldwide
setting, INH resistance was highly prevalent
and was observed in one of seven TB cases.'
In this review prevalence of katG 315 mutations
and other katG mutations for INH resistance in
different countries will be described.

KatG Mutation in Multiple Drug-resistant
Strains and Isoniazid Mono-resistant Strains

Fifty multiple drug-resistant, 50 INH mono-
resistant and 50 susceptible strains of M.
tuberculosis from the National Tuberculosis and
Lung Diseases Research Institute in Warsaw,
Poland were investigated for the prevalence
of isoniazid resistance-associated mutations.
Mutation distribution patterns between INH-
monoresistant and MDR strains were compared
in this study.

Of 109 INH resistant isolates, katG 315
was observed in 46 isolates of the MDR strains,
31 of the INH-monoresistant strains whereas
it was present in 2 pan-susceptible strains.
(G944C mutations at nucleotide level resulting
in Ser315Thr (S315T) amino acid change was
found in 33 MDR and 21 INH-monoresistant
strains. G944C and C945T substitutions were
coexistent in three of the isolates resulting in
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same S315T mutation. G383A (Argl28GIn)
and C701G (Ala234Gly), G1388T (Arg463Leu)
mutations were observed in more than one isolate
in MDR strains whereas A1197G (Glu399Glu)
was present in three mono-resistant strains.'

KatG Arg463Leu more Common than katG
Ser315Thr in Taiwan

In the study in Taiwan, the results were different
with the observations in the other studies.
Seventy M. tuberculosis isolates collected
during the period from 1999 to 2011 were
included in the study with the observation
of 41 INH resistant isolates among 46 drug
resistant isolates. Mutations were katG
Argd63Leu (R463L) (51%), S315T (29%)),
Ser315Asn (S315N) (9.8%), and other loci
(22%). The canonical mutation S315T was
relatively uncommon when compared with the
other studies. This result makes the GenoType
MTBDR plus molecular technique unreliable as
this molecular diagnostic method used the katG
S315T as the probe (see Table 2).!” However,
the most prevalent mutation observed in the
study, katG R463L did not correlate with INH
resistance as shown by the study in Netherlands
where the mutation was nearly equalled in
proportion among INH-susceptible isolates and
INH resistant isolates.!® In addition, the activity
of the catalase-peroxidase in M. tuberculosis
was not significantly changed by R463L which
is induced in site-directed mutagenesis.!”

KarG315 Mutations in 49 Countries: A
Literature Review

Although more than 95% of RIF resistance
is associated with mutations in Rifampicin
Resistance determining region (RRDR) which
is 81bp region of the 7poB single gene, INH
resistanceis associated with mutations inmultiple
genes. ! 0. 21, 22.23. 24.25 The existing molecular
diagnostic methods for rapid detection of INH
resistance have focused on the identification of
the “canonical” mutations which are katG codon
315 and inh A promoter region -15 nucleotide.

However, the common one of the two canonical

mutations was the point mutations in katG codon
315. KatG 315 mutations were prevalent up to
95% in the previous studies.?® 2 2 KatG 315
mutation was averagely common up to 64.2 %
of 8416 INH resistant isolates and 0.1% of 2462
INH sensitive isolates. S315T mutation was the
most common mutation among kat gene of INH
resistant isolates with second most common
mutation has been S315N in the kat gene.”
These two mutations can be used as molecular
determinants of INH resistance in most of the
studies although their frequency did not reach
100% in most of the studies.

InhA promoter region -15 mutation was
the most common mutations in the inhA gene and
it was common up to 19% together with other
mutations in the promoter region of the gene.”

Of 4505 isolates which had change of
nucleotide with consequent change of amino
acid information in katG 315 mutation, katG
S315T (AGC-ACC) was present in 93.4% of
isolates, whereas Ser315Asp (S315D) was 3.6%
and katG S315T (AGC-ACA) was 1.6%. Other
mutations occurred among less than 1% of the
1solates. As a common sense, those mutations
with one nucleotide change were more common
than those with two nucleotide change. However,
S315T (AGC-ACA) was more common than
Ser3151le (S3151) (AGC- ATC).”

Different katG Mutation at other Codons in
Malaysia

The study in HUSM, Kelantan for mutations
in katG gene for INH resistant genes indicated
that mutations in katG 315 codon were not
observed. Of 9 drug resistant isolates, only four
isolates were observed to have INH resistant
phenotypes. One isolate of these four isolates
has GIn247His mutation at codon 247, another
one has Val61Gly mutation at codon 61 and
one also has Ala62Thr mutation at codon 62.
The other INH resistant isolate has no mutation
in the amplified region of katG gene or no
mutation in the insA gene or its promoter region
or in the other genes in which mutation leads to
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INH resistance by M. tuberculosis.*® However,
katG Leu238Arg, Ser238Ala mutations were
collectively observed in 7 isolates with no
phenotypic resistance to INH.*

Whole Genome Sequencing (WGS) Approach
for Detection of Drug Susceptibility in
Myanmar

Myanmar is highly prevalent for MDR-TB and
was included in high-burden tuberculosis (TB)
countries. It is of no doubt that earlier detection
of MDR-TB is important for the control of
tuberculosis.’! Well-resourced, low-TB burden
countries have facilities for WGS and it was
considered for the diagnosis of drug-resistant TB.
However, in resource-limited, high-TB burden
country like Myanmar, routine implementation
was not yet planned. As the improvement of
TB control should be adopted earlier in the
countries in which the facilities are needed most,
evaluation of the usage of WGS in the diagnosis
of MDR-TB and XDR-TB was conducted.*

Moreover, drug susceptibility testing
(DST) with conventional method is time-
consuming and taking weeks due to the
prolonged culture necessary in M. tuberculosis
with subsequent phenotypic testing. For these
reasons, molecular methods such as GenoType
MTBDRplus v.2.0 and GeneXpert MTB/RIF
have been established in Myanmar. However,
these methods can detect drug resistant mutations
for the limited number of anti-tuberculous
drugs. Whole-genome sequencing (WGS) is the
possible way to supersede these methods. 343
Fourteen MDRTB isolates were sequenced
by WGS and the results were consistent with
phenotypic drug susceptibility testing (DST).
Of 14 MDRTB isolates, all the isolates were
resistant to INH with the mutations observed
were katG315 in 10 isolates and inhA promoter
mutation in 2 isolates. The rest of the two isolates
had G299C mutation in katG gene in one isolate
and frame shift mutation in katG gene in the
other isolate. KatG315 mutations in 10 isolates
were the same with change from Serine to
Threonine whereas inhA mutations were at —15
nucleotide in the promoter region (Table 1).%

INH Resistant Mutations in Brazil

MDR-TB isolates were randomly chosen and
collected from Central Public Health Laboratory,
State of Bahia, Brazil.’® These strains were
isolated from sputum samples collected from
local patients. Molecular determinants for MDR-
TB isolates commonly used in the previous
studies and observed to be prevalent were S315T
in katG, —15C/T in the promoter region of inhA,
and H526D and S531L mutations in rpoB genes.
Regarding katG S315Tpolymorphism, it was
observed to be 100% of INH resistant strains
in some countries (Table 2)°" 3% 3% and variable
number of percentage in other countries whereas
the study in Brazil indicated 41.9%. The —15C/
T (inhA) polymorphism, the other mutation for
INH resistance was observed to have frequency
0f25.6% in the study. From the previous studies,
there was an information that type of mutations
and frequency of these mutations associated
with drug resistance in M. tuberculosis varied
according to the geographical regions.* 4

KatG 315 Mutations in African Countries

A total of 63 drug resistant M. tuberculosis
clinical isolates were screened for genetic
mutations associated with INH, RIF, SM and
Ethambutol resistance among the positive
pulmonary tuberculosis patients enrolled from
April 2010 and March 2011. Thirty two of 44
isoniazid resistant isolates were observed to
have katG315 and/or the —15 inhA promoter
mutations. All the karG315 mutations, three
(—15C/T) inhA promoter mutation and 6 wild
types exhibit high level drug resistance. The
details were shown in Table 1 and described
under the heading of Minimum Inhibitory
concentration for INH resistant isolates.*

Between 2008 and 2011, two drug
resistance surveys were conducted in Uganda by
using WGS method. Of these two surveys, 90 M.
tuberculosis isolates which are phenotypically
resistant to RIF and/or INH were selected
and sequenced for whole genome. Mutations
observed were katG S315T in 44 cases, S315N
in 2 isolates, S315R in 2 isolates, S315T with
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inhA promoter mutation —15 C/T in 1 isolate,
S315T with ahpC 48 G/A mutation in 1 isolate.
High-level INH resistance was observed in
katG codon 315 mutations whereas low-level
resistance was associated with inhA promoter
mutations. However, very high MIC to INH
was found in isolates carrying both karG315
and inhA promoter mutation. Furthermore, katG
mutations were associated with high incidence
of tuberculosis with higher transmission rates
and unfavourable outcome worldwide.*

Methodology Applied in Studying INH
Resistant Mutations

In most of the studies, resistance to INH
was detected on Lowenstein-Jensen medium
by using agar proportion method with INH
concentration of 0.2 mg/L. The MIC of INH was
measured and determined by 2-fold incremental
concentrations of INH starting from 0.05 mg/L,
ending at 60 mg/L.'

Methodology for studying mutations
includes genomic DNA isolation, PCR of DNA
fragments flanking katG 315 mutation and inkA
mutations and sequencing of the PCR product
using same PCR primers using ABI Big dye
terminator sequencing kit.'®'7-3% 4 In the study
in Taiwan, four overlapping pairs of forward
and reverse primer pairs were applied for PCR
reactions and 1710 bp length DNA sequence
was studied to get the mutations of the katG
gene. Similarly, two overlapping sets of primers
were used for 810 bp PCR product in the PCR
for inhA mutations both in promoter region and
open reading frame. Comparison was undertaken
with the Mycobacterium tuberculosis reference

strain H37RV to find out SNPs'”. For the
katG 315 mutation, 210 bp was amplified and
sequenced whereas in case of inhA promoter
mutations, 248 bp PCR product was amplified
and sequenced in the study of INH resistant
mutations in Cameroon.*?

WGS approach was used to study the

resistant mutations to all anti-tuberculous drugs
in Myanmar and Uganda after DNA extraction
and purification as described in Aung et al.*> and
Ssengooba et al.**.
Reasons of katG Mutation is Common in
some Countries and Rare in Other Countries
A conclusion was drawn in the study on
isoniazid resistant M. tuberculosis in Brazil that
type and frequency of the SNPs in katG gene
varied according to the geographical regions
without the reasons to explain it. However, the
following explanation can be undertaken. There
were many genotypic lineages in M. tuberculosis
infecting human worldwide such as Beijing,
T- families, LAM, Haarlem, etc.**. In several
countries, studies indicated M. tuberculosis
isolates carrying the Beijing genotype had the
katG315 mutation associated with high-level
resistance to INH when compared with other
mutations. The Beijing genotype appears to
develop this katG mutation in comparison with
other genotypes.* The genotypic lineage varies
with the various regions of the world. Therefore
taken together, the mutations associated with
INH resistance varies with the spreading of M.
tuberculosis genotypes in different countries.
Another example is katG R463L mutation is
common in Netherlands and Taiwan although it
is not associated with INH resistance as shown
by experimental finding.'” '8
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Table 1 INH resistant mutations in different countries with frequency of katG 315

mutations and inhA mutations

Countries of
study and no. of
INH resistant

isolates studied

katG mutations and frequency of katG
S315T mutations

Mutations in inhA promoter

region and inhA gene

Poland
(109

resistant

INH

isolates)'®

Taiwan
(41 INH resistant

isolates)!”

*Myanmar

(14 INH resistant
isolates)*
Malaysia

(4 INH resistant
isolates)*
Cameroon

(44 INH resistant
isolates)*
*Uganda

(50 INH resistant

isolates)*

katG Ser315Thr, Argl28Gln,
Arg463Leu, Glu399Glu

Ala234Gly,

57 of 109 isolates

katG Arg463Leu, Ser315Thr, Ser315Asn, and

other loci

12 of 41 isolates
katG Ser315Thr, Gly299Clys, frameshift.

10 of 14 isolates

katG Gln247His, Val61Gly, Ala62Thr,

katG315

32 of 44 isolates
katG315 Ser315Thr, Ser315Asn, Ser315Arg

50 of 50 isolates

Mutations in the inhA promoter
region were detected in eight
MDR strains (—15C/T in seven

strains and —8T/C in one strain).

Mutations in the inhA gene were

of four types.

Only one isolate with inhA
promoter mutation (—15C/T)

was observed.

2 isolates with inhA promoter
mutation (—15C/T).

13 isolates with inhA promoter

mutation (—15C/T).

9 isolates with inhA promoter
mutation (—15 C/T)
1 isolate with inhA promoter

mutation (—8T/C)

*Method of study is WGS.

Minimum Inhibitory Concentration for INH
Resistant Isolates Carrying katG Mutation

MIC was expressed in mg/L in some literatures
and pg/ml in other literatures. In this report,
mg/L will be used for simplicity purpose. In the
study in Cameroon, the researchers divided the

MIC into high level, 1 mg/L and low level, 0.2
mg/L. Twenty-four of 44 INH resistant isolates
had 1 mg/L MIC showing high level drug
resistance. Of these, 17 katG S315T mutant
isolates had high level drug resistance whereas
2 isolates showed low level resistance. Three
isolates carrying (—15C/T) inhA promoter point
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mutation displayed high level resistance and ten
of these isolates showed low level resistance.
Five (-47G/C) inhA promoter mutant isolates
showed high level resistance with no low level
resistance.* In the literature review in which
INH resistance isolates in 49 countries were
studied, it was observed that katG codon 315
was associated with high level resistance to INH
with 4 mg/L or more MIC value.?” The finding in
Warsaw, Poland indicated that M. tuberculosis
isolates with karG 315 mutants had the MIC
values between 1 to 10 mg/L (Table 2) with
the average MIC of 2.5 mg/L in the MDR and
isoniazid mono-resistant phenotypic strains.'®

Advantages and Limitations of Currently
using Molecular Methods

Although there was variation of the sensitivity
and specificity of the results in different
regions of the world where these were applied,

GeneXpert and GenoType MTBDRplus were
relatively simple and extremely rapid in
detection of drug-resistant TB.** However, the
main disadvantage of these molecular methods
is resistance detection can be available for
fewer drugs and limited number of mutation.
GeneXpert cannot detect INH-monoresistant
cases (Table 2) that might become MDR-TB
in the future*’. In most TB endemic countries,
Mono-INHR tends to rise as a result of
inability to capture these isolates by molecular
methods.*® Moreover, as observed in the
previous studies S315T, a canonical mutation
was lower in prevalence in INH mono-resistant
isolates whereas it was highly prevalent in
MDR-TB isolates.* Research on development
of rapid diagnostics which can encompass
novel mutations conferring drug resistant TB
are essential.*’

Table 2 Significance of karG 315 mutations in INH resistant M. tuberculosis

In some countries, katG 315 mutations were prevalent up to 100%.%7-3 %

M. tuberculosis isolates with katG 315 mutants were commonly associated with the MIC values between 1 to 10 mg/L

showing high level INH resistance.'

KatG 315 mutations were more common in MDR-TB isolates than INH monoresistant isolates.'®

Of two canonical mutations, katG 315 was the more common one than (—15C/T) inhA promoter mutation. Other
mutations associated with INH resistance were not included in canonical mutations.*

Ser315Thr (AGC-ACC) was present in more than 90% in INH resistant isolates with kasG 315 mutations.”

Ser315Asp was the second most common mutation among kafG 315 mutations.”

KatG 315 mutation was included in the GenoType MTBDRplus molecular diagnostic method.!” The rapid molecular
diagnostic methods come to the front line in the diagnosis of drug resistant TB because conventional methods for drug
sensitivity test usually take 8 weeks in most regions and treatment of the patients will be delayed.*?

KatG 315 mutation was not detected in the GeneXpert MTB/RIF molecular diagnostic method.*

Discussion on Molecular Determinants in
MDR-TB and XDR-TB

Although WGS is a perfect platform to detect
MDR-TB as well as XDR-TB, implementation
was still earlier for the routine purpose in the low
resource-high TB burden countries. Findings of
other molecular diagnostic methods are the main
areas of research. Researchers in the drug resistant

TB now focus on identification of mutations
associated with drug resistance in the genome
of M. tuberculosis and innovation of molecular
diagnostics to detect these mutants. Accuracy
up to 100% was not obtained in these methods
because the association between the molecular
determinants and the phenotypes of the isolates
with these mutations is not strong enough.*
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WGS approaches in Uganda and Myanmar
indicated that 7poB S531L and katG S315T
were the highly prevalent molecular markers for
MDR-TB isolates. In Myanmar, rpoB S531L
was observed in 11 of 14 isolates with H526Y
as the second common mutation. Regarding
INH resistant mutation, katG S315T was
also found in 11 isolates whereas inhA C-15T
promoter mutation was present in two isolates
as the second common mutation. In Uganda,
S531L and H526D were the most two common
mutations for RIF resistance whereas katG
S315T and inhA C-15T promoter mutation were
the most two common ones for INH resistance.
Although these results were observed in these
two studies, it was clear that rpoB S531L and
katG S315T are the pre-dominant molecular
determinants for RIF and INH respectively. The
outstanding characteristic of katG S315T SNP in
INH resistance is relatively more common than
rpoB S531Lin RIF resistance. This fact indicated
that katG S315T was a stronger marker for INH
resistance than 7poB S531L in RIF resistance.**
# The observations in other studies of various
countries were consistent with these two studies.
In conclusion, drug resistant molecular markers
for MDR-TB were well established.

Besides mutations associated with RIF
and INH, it is necessary to study drug resistant
mutations commonly associated with resistance
to fluoroquinolones and other second line drugs
(SLD) to identify XDR-TB. Drug resistant
mutations for SLD were less studied and less
understood. Although detection of gyrA and
gyrB mutations additively gave rise to sensitivity
of 93% for the fluoroquinolone resistance, gyrB
mutations were widespread and molecular
determinants were inconsistently associated with
drug resistant phenotypes. Taken together, these
mutations were not reliable to prepare the rapid
molecular diagnostics. In the study in France,
gyrA mutants Ala90Val, Asp94Gly, Asp94Ala
were common molecular determinants for
fluoroquinolone resistance whereas 13 SNPs in
gyrB were observed. In addition, these SNPs
were observed to be present in fluoroquinolone
sensitive M. tuberculosis isolates’’. SNP rrs

A1401G was highly prevalent in isolates
resistant to these SLD which have to be given
by injection like capreomycin (CAP), amikacin
(AMK) and kanamycin (KAN). However, the
rrs A1401G mutation was present only in 70 —
80% of M. tuberculosis strains resistant to CAP
and AMK whereas this mutation was observed
in 60% of strains resistant to KAN. MTBDRsl
line probe assay (LPA) is based on the principle
of hybridization and mutations in clinical
strains were detected by the probes that are
complementary to the mutated DNA. MTBDRsl
LPA is the only available rapid molecular
diagnostic method widely used for identification
of XDR-TB. However, the method has variable
sensitivity with the range from 40 — 100%.%

CONCLUSIONS

KatG gene encodes catalase peroxidase which
activates anti-TB drug INH and is an important
enzyme for the survival of the bacteria in the
macrophages and it is regarded as virulence
factor of M. tuberculosis.>

Although katG315 mutations has shown
to be highly common up to 95% in the previous
studies, other katG mutations are found in
the literatures and observed to be associated
with INH resistance. In addition, katG315
mutation was uncommon as low as 25% in INH
monoresistant cases. It will be necessary for the
researchers to develop the molecular methods
which can include probes possible to detect all
novel mutations.

Dissemination of MDR-TB and XDR-TB
will be dangerous and cause high mortality in
the TB endemic countries. In addition, second
line TB drugs have higher toxicity and are
expensive so that there may be many dropped
out during the regimen which leads to increasing
mortality. Therefore finding of hotspot areas and
screening of hotspots within the localities in the
poor resource countries with earlier diagnosis
and rapid implementation of appropriate anti-
tuberculous drug regime will be the essential
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measure in the control of TB. Hotspot areas
are defined as TB endemic localities with the
prevalence rate of more than 0.5 — 1%.

In spite of the fact that katG315 mutation
is not the only mutation for INH resistance, it is
highly prevalent and it is the common mutation
in the main enzyme essential for the activation
of the INH regarding the mechanism of drug
resistance. Moreover, katG S315T mutation has
been shown to be associated with high level
resistance to INH with average MIC of 1 ug/ml
in the previous studies. As a consequence, rapid
method of identification of this point mutation
with mismatch amplification mutation assay
(MAMA) is recommended in this report.

SNPs that are not detectable by other
polymerase chain reaction or PCR-RFLP
can be detected by MAMA PCR. One
nucleotide change in quinolone resistance
determining region of gyrA gene responsible
for fluoroquinolone resistant bacteria such as
Klebsiella pneumoniae, Campylobacter jejuni
and Neisseria gonorrhoeae can be identified
by PCR assays using MAMA method.”
Discrimination of the ctxB alleles in classical,
El Tor, and Haitian type Vibrio cholerae can be
undertaken by Double-mismatch-amplification
mutation assay (DMAMA) PCR.>* The
canonical mutations for INH resistance, katG
S315T mutation and (—15C/T) inhA promoter
mutation, the two SNPs can be proposed to be
detected by DMAMA.

In Malaysia, the study in Kelantan has
shown totally different mutations in four cases
with INH resistance. The common mutations
were not observed in the study because the total
number of samples studied was only nine. It will
be interesting if a large survey of drug resistant
M. tuberculosis isolates is undertaken in the near
future within Malaysia.

CONFLICT OF INTEREST

The authors declare that they have no competing
interests.

REFERENCES

1. Cauthen GM, Dooley SW, Onorato IM, Thle
WW, Burr JM, Bigler WJ, Witte J, Castro
KG. (1996). Transmission of Mycobacterium
tuberculosis from tuberculosis patients with
HIV infection or AIDS. Am J Epidemiol 144
(1): 69 -177.

2. Gandhi NR, Moll A, Sturm AW, Pawinski
R, Govender T, Lalloo U, Zeller K, Andrews
J, Friedland G. (2006). Extensively drug-
resistant tuberculosis as a cause of death in
patients co-infected with tuberculosis and
HIV in a rural area of South Africa. Lancet
368 (9547): 1575 — 1580.

3. WHO: Global Tuberculosis Control: WHO
Report. (2011). Geneva, Switzerland: WHO/
HTM/TB/2011. 16; 2011.

4. Boehme CC, Nabeta P, Hillemann D, Nicol
MP, Shenai S, Krapp F, Allen J, Tahirli
R, Blakemore R, Rustomjee R, Milovic
A, Jones M, O’Brien SM, Persing
DH, Ruesch-Gerdes S, Gotuzzo E, Rodrigues
C, Alland D, Perkins MD. (2010). Rapid
molecular detection of tuberculosis and
rifampin resistance. N Engl J Med 363 (11):
1005 —1015.

5. Garcia De Viedma D. (2003). Rapid detection
of resistance in Mycobacterium tuberculosis:
a review discussing molecular approaches.
Clin Microbiol Infect 9(5):349-59.

6. Lehmann J. (1946). Para-Aminosalicylic acid
in the treatment of tuberculosis. Lancet 247: 15.

7. Bernstein JW, Lott A, Steinberg BA, Yale
HL. (1952). Chemotherapy of experimental
tuberculosis. Am Rev Tuberc 65: 357 — 374.

8. Fox HH. (1952). The chemical approach to
the control of tuberculosis. Science 116: 129
—134.

9. Medical Research Council Investigation.
(1950). Treatment of pulmonary tuberculosis
with streptomycin and para-amino-salicylic
acid. Br Med J 2: 1073 — 1085.

10.  Medical Research Council Investigation.
(1952). The treatment of pulmonary
tuberculosis with isoniazid. Br Med J 2: 735 —
746.

11.  Crofton],Mitchison DA.(1948). Streptomycin
resistance in pulmonary tuberculosis. Br Med
J2:1009 — 1015.

12.  Crofton J. (1959). Chemotherapy of
pulmonary tuberculosis. Br Med J 1: 1610 —
1614,

13.  WHO. (2012). Global Tuberculosis Report
2012. Geneva, Switzerland.



Borneo Journal of Medical Sciences (2017) 11 (1): 1—12

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Cegielski P, Nunn P, Kurbatova EV, Weyer K,
Dalton TL, Wares DF, Iademarco MF, Castro
KG, Raviglione M. (2012). Challenges and
controversies in defining totally drug-resistant
tuberculosis. Emerg Infect Dis 18: e2.
Vilchéze C, Jacobs WR. (2014). Resistance to
isoniazid and ethionamide in Mycobacterium
tuberculosis: genes, mutations, and causalities.
Microbiol Spectrum 2 (4): MGM2-0014-2013.
doi:10.1128/microbiolspec. MGM2-0014-2013.
Jagielski T, Bakuta Z, Roeske K, Kaminski
M, Napidrkowska A, Augustynowicz-Kopeé
E, Zwolska Z, Bielecki J. (2015). Mutation
profiling for detection of isoniazid resistance in
Mycobacterium tuberculosis clinical isolates.
J Antimicrob Chemother 70: 3214-21.

Tseng ST, Tai CH, Li CR, et al. (2014). The
mutations of katG and inhA genes of isoniazid-
resistant Mycobacterium tuberculosis isolates
in Taiwan. J Microbiol Immunol Infect 48:
249 — 255.

van Doorn HR, Kuijper EJ, van der Ende
A, Welten AG, van Soolingen D, de Haas
PE, Dankert J. (2001). The susceptibility of
Mycobacterium tuberculosis to isoniazid and
the Arg—>Leu mutation at codon 463 of katG
are not associated. J Clin Microbiol 39: 1591
—1594.

Laurenzo D, Mousa SA. (2011). Mechanisms
of drug resistance in Mycobacterium
tuberculosis and current status of rapid
molecular diagnostic testing. Acta Trop 119:
5—10. doi:10.1016/j.actatropica.2011.04.008
PMID: 21515239

Rossetti ML, Valim AR, Silva MS, Rodrigues
VS. (2002). Resistant tuberculosis: a
molecular review. Rev Saude Publica 36: 525
—532. PMID: 12364929

Zhang Y, Heym B, Allen B, Young D, Cole
S. (1992). The catalase-peroxidase gene
and isoniazid resistance of Mycobacterium
tuberculosis. Nature 358: 591 — 593. PMID:
1501713

Vilchéze C, Wang F, Arai M, Hazbon
MH, Colangeli R, Kremer L, Weisbrod
TR, Alland D, Sacchettini JC, Jacobs WR
Jr. (2006). Transfer of a point mutation in
Mycobacterium tuberculosis inhA resolves
the target of isoniazid. Nat Med 12: 1027 —
1029. PMID: 16906155

Banerjee A, Dubnau E, Quemard A,
Balasubramanian V, Um KS, Wilson T, Collins
D, de Lisle G, Jacobs WR Jr. (1994). InhA,
a gene encoding a target for isoniazid and
ethionamide in Mycobacterium tuberculosis.
Science 263: 227 — 230. PMID: 8284673

10

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Telenti A, Imboden P, Marchesi F, Lowrie D,
Cole S, Colston MJ, Matter L, Schopfer K,
Bodmer T. (1993). Detection of rifampicin-
resistance mutations in Mycobacterium
tuberculosis. Lancet 341: 647 — 650. PMID:
8095569

Ramaswamy S, Musser JM. (1998). Molecular
genetic basis of antimicrobial agent resistance
in Mycobacterium tuberculosis: 1998 update.
Tuber Lung Dis 79: 3 — 29. PMID: 10645439
Rattan A, Kalia A, Ahmad N. (1998).
Multidrug-resistant Mycobacterium
tuberculosis: molecular perspectives. Emerg
Infect Dis 4: 195 —209. PMID: 9621190
Ahmad S, Mokaddas E. (2009). Recent
advances in the diagnosis and treatment
of multidrug-resistant tuberculosis. Respir
Med 103: 1777 — 1790. doi:10.1016/].
rmed.2009.07.010 PMID: 19660927
Sreevatsan S, Pan X, Zhang Y, Deretic V,
Musser JM. (1997). Analysis of the oxyR-
ahpC region in isoniazid-resistant and-
susceptible  Mycobacterium  tuberculosis
complex organisms recovered from diseased
humans and animals in diverse localities.
Antimicrob Agents Chemother 41: 600 — 606.
PMID: 9056000

Seifert M, Catanzaro D, Catanzaro A, Rodwell
TC. (2015). Genetic Mutations Associated
with Isoniazid Resistance in Mycobacterium
tuberculosis: A Systematic Review. PLoS
ONE 10 (3): e0119628. doi:10.1371/journal.

pone.0119628
Ismail NA, Ismail MF, Noor
MDSS, Camalxaman SN. (2016). Gene

Mutations Associated with Rifampicin and
Isoniazid Resistance in Mycobacterium
Tuberculosis Isolates: A Local Scenario
(Kelantan). Malays J Med Sci 23 (1): 22 — 26.
World  Health  Organization.  (2014).
Global tuberculosis report 2014. Geneva,
Switzerland.

Aung HL, Tun T, Moradigaravand D, Koser
CU, Nyunt WW, Aung ST, Lwin T, Thinn KK,
Crump JA, Parkhill J, Peacock SJ, Cook GM,
Hill PC. (2016). Whole-genome sequencing
of multidrug resistant Mycobacterium
tuberculosis isolates from Myanmar. Journal
of Global Antimicrobial Resistance 6: 113 —
117.

Koéser CU, Bryant JM, Becq J, Torok ME,
Ellington MJ, Marti-Renom MA, Carmichael
AJ, Parkhill J, Smith GP, Peacock SJ.
(2013). Whole-genome sequencing for rapid
susceptibility testing of M. tuberculosis. N
Engl J Med 369: 290 — 292.



34.

35.

36.

37.

38.

39.

40.

KatG 315 Mutation as a Molecular Determinant for Isoniazid Resistance in Mycobacterium tuberculosis

Koser CUI1, Ellington MJ, Cartwright EJ,
Gillespie SH, Brown NM, Farrington M,
Holden MT, Dougan G, Bentley SD, Parkhill J,
Peacock SJ. (2012). Routine use of microbial
whole genome sequencing in diagnostic and
public health microbiology. PLoS Pathog 8:
€1002824.

Walker TM, Kohl TA, Omar SV, Hedge J, Del
Ojo Elias C, Bradley P, Igbal Z, Feuerriegel S,
Niehaus KE, Wilson DJ, Clifton DA, Kapatai
G, Ip CL, Bowden R, Drobniewski FA, Allix-
Béguec C, Gaudin C, Parkhill J, Diel R, Supply
P, Crook DW, Smith EG, Walker AS, Ismail N,
Niemann S, Peto TE. (2015). Whole-genome
sequencing for prediction of Mycobacterium
tuberculosis drug susceptibility and resistance:
a retrospective cohort study. Lancet Infect Dis
15: 1193 — 1202.

Oliveira LNC, Muniz-Sobrinhoa JS, Viana-
Magnob LA, Melo SCO, Macho A, Santos
FR. (2016). Detection of multidrug-resistant
Mycobacterium tuberculosis strains isolated
in Brazil using a multimarker genetic assay
for katG and rpoB genes. Braz J Infect Dis 20
(2): 166 —172.

Blackwood KS, He C, Gunton J, Turenne
CY, Wolfe J, Kabani AM. (2000). Evaluation
of recA sequences for identification of
Mycobacterium species. J Clin Microbiol 38:
2846 — 2852.

Durmaz R, Gunal S, Yang Z, Ozerol H, Cave
MD. (2003). Molecular epidemiology of
tuberculosis in Turkey. Clin Microbiol Infect
9: 873 - 877.

Elia-Pasquet S., Dabis F., Texier-Maugien
J., DessusBabus S., Meynard J., Bouiges
M., Portel L., Salamon M, Tessier JF, Courty
G (2000). Transmission of tuberculosis
in Gironde: epidemiologic investigation
by genomic analysis of Mycobacterium
tuberculosis. Rev Epidemiol Sante Publique
48: 127 — 136 [in French].

Filliol I, Motiwala AS, Cavatore M, Qi W,
Hazbon MH, Bobadilla del Valle M, Fyfe J,
Garcia-Garcia L, Rastogi N, Sola C, Zozio T,
Guerrero M1, Leon CI, Crabtree J, Angiuoli S,
Eisenach KD, Durmaz R, Joloba ML, Rendon
A, Sifuentes-Osornio J, Ponce de Leén A, Cave
MD, Fleischmann R, Whittam TS, Alland D.
(2006). Global phylogeny of Mycobacterium
tuberculosis based on single nucleotide
polymorphism (SNP) analysis: insights into
tuberculosis evolution, phylogenetic accuracy
of other DNA fingerprinting systems, and
recommendations for a minimal standard SNP
set. J Bacteriol 188: 759 — 772.

11

41.

42.

43.

44,

45.

46.

47.

48.

49.

Brudey K, Driscoll JR, Rigouts L, et
al.  (2006). Mycobacterium tuberculosis
complex geneticdiversity: mining the fourth
international spoligotyping database (SpolDB4)
for classification, population genetics and
epidemiology. BMC Microbiol 6: 23.

Tekwu EM, Sidze LK, Assam JPA, Tedom
JC, Tchatchouang S, Makafe GG, Wetewale
ALT, Kuaban C, Eyangoh S, Ntoumi F, Beng
VNP, Frank M. (2014). Sequence analysis for
detection of drug resistance in Mycobacterium
tuberculosis complex isolates from the Central
Region of Cameroon. BMC Microbiol 14:
113.  http://www.biomedcentral.com/1471-
2180/14/113

Ssengooba W, Meehan CJ, Lukoye D,
Kasule GW, Musisi K, Joloba ML, Cobelens
FG, de Jong BC6. (2016). Whole genome
sequencing to complement tuberculosis drug
resistance surveys in Uganda. Infect Genet
Evol 40: 8 — 16.

Nguyen VAT, Banuls A, Tran THT, Pham
KLT, Nguyen TS, Nguyen HV, Nguyen NLT,
Nguyen NLT, Dang DA, Marks GB, Choisyet
M. (2016). Mycobacterium tuberculosis
lineages and anti-tuberculosis drug resistance
in reference hospitals across Viet Nam. BMC
Microbiol 16: 167.

Duong DA, Nguyen TH, Nguyen TN, Dai
VH, Dang TM, Vo SK, Do DA, Nguyen VYV,
Nguyen HD, Dinh NS, Farrar J, Caws M.
(2009). Beijing genotype of Mycobacterium
tuberculosis is significantly associated with
high-level fluoroquinolone resistance in
Vietnam. Antimicrob Agents Chemother 53:
4835 —48309.

Ferro BE, Garci’a PK, Nieto LM, Soolingen
DV. (2013). Predictive value of molecular
drug resistance testing of Mycobacterium
tuberculosis isolates in Valle del Cauca,
Colombia. J Clin Microbiol 51: 2220 — 2224.
Jacobson KR, Theron D, Victor TC, Streicher
EM, Warren RM, Murray MB. (2011).
Treatment outcomes of isoniazid-resistant
tuberculosis patients, Western Cape Province,
South Africa. Clin Infect Dis 53: 369 — 372.
Varahram M, Nasiri MJ, Farnia P, Mozafari M.,
Velayati A. A. (2014). A retrospective analysis
of  isoniazid-monoresistant  tuberculosis:
among Iranian pulmonary tuberculosis
patients. Open Microbiol J 8: 1 — 5.

Torres JN, Paul LV, Rodwell TC, Victor TC,
Amallraja AM, Elghraoui A, Goodmanson AP,
Ramirez-Busby SM, Chawla A, Zadorozhny
V, Streicher EM, Sirgel FA, Catanzaro D,
Rodrigues C, Gler MT, Crudu V, Catanzaro



Borneo Journal of Medical Sciences (2017) 11 (1): 1—12

50.

51.

A, Valafar F. (2015). Novel katG mutations
causing isoniazid resistance in clinical M.
tuberculosis isolates. Emerg Microbes Infect
4:e42. doi:10.1038/emi.2015.42

Georghiou SB, Magana M, Garfein RS,
Catanzaro DG, Catanzaro A, Rodwell TC.
(2012). Evaluation of Genetic Mutations
Associated with Mycobacterium tuberculosis
Resistance to Amikacin, Kanamycin and
Capreomycin: A Systematic Review. PLoS
ONE 7(3): 33275

Bernard C, Veziris N, Brossier F, Sougakoff
W, Jarlier V, Robert J, Aubry A. (2015).
Molecular Diagnosis of Fluoroquinolone
Resistance in Mycobacterium tuberculosis.
Antimicrob Agents Chemother 59 (3): 1519 —
1524.

12

52.

53.

54.

Yu S, Girotto S, Lee C, Magliozzo RS. (2003).
Reduced Affinity for Isoniazid in the S315T
Mutant of Mycobacterium tuberculosis KatG
Is a Key Factor in Antibiotic Resistance. J Bio
Chem 278 (17): 14769 — 14775.

Marzooq FA, Yusof MYM, Tay ST. (2015).
Molecular Analysis of Antibiotic Resistance
Determinants and Plasmids in Malaysian
Isolates of Multidrug Resistant Klebsiella
pneumoniae. PLoS ONE 10 (7): e0133654.
doi:10.1371/journal.pone.0133654.

Naha A, Pazhani GP, Ganguly M, Ghosh S,
Ramamurthy T, Nandy RK, Nair GB, Takeda
Y, Mukhopadhyay AK. (2012). Development
and Evaluation of a PCR Assay for Tracking
the Emergence and Dissemination of Haitian
Variant ctxB in Vibrio cholerae O1 Strains
Isolated from Kolkata, India. J Clin Microbiol
1733 — 1736. doi:10.1128/JCM.00387-12



