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Abstract
Though progress has been made in diagnosis and treatment of Tuberculosis, the slow progress has been compromised by the

emergence of drug resistance in M tuberculosis. This drug resistance has been found to occur as point mutation in the target gene of
the anti-tubercular drug At present over 15 drugs have been found to be clinically useful for treatment of DR-TB. Thirty-two genes
are the target for these drugs and need to be examined for the presence of mutation (resistance).

Various laboratory tests have been used for this purpose, but the emergence of Next Generation Sequencing appears to offer an

opportunity to take sample from freshly growing M tuberculosis and to simultaneously determine the presence of mutations in any
of the 32 genes. With a turnaround time of seven working days, NGS offers the best option to select the most appropriate four drugs
which are active against the DR TB that the patient harbours.
Keywords: DR TB; NGS

The most ancient disease affecting mankind is tuberculosis.

greatest threats to the global TB control. It has taken a heavy toll on

of multidrug resistant (MDR) and extreme drug resistant

new cases of multidrug- or rifampicin-resistant TB (MDR/RR-TB)

Worldwide, it continues to be a leading cause of death. An increase

in mycobacterial infections among HIV patients and the emergence

(XDR) TB has complicated the situation. The slow growth of the

bacterium and the high turnaround time for a specific diagnosis

not only the patients, and their communities, but also impends the
health care systems at large. In 2018 there were about half a million

of which around 40% were notified and 32% were reported to
have started the second-line treatment. In comparison with drug-

and timely management of patients have been a major challenges

susceptible TB forms, MDR/RR-TB patients’ current treatment

generation sequencing (NGS) in the diagnosis and treatment of TB

adverse events and poor treatment outcomes. Treatment success

for TB diagnosis. There have been several innovative diagnostic
techniques developed in recent years. We examine the role of next
patients with drug resistance in this review article [1].

Though in recent years TB incidence and mortality rates have

significantly decreased globally, TB control efforts still fall short

of the 2030 END TB targets. END TB is a strategy which aims to
reduce TB incidence by 80%, and TB deaths by 90%. Development

and persistence of drug resistant TB (DR TB) remains as one of the

regimens are far from satisfactory; these regimens have a higher
pill burden and a complex toxicity profile that leads to significant

rates may have increased globally, still almost 15% of MDR/RR-TB
patients die from the disease; alarmingly 26% of those deaths are
in patients who are extensively drug-resistant TB (XDR-TB) [2].

DR TB is a laboratory diagnosis; hence successful management

depends heavily upon prompt accurate Drug Susceptibility Testing

(DST). Diagnosis of DR TB conventionally relies upon isolating the
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pathogen on the culture, followed by DST on either liquid (MGIT)

plasmids or transposons. In mycobacteria, horizontal transfer of

accuracy.

gets amplified under the selective pressure of antibiotic use. In the

or solid (LJ) media. Phenotypic results, nevertheless take weeks,
are costly, not widely available as well as lack reproducibility and

In the diagnostic laboratory, testing on mycobacteria DST is

substantially different from the general testing procedures used
in bacteriology. Rather than determining MICs, a single drug

concentration, termed the Critical Concentration (CC), is usually
used to categorize a clinical isolate as susceptible or resistant.

This CC is more of an epidemiological parameter (to distinguish
between “wild type” sensitive strains from mutants that are able to
grow in the presence of higher drug concertation and constitute at
least 1% of the population of bacteria) than a clinical cut off value

drug resistance genes has not been reported and resistance arises
from chromosomal mutation of the target gene and this mutant

recent past, a number of drugs have been identified as having useful
anti tubercular activity and suitable for clinical use, especially in DR

TB. Recently, WHO regrouped these second line anti TB drugs into
A, B and C based on their estimated efficacy profile. The group A

includes FQ, Lfx or Mfx, Bdq and Lzd; group B includes Cfz and Cs or
terizidone and group C contains ethambutol €, Dlm, pyrazinamide,

imipenem-cilastatin or meropenem, amikacin or streptomycin,
ethionamide or prothionamide and p aminosalicylic acid (PAS).

Since M tuberculosis resistance emerges from changes in the

based on PK/PD of the drug to guide treatment decision.

genome, such as single nucleotide polymorphisms (SNPs), insertion

hinderance to using culture as a standard test for the diagnosis of

for detecting genome variations represent a breakthrough for

The slow growth rate of M. tuberculosis has always been a

TB. Nucleic acid technology provides a radically different approach
and has introduced a new era in clinical mycobacteriology.

A method which permitted the amplification of specific DNA
sequences and which could be used to multiply even a single copy

of a given DNA sequence by a factor of 1012 within a working day

has been described. Several reasons make DNA coding for rRNA an
appealing target for detection as 1. rRNA is an essential constituent

or deletion in the genes coding for drug target or involved in drug

metabolic pathways or from efflux pump upregulation, methods
rapid, simple and personalized management of DR TB cases. A

number of genotypic tests have been recommended by WHO for

identification of MDR or XDR TB, including cartridge based nucleic
acid amplification (CBNAAT) and line probe assays (LPA) that can
be implemented in suitably equipped peripheral laboratories.

The well characterised drug resistance mechanisms within

of bacterial ribosome, 2. Comparative analysis of rRNA sequences

M. tuberculosis genome mainly are point mutations in genes

(10 to 10 molecules per cell) and 4. Nucleotide sequence of DNA

mutation in an 81 base pair region in the rpoB gene and is called

reveal some stretches of highly conserved as well as others with

considerable variability, 3. rRNA is present in high copy number
3

4

coding for 16SrRNA can be rapidly determined without the need

for cloning. Since rRNA is essential for survival of the organism,
sequencing of 16S rRNA can not only help in diagnosis but also

establishing phylogenetic relationships. Bottger’s group identified
a highly variable region for species specific probes in mycobacteria
and demonstrated its usefulness in diagnosing M tuberculosis, M
avium and M. intracellulare. Others scientists found that this could
be extended by combining detection of hsp65 and developed a

stepwise algorithm combining 16S rRNA and hsp65 gene analysis

encoding for the target protein of the drug, or proteins required for

prodrug activation. Rifamipic resistance commonly arises through

the rifampicin resistance determining region (RRDR)- the target
of Xpert MTB/Rif assay. The rpoB gene codes for beta subunit of
RNA polymerase which is the target of rifampicin. Mutations in this
region account for approximately 96% of phenoyupic rifampicin
resistance. As over 90% of rifampicin resistant strains are also

resistant to isoniazid, rifampicin resistance is clinically used as a
surrogate marker for MDR TB.

Isoniazid resistance arises through mutations in catalase

for identification of not only Ntb but many MOTT species, with an

peroxidase gene (katG), this gene is involved with conversion

Acquired antibiotic resistance in bacteria occurs through

the activated form of isoniazid drug (low level INH resistance).

effective turnaround time of one day [3].

either mutations or horizontal gene transfer mediated by phages,

of isoniazid into its active form (responsible for high level INH

resistance) or mutations in inhA gene which is the target of

The majority of pyrazinamide resistance is conferred through
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prevention of drug activation through a diverse set of mutations

in the pncA gene while ethambutol resistance occurs through over
expression of the target protein (emb) or mutation in ambB gene.

Mutations associated with resistance to second line anti TB

agents leading to development of XDR TB strains are also well

described. Majority of fluoroquinolone resistance results through
mutation in subunit A or B of DNA gyrase (topoisomerase II) –

the target protein of fluoroquinolones. If the mutation is limited
to gyrB, the resistance is limited to Ofloxacin and in these cases

Moxifloxacin could still be effective and the isolates will have
relatively lower MIC against Moxifloxacin, but if the mutation

in gyrA, the isolate is resistant to all FQs including Moxifloxacin
and Gatifloxacin. Resistance to the second line injectable agents;

amikacin and kanamycin results from 16S rRNA mutations. These
well-defined targets are able to detect majority of phenotypic

resistance, but in some cases the mutation may lie outside the
established zones.

As vast majority of drug resistance in M. tuberculosis is caused by

single nucleotide polymorphism, although insertions or deletions
are possible, a variety of techniques have been proposed to detect
these resistant mutants, leading to decrease in turnaround time

to a couple of days rather than weeks with phenotype based tests.
Although more than 30 commercial drug susceptibility assays are

available, so far, only Gene Xpert MTB/Rif and line probe assays

(LPA) have been endorsed by the WHO for the rapid detection of
MDR TB [4].

The GenoType MTBDRsl test is based on the DNA•STRIP

technology. It involves three steps: the first is DNA extraction from
decontaminated sputum samples or cultured material (solid/
liquid medium) - the kit does not contain the necessary reagents,

the second is multiplex amplification with biotinylated primers,
and the third one is reverse hybridization.
M. tuberculosis complex (TUB)

Figure a
Locus controls (gyrA, gyrB, rrs, eis)
The Locus Control zones detect gene regions specific for the

respective locus. In the event of a positive test result (evaluable

wild type and mutation banding patterns), the signals of the Locus
Control bands may be weak.

Both the gyrA and gyrB genes are examined for detection of

resistance to FLQ (e.g., ofloxacin or moxifloxacin).
gyrA

When all wild type probes stain positive, there is no detectable

mutation within the examined region. In case of a mutation, the

respective amplicon cannot bind to the corresponding wild type
probe resulting in the absence of the wild type probe signal.

Mutation probes can identify the most common resistancemediating mutations.
Failing
wild type
band

gyrA WT1

members of the Mycobacterium tuberculosis complex. If the TUB

gyrA
WT2

tuberculosis complex and can therefore not be evaluated by the test.

gyrA WT3

This zone hybridizes, with amplicons generated from all

zone is negative while no evaluable resistance pattern is developed,
the tested specimen does not contain bacteria belonging to the M.
And cannot be evaluated by this test system.

gyrB WT

Developing
mutand band

gyrA MUT 1

gyrA MUT 2

gyrA MUT 3A
gyrA MUT 3B
gyrA MUT 3C

gyrA MUT 3D
gyrB MUT 1

gyrB MUT 2

Mutation in
target gene

Phenotypic
resistance

G88A, G88C
A90V
S91P

D94A

D94N
D94Y

All Fluoroquinolones

D94G

D94H

N538D
E540V

Table a

Ofloxacin
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gyrB
The wild type probe comprises the most important resistance

region of the gyrB gene. When the wild type probe stains positive,
there is no detectable mutation within the examined region.

In the event of a mutations, the respective amplicon will not

bind to the wild type probe, resulting in ana absence of the wild
M. tuberculosis
strain

Wild type H37 Rv
gyrB D500N

gyrA A90V
gyrA S91P

gyrA D94G

gyrA D94N

probe signal. Mutation probes detect the most common mutations
causing resistance.

Animal infection data indicate that when FQ resistance is

consequent upon gyrA mutation, the MIC of all FQ rise while if
mutation is restricted to gyrB, Moxifloxacin will retain both its in
vitro and in vivo efficacy.
MIC (ug/ml)

Gatifloxacin

Moxifloxacin

Levofloxacin

Ofloxacin

Enoxacin

<0.12

0.25

0.25

0.5

2

1

4

4

0.5
2

0.5

2

2

1

4

2

4

4

4

Table b

32

>8

>32

>8

>32

8

8

>32

>8

4

>32

The results demonstrate that moxifloxacin is active against

(AMK), both AG, or capreomycin (CAP) and viomycin (VIO), both

(MIC, 2 ug/ml). Moxifloxacin is inactive, however, against strains

there is no detectable mutation within the examined region. In

strains with low levels of resistance (MIC, 0.5 ug/ml) and reduces
the mortality associated with strains with intermediate resistance
with high levels of resistance (MIC, >2 ug/ml). Results from this
study have important implications for how moxifloxacin should be

used and dosage in XDR-TB patients. This study provides data which
support the current WHO recommendation to use moxifloxacin

when there is resistance to early-generation fluoroquinolones such
as ofloxacin.

The rrs gene is examined for detection of cross-resistance

to AG/CP antibiotics such as kanamycin (KAN) and amikacin
Failing
wild type
band

Analyzed nucleic
acid position

CP. The wild type probes comprise the most important resistance
regions of the rrs gene. When both wild type probes stain positive,

case of a mutation, the respective amplicon cannot bind to the
corresponding wild type probe resulting in the absence of the wild

type probe signal. Mutations probes are used to detect resistancemediating mutations. Each pattern deviating from the wild type

pattern indicates, as far as is known, an AG/CP-resistance of the
tested strain. The detectable cross-resistances are shown in the
table below.

Developing
Mutation
mutation band

Phenotypic resistance

rrs WT1

1401

rrs WUT1

A1401G

KAN

AMK

CAP

rrs WT2

1484

rrs WUT2

G1484T

KAN

AMK

CAP

1402

-

C1402T

KAN

CAP

VIO

VIO

See figure
Example 2
and 6

Example 3

Example 4

Table c: Mutations in the rrs gene, corresponding wild type and mutation bands, and the resulting cross-resistances.
KAN: kanamycin; AMK: Amikacin; CAP: Capreomycin; VIO: viomycin.
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The eis gene is tested for presence of a low-level KAN-resistance.

The wild type probes cover the most important resistance regions

of the eis gene. When all wild type probes stain positive, there is no
detectable mutation within the examined region.
Gene

Encoded protein

katG

Catalase peroxidase

inhA

Enoyl ACP reductase

ndh
ahpC
rpoB
pncA
rspA
embCAB
embB
rpsL
rrs
gidB
whiB
rrs
eis
whiB7
ethA
ethR
ethA
mshA
gyrA

NADH dehydrogenase II

170

In case of a mutation, the respective amplicon cannot bind to the

corresponding wild type probe resulting in the absence of the wild

type probe signal. The mutation probe detects the most common
resistance-mediating mutation [5].

Protein function

Prodrug activation

Affected drug

Drug’s mode of
action

Isoniazid

Inhibiting mycolic
acid biosynthesis
and other metabolic
processes

Rifampicin

Inhibiting transcription

Drug target

Modulation of NADH/NAD
ratio

Alkyl hydroperoxidase

Oxidative stress resistance

Pyrazinamide

Prodrug activation

Pyrazinamide

Arabinosyltransferases

Drug target

Ethambutol

Inhibiting arabinogalactan synthesis

Drug target

Streptomycin

Inhibiting protein
synthesis

Amikacin/Kanamycin

Inhibiting protein
synthesis

Prodrug activation

Ethionamide

Inhibiting mycolate
biosynthesis

Prodrug activation

Ethionamide

Drug target

Fluoroquinolones

Beta subunit of RNA polymerase
S1 ribosomal protein

Drug target

Drug target

embCAB transcription
regulator

Regulation of embCAB expression

16S rRNA

Drug target

S12 ribosomal protein
16S rRNA methyltransferase

Modification of drug target

MDR transcription regulator

Regulation of drug resistance
gene

Aminoglycoside acetyltransferase

Drug inactivation

16S rRNA

Drug target

MDR transcription regulation

Regulation of eis expression

ethA transcription repressor

Regulation of eth A

Glycosyl transfrase

Prodrug activation

Flavin monooxygenase

Flavin monooxygenase
DNA gyrase subunit A

Inhibiting translation

Inhibiting mycolate
biosynthesis
Inhibiting DNA
gyrase
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gyrB
altA
eyeA
ddl
thyA
dfrA
folC
tibD
tlyA
rrs
atpE
Rv0678
pepQ
fbi A, fbi
B, fbi C
rrl, rsplC

DNA gyrase subunit B

Drug binding

D alanine d alanine ligase

Drug target

D alanine tecemase

Aminoacid transporter

Drug target

dTTP synthesis

Dihydrofolate synthase

Prodrug activation

Replacement of drug target
activity

16S rRNA

Drug target

Coding for a transmembrane
protein of the ATP synthase

Ribosome protection
drug target

PAS

Inhibiting folate
biosynthesis

Capreomycin

Inhibiting protein
synthesis

Bedaquilin

MmpS5-MmpL5 efflux pump
mmpL5 efflux pump gene

Drug target

Mycolic acid synsthesis

F 420 dependent bioactivation
pathway

50 s ribosome

Inhibiting peptidoglycan synthesis

Drug target

Dihydrofolate reductase
anaog
tRNA methyltransfrase

D cycloserine

Drug target

Thymidylate synthase A

Dihydrofolate reductase

171

Drug target

Protein synthesis
Table d

Bedaquilin and clofazimine
Delamanid
Linezolid

Blocks proton pump
of enzyme
impaired function
of gene
Regulating the
expression of the

Block mycolic acid
synthesis
Blocking Protein
syntheisis

In the treatment of TB, bedaquiline is the first drug in a new

pump. Mutations in the second nontarget mechanism, pepQ have

the drug is effective against dormant bacilli, a highly valuable

pepQ result in modest increases of bedaquiline and clofazimine

class of agents, the diarylquinolines. Bedaquiline inhibits bacterial
respiration by targeting mycobacterial ATP synthase. As a result,

characteristic for treating MTB infections. In vitro studies show MIC

values of 0.03mg/L, approximately equivalent to those of rifampicin
and isoniazid in DS-MTB. A mouse model has demonstrated that

been associated with both low-level bedaquiline resistance and

cross- resistance to clofazimine. Similar to rv0678, mutations in
MICs [6].

While rapid tests such as the Xpert MTB/RIF and LPAs are

bedaquiline combined with pyrazinamide is extremely effective for

helpful, the former is limited to mutations in the rpoB gene

resistance to bedaquiline, with up to 4-fold increase in MIC. The

To expand the range of mutation in all relevant genes it is essential

sterilization. Target-based mutations in the atpE gene described
in strains selected in vitro have been associated with high-level

gene encodes the mycobacterial F1F0 proton ATP synthase, a key
enzyme in ATP synthesis and membrane potential generation.
Mutations in the rv0678 gene, such as those that result in

bedaquiline resistance and cross- resistance to clofazimine, do not
affect the target and result in upregulation of the MmplL5 efflux

only while the latter relies on probe hybridization, and they are

therefore inherently limited in the number of mutations assessed.
to sequence the genes.

Developed in the 1970s, Sanger sequencing led to the sequence

of the first genes and genomes, but remained limited in its

application due to its complexity and high cost when applying to
extended genomic regions [5]. The sequencing output exploded
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with the advent of pyrosequencing and then of NGS methods in
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With the help of regular updates resistance databases,

the mid-2000s when costs fell [6]. By the end of the sequencing

mycobacterial whole genome sequencing (WGS) can provide an

400 base pairs in length) or long (1-100 kilobases). A single NGS

synonymous from non-synonymous mutations by excluding

reaction, the NGS platforms generate the sequences of unique

DNA fragments, known as “reads”, which can either be short (50-

run can produce billions of sequence reads [5]. These sequenced
fragments are then aligned. These alignments create a longer

contiguous sequence by tiling the short sequences. For tiling to be

successful, different reads with significant overlaps are required
so as to align them with confidence. Depth of coverage pertains
to how many times that position has been determined (read) as
we go about tiling the sequences, thus giving robust result with

better mapping quality. High average read depth (> 40) is also
important for accuracy and confidence of the final result. This is all
accomplished by using powerful bioinformatics tools.

There is a relatively similar workflow for each of the technologies:

high molecular weight DNA extraction, preparation of libraries (a
collection of DNA fragments) by enzymatic or mechanical means,

PCR amplifying and barcoding, clustering (clonal amplification

of specific DNA fragments), and automated single- or paired-end
sequencing [5]. Illumina Inc. (San Diego, CA, USA), one of the

major players in the field, uses sequencing-by-synthesis (bridge

accurate genetic profile of all known drug resistance mutations.

Unlike existing rapid molecular tests, it can differentiate
mutations that will not cause an amino acid change. However,

WGS generally requires an initial culture stage to ensure sufficient
mycobacterial DNA, since it relies on having good quality DNA to

provide adequate genome coverage depth. Which then introduces
delays that can have significant clinical implications. Using
DNA from Mycobacterial Growth Incubator Tubes (MGITs; BD

Diagnostics, Franklin Lakes, NJ, USA), the time from sample receipt
to result has been theoretically reduced to nine business days.

Despite some challenges, NGS could provide the following

advantages over other methods for diagnosing and monitoring TB,
including time to diagnosis, depth of information provided, and
ease of use:
•

•

differentiate between relapse and re-infection. In real time,

cost. “Benchtop” (PGM and S5) and high-throughput (Ion Proton)

but have higher error rates in homopolymers.

As a result of the depth of information provided by NGS,

mixed-strain infections in historical TB isolates) and to

Novaseq) solutions enabling high-quality short reads at a lower

than Illumina, and are therefore better suited to targeted solutions,

sputum or determining the antibiotic resistance of an isolate.

infecting in the same individual (and has demonstrated

MiSeq) and high-throughput (NextSeq 500, HiSeq 2500, and

use synthesis-semiconductor chemistry to generate longer reads

weeks to hours) using NGS for TB diagnosis directly from
it can be used to determine whether two strains are co-

PCR) chemistry and offers a range of “benchtop” (MiniSeq and

platforms from Thermo Fisher Scientific Inc. (Waltham, MA, USA)

Turnaround time to results can be greatly reduced (from

•

epidemiological data can be collected on circulating strains,
drugs resistance and chains of transmissions

Convenience: NGS has the potential to combine diagnosis,
drug resistance profiling and epidemiological analysis into
one test.

WGS has the potential to revolutionize the definition of drug

susceptibility testing (DST) of MTB in both high- and low-income

settings, and a growing knowledge of the genetic mechanisms

of resistance will facilitate its adoption and enhance its clinical
utility. The key challenge is to demonstrate that its use in routine

diagnostic services will have a positive effect on patient outcomes.
In recent decades, treatment guidelines have evolved to reflect
Figure b

clinical expertise suspicion and not to over-rely on microbiological

positive results, especially in the setting of culture-negative
samples in case of extra-pulmonary disease. Rapid PCR methods
have recently enabled the detection of resistance within a day of
its occurrence.
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As compared with routine results, WGS predicted species with

93% (95% CI 90-96; 322 of 345 specimens; 356 mycobacteria
specimens submitted) accuracy, with one sequencing attempt.
WGS linked 15 (16% [95% CI 10–26]) of 91 UK patients to an

outbreak. WGS identified a multidrug- resistant tuberculosis case
before routine diagnosis was completed and discovered a new

multidrug-resistant tuberculosis cluster. WGS diagnostics were
generated in a median of 9 days (IQR 6-10), a median of 21 days

(IQR 14-32) faster than final reference laboratory reports (median

of 31 days [IQR 21–44]), at a cost of £481 per culture-positive
specimen, whereas routine diagnosis costs £518, equating to a

WGS-based diagnosis cost that is 7% cheaper annually than are

•

Single test for diagnosis and drug resistance detection - As the
test includes sequencing the Mtb genome, it can diagnose the
presence of Mtb as well as identify the mutations that cause
drug resistance.

•

Comprehensive Drug Panel - The existing molecular

techniques have a limitation of covering only a few drugs. The

whole genome sequencing of Mtb covers all drug resistance
markers - common as well as novel.

•

Sample Requirement - The SPIT SEQ test uses direct sputum as

the clinical sample for sequencing which renders the process

simple and fast. By making use of sputum, the requirement

present diagnostic workflows [7].

to grow a culture is eliminated, thereby reducing the delay in
diagnosing the disease.

•

Parameter
Test application

Nucleic acid
amplification

Line Probe Assay

Next Generation
Sequencing

Diagnosis

Diagnosis + AST

Diagnosis + Resistance

Diagnosis + Resistance

Diagnosis + Resistance

Sputum

Sputum, culture

Culture

Sputum

No

Not applicable

All ATT separately

Turn around time

Not applicable
1 - 2 hours

No

Sensitivity
Specificity

strain typing, epidemiology studies, and disease surveillance

Culture

Drugs for which
resistance testing
can be done

Novel resistance
mutations detected

the whole genome sequencing test for Mtb can be used for

Smear
Microscopy

Yes, but additional
tests required

Specimen required

Multiple applications – Due to its voluminous data availability,
in addition to diagnosis and drug resistance testing.

No

Strain typing

173

Key features

Sputum

55% for
pulmonary TB

98% for
pulmonary TB
in tropics

4 to 8 wks

MGIT > 90%
>99 %

No
Rif

2 hours

98% in smear positive,
70% smear negative
> 99%

Table e

No

yes

RIF, INH, FQ, Amikacin
with different cartridges

All in one test

5 days

10 days

90% for RIF, INH 98% for
OFX, AMK

98%

No

95 % for RIF and INH;
75% for OFX, AMK

Yes

100%
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A typical NGS report would give the following information.

Figure c

Figure e

Figure d
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