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Introduction

The importance of nontuberculous mycobacteria (NTM) has
recently been increasingly appreciated. The diagnosis,
treatment, and prevention of NTM diseases are challenging
because there are more than 150 species that have a similar
clinical appearance to Mycobacterium tuberculosis com-
plex (MTBC) and because of their intrinsic resistance to
antimicrobial agents, their poorly defined therapeutic
strategies, their diverse treatment regimens, and the lack
of new therapeutic agents. In this article, we explore the
relevant molecular methods that can be employed in the
identification of NTM and review information on the
detection of antimicrobial resistance in clinical practice.
This review also details recent advances in chemotherapy
for NTM infections that are not currently addressed by the
Clinical and Laboratory Standards Institute (CLSI).1

Laboratory identification of NTM

Before the 1990s, laboratories relied on traditional non-
molecular methods for species identification.2 However,
these traditional methods are more time consuming and
less sensitive than molecular testing is.

In the 1990s, the polymerase chain reaction (PCR) and
gene sequencing molecular methods were introduced, and
gene sequencing has become the reference method for
identifying NTM species and subspecies.3 Gene sequencing
has led to more than 150 species being discovered in
contrast to the approximately 55 species identified before
the 1990s; the quality of available databases are the cor-
nerstones of the success of this methodology.4 In other
words, an identification result is only as good as the quality
of the database used.

Matrix-assisted laser desorption/ionization mass
spectrometryetime of flight (MALDI-TOF) and whole
genome sequencing have recently marked a new era of NTM
identification.

Based on their relevance in clinical practice, this article
focuses on the following molecular-based methods: (1)
commercial nucleic acid probes, (2) PCR restriction-enzyme
analysis (PRA), (3) gene sequencing, (4) MALDI-TOF, and (5)
the line probe assay.

Commercial nucleic acid probes

Although several commercial nucleic acid probes are
available worldwide, many clinical mycobacterial labora-
tories, especially those in Taiwan, rely on the commercial
single-stranded DNA nucleic-acid-probe DR. TBDR/NTM IVD
kit (DR. Chip Corporation, Taiwan) for rapid and effective
identification of Mycobacterium species among positive
mycobacterial growth indicator tube (MGIT) cultures and as
a crucial epidemiologic tool for diagnosing NTM disease.5

The DR. TBDR/NTM IVD kit, involving both DNA amplifi-
cation and hybridization, was designed toidentify15 com-
mon NTM species and MTBC. The 16Se23S rRNA gene
internal transcribed spacer, RNA polymerase b subunit
(rpoB) gene, and PCR positive-control genes are amplified
using multiplex PCR. Subsequently, species-specific and
genotype-specific probes on the chip hybridize to target
amplified DNA sequences for identification.5 The DR. TBDR/
NTM IVD kit has an accuracy rate for identification of
Mycobacterium species of 95.5%.5

In the use of commercial nucleic acid probes, the ac-
curacy of species discrimination is generally favorable, the
method is not labor intensive, the turnaround time is short,
and speedy identification (<24 h) can be achieved,
although the method is costly, and less common Mycobac-
terium species that may be encountered as pathogens in
clinical practice cannot be identified correctly (e.g. Myco-
bacterium palustre was assigned to MAC, Mycobacterium
saskatchewanense and Mycobacterium nebraskense were
identified as Mycobacterium intracellulare, and so on).6e10

Thus, other methodologies for species identification of NTM
ought to be made available.

PRA

In this method of NTM species differentiation, the amplified
PCR products [rpoB gene and heat-shock protein 65 gene
(hsp65 gene)] are processed through digestion using specific
restriction enzymes (MspI, HaeIII, and BstEII), after which
analysis is performed using agarose gel electro-
phoresis.11e13 The obtained patterns are compared with
the species identification algorithms proposed by Kim et al.
and the published online database.12e15

Using additional restriction enzymes, PRA can differen-
tiate Mycobacterium abscessus complex into subspecies
levels (M. abscessus subsp. abscessus, subsp. massiliense,
and subsp. bolletii). A viable culture of NTM that is isolated
in a MGIT is not necessary for PRA, although technical
problems related to the similar patterns of some closely
related NTM species and small size differences between
fragments are sometimes encountered, making species
discrimination impossible. Furthermore, several newly
discovered NTM species have yet to be extensively inves-
tigated using PRA.

Gene sequencing

Because of the increasing number of NTM species being
discovered, various methods of species identification are
being developed. However, such development has led to
inconsistency between methodologies, and an accurate
method of species differentiation is still required. Gene
sequencing is currently considered the gold standard for
identifying NTM species, although a qualified database is
essential for alignment.3 Furthermore, one disadvantage of
single gene sequencing is that many closely related NTM
species are undistinguishable using gene sequencing,
meaning that additional species identification techniques
are required.16 Several common target genes for the spe-
cies identification of NTM are detailed as follows.

(1) 16S rRNA gene

The sequence at the 5’end of the 16S rRNA gene, which
comprises approximately 500 bps, containsmost information
on the species-specific sequence in mycobacterial and thus
enables taxonomic identification of both slowly growing
mycobacteria (SGM) and rapidly growing mycobacteria
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(RGM) (partial 500-bp sequencing method).3 A major disad-
vantage of the partial 500-bp sequencing method is that it
cannot differentiate species with the same hypervariable
region as well as between complete 16S rRNA gene (1500-bp)
sequences, such as Mycobacterium marinum versus Myco-
bacterium ulcerans, Mycobacterium kansasii versus Myco-
bacterium gastri, Mycobacterium genavense versus
Mycobacterium simiae, M. abscessus versus Mycobacterium
chelonae versus Mycobacterium franklinii, and Mycobacte-
rium goodii versus Mycobacterium smegmatis. Note that M.
goodii and M. smegmatis have 4 bps of 16S rRNA gene dif-
ference, making it possible to discriminate between these
two species by using the complete 1500-bp sequencing
method.17 However, complete 1500-bp sequencing is
impractical for routine species identification.

(2) rpoB gene

The rpoB gene is an gene with almost 3,600bp, and it
encodes the b subunit of RNA polymerase. This gene has
been recommended for use as a second-line target for NTM
species identification to compensate for the lack of
discriminatory power between closely related NTM groups,
especially RGM, when sequencing the 16S rRNA gene.18,19

One study demonstrated that relative to and unlike INNO-
LiPA/16S rRNA gene sequencing, rpoB gene sequencing can
identify a greater number of known and less common NTM
species, in addition to having the ability to identify both
SGM and RGMspecies.20

Unlike the partial 500-bp 16S rRNA gene sequencing that
most clinical laboratories sequence between 450bp and
480bp (at least 300bp) to ensure accuracy of species iden-
tification, the problems with rpoB gene sequencing include
the absence of CLSI-established cutoff values for this gene
and the fact that several regions have been proposed in
different studies.21e23 Moreover, the lack of sequence da-
tabases of reference strains can result in incorrect align-
ment and misidentification.

(3) hsp65 gene

The 65-kDa hsp65 gene, less conserved among myco-
bacterial species than the 16S rRNA gene is, has been used
to differentiate closely related NTM species by using the
441-bp Telenti fragment, especially for identifying RGM
species, including Mycobacterium peregrinum, Mycobacte-
rium septicum, Mycobacterium houstonense, Mycobacte-
rium fortuitum, Mycobacterium porcinum, and
Mycobacterium senegalense.14 This gene also enables
discrimination between M. chelonae and M. abscessus and
between the three subspecies of M. abscessus complex.14

As for SGM, the hsp65 gene can differentiate M. marinum
from M. ulcerans and M. kansasii from M. gastri.24 More-
over, online databases are available for the hsp65 gene
sequence.25

(4) Erythromycin ribosomal resistance methylase (erm)
gene

Several RGM species have been discovered to possess
erm genes. The erm(38) gene is present in Mycobacterium
goodie and M. smegmatis; the erm(39) gene in M. fortu-
itum, M. houstonense, M. porcinum, and Mycobacterium
neworleansense; the erm(40) gene in Mycobacterium
mageritense and Mycobacterium wolinskyi; and the
erm(41) gene in M. abscessus complex.26e32 The presence
of a functional erm gene, which is caused by methylation of
the 23S rRNA and may predict inducible macrolide resis-
tance, is associated with a higher treatment failure rate. Of
the erm genes, erm(41), discovered in M. abscessus com-
plex, is the most clinically feasible. One study reported an
approximately 90% response rate in patients with infection
by M. abscessus complex that harbored a nonfunctional erm
gene (M. abscessus subsp. massiliense); a response rate of
only approximately 25% was reported in patients with
infection by a species with a functional erm gene (M.
abscessus subsp. abscessus).28 Additionally, the erm(41)
gene was discovered to enable differentiation of the three
subspecies of M. abscessus complex.27 Notably, unless the
isolate has a 23S rRNA gene mutation, as evidenced by a
3e5-day clarithromycin minimum inhibitory concentration
(MIC) �32 mg/mL, extended incubation is required to assess
the inducible macrolide resistance.1

MALDI-TOF

MALDI-TOF is a new method of NTM species identification
based on the species-specific spectral profiles produced by
extracted ribosomal proteins from which specific mass-to-
charge ratios are determined.2,33,34 One advantage of this
technique is that it is quicker than traditional identification
methods are, although the hands-on time is increased by
the need for a pre-inactivated mycobacterial cell extrac-
tion procedure, which usually involves bead beating or
vortexing in formic acid, ethanol, and acetonitrile.35 The
accuracy of MALDI-TOF depends on the quality of harbored
spectra, and achieving high-quality harbored spectra is
challenging because of the complexity of the mycobacterial
cell wall. The obtained spectra is then compared with a
consensus profile for species identification.36

Studies have demonstrated that this method can
differentiate species of RGM and SGM, although it cannot
discriminate between M. abscessus subsp. abscessus, M.
abscessus subsp. massiliense, and M. abscessus subsp.
bolletii; M. chelonae and M. abscessus; Mycobacterium
mucogenicum and Mycobacterium phocaicum; the M. for-
tuitum group; Mycobacterium avium subsp. avium, M.
avium subsp. paratuberculosis, and M. avium subsp. silva-
ticum; or M. intracellulare and Mycobacterium
chimaera.34,36e40 Furthermore, the detection rate of MTBC
was as low as 41.6%.40 Thus, MTBC should be ruled out, and
the nonviable specimen should be provided. Moreover, the
procedure should be performed in a biosafety cabinet.

Line probe assay

This method is based on application of nucleic acid ampli-
fication and reverse hybridization to detect NTM and its
speciation. In short, the target sequence from growth
media is amplified by using PCR and biotinylated primers.
The products are then reverse hybridized onto a nitrocel-
lulose strip with membrane-bound species-specific



Table 1 Antimicrobials and susceptibility breakpoints for nontuberculous mycobacteria (NTM), as proposed by the Clinical and
Laboratory Standards Institute.

Species/complex CLSI M24, 2nd ed., 2011 CLSI M24, 3rd ed., 2018

MIC category (mg/mL) MIC category (mg/mL)

S I R S I R

M. avium complex

Primary
Clarithromycin �8 16 �32 �8 16 �32
Intravenous amikacina e e e �16 32 �64
Inhaled liposomal amikacina e e e �64 �128

Secondary
Moxifloxacin �1 2 �4 �1 2 �4
Linezolid �8 16 �32 �8 16 �32

M. kansasii
Primary
Clarithromycina e e >16 �8 16 �32
Rifampicina e e >1 �1 e �2

Secondary
Amikacina e e >32 �16 32 �64
Ciprofloxacina e e >2 �1 2 �4
Ethambutol e e >4 e e e

Isoniazid e e e e e e

Linezolida e e e �8 16 �32
Moxifloxacina e e >2 �1 2 �4
Rifabutina e e >2 �2 e �4
Streptomycin e e e e e e

Trimethoprim/sulfamethoxazolea e e >2/38 �2/38 e �4/76
Doxycycline/minocyclinea e e e �1 2e4 �8

M. marinum
Amikacina e e >32 �16 32 �64
Ciprofloxacina e e >2 �1 2 �4
Clarithromycina e e >16 �8 16 �32
Doxycycline/Minocyclinea e e >4 �1 2e4 �8
Ethambutola e e >4 e e e

Moxifloxacina e e >2 �1 2 �4
Rifabutina e e >2 �2 e �4
Rifampicina e e >1 �1 e �2
Trimethoprim/sulfamethoxazolea e e >2/38 �2/38 e �4/76
Linezolida e e e �8 16 �32

Rapidly growing mycobacteria

Amikacin �16 32 �64 �16 32 �64
Cefoxitin �16 32e64 �128 �16 32e64 �128
Ciprofloxacin �1 2 �4 �1 2 �4
Clarithromycin �2 4 �8 �2 4 �8
Doxycycline �1 2e4 �8 �1 2e4 �8
Imipenem �4 8e16 �32 �4 8e16 �32
Linezolid �8 16 �32 �8 16 �32
Meropenem �4 8e16 �32 �4 8e16 �32
Moxifloxacin �1 2 �4 �1 2 �4
Trimethoprim/sulfamethoxazole �2/38 e �4/76 �2/38 e �4/76
Tobramycin �2 4 �8 �2 4 �8

Abbreviations: CLSI, Clinical and Laboratory Standards Institute; I, intermediate; MIC, minimal inhibitory concentration; R, resistant; S,
susceptible.

a Different breakpoints exist in CLSI 2011 versus CLSI 2018.
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Table 2 NTM isolates that are clinically significant and
non-significant.

Significant Non-significant

1. NTM isolates recovered
from sterile sites, such as
the blood, pleural effu-
sion, cerebrospinal fluid,
soft tissue, and
lymphadenopathy.

2. Isolation of NTM species
from an immunocompro-
mised host, especially
those on corticosteroids
and antitumor necrosis
factor therapy.

3. Isolates from multiple
samples and in large
quantities.

1. Isolation of M. gordonae,
M. terrae complex, M.
chelonae, the M. muco-
genicum group, M. bot-
niense, M.
chlorophenolicum, M.
aromaticivorans, M. hod-
leri, M. murale, M. pall-
ens, M. rufum, M.
rutilum, M. litorale, M.
arabiense, M. sediminis,
M. paragordonae, M.
cookii, M. freder-
icksbergense, and M.
psychrotolerans from
respiratory samples.

2. The M. fortuitum group is
rarely a respiratory
pathogen except in pa-
tients with lipoid pneu-
monia or achalasia.

3. Isolates recovered in sin-
gle sample and small
numbers of colonies.
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fragments. An enzyme-mediated color reaction then oc-
curs. The strips visually analyzed following a colorimetric
conjugation step through its comparison with a commer-
cially available chart for NTM species identification.41

Three commercial line probe assays are available: INNO-
LiPA (Innogenetics, Ghent, Belgium), GenoType Mycobac-
terium CM/AS (Hain Lifescience, Nehren, Germany), and
Speed-Oligo Mycobacteria (Vincel, Granada, Spain), which
are based on nucleotide differences in the 16Se23S rRNA
gene spacer region, 23S rRNA gene, and 16S rRNA and
16Se23S rRNA regions, respectively.41 No MTBC isolates
were wrongly identified as NTM when these three line probe
assays were employed.6
Table 3 Summary of the associations between in vitro
susceptibility and clinical outcome in patients with NTM
infection.

Antimicrobials with
in vitro resistance

Treatment
outcome

M. avium complex
infection

Clarithrimycin and
amikacin

Unfavorable

M. kansasii infection Rifampicin
M. abscessus lung

disease
Clarithromycin

Extrapulmonary M.
abscessus
infection

Cefoxitin, amikacin,
and cotrimoxazole
Drug susceptibility testing for NTM

Principles and timings

The methods of drug susceptibility testing (DST) and pro-
posed MIC breakpoints for NTM that are commonly
encountered in clinical practice are constantly changing.
The laboratory testing guidelines were revised and
expanded in 2011 and more recently in 2018.1,42 In partic-
ular, the broth microdilution method of diluting antimi-
crobial agents in serial twofold dilutions indexed to base 2
(e.g., 1, 2, 4, 8, and 16 mg/mL) was recommended as the
gold standard for DST of NTM isolates.1,42 Conversely, MIC
breakpoints have been updated for some NTM species on
the basis of clinical data, the clinical experience of experts
in mycobacteriology, the comparative breakpoints used for
other organisms, population distribution data, and the
importance of gene sequencing in detecting drug resistance
(Table 1).1,42

The CLSI has emphasized the need to ensure that the
clinical significance of NTM isolates is related to the path-
ogenicity of host factors, clinical presentations, and the
NTM isolate.1,42 Experts generally agree that DST should be
performed only for NTM isolates with clinical significance.
Additionally, DST should be repeated in patients who have
persistent positive culture following 3 months of adequate
antimicrobial therapy.1,43 Table 2 provides comments on
assessing the clinical significance of NTM isolates.1,44

Broth microdilution

Several DST methods for mycobacteria have been devel-
oped, including the absolute concentration method, resis-
tance ratio method, proportion method, disk diffusion/disk
elution, broth macrodilution, broth microdilution, the
Epsilon test, and the rapid analysis of mycolic acids.32 This
article only introduces broth microdilution because it is
currently recommended by the CLSI as the standard method
for the DST of NTM.1,42

In broth microdilation, the MIC is measured by inocu-
lating small volumes (usually 100 mL) of cation-adjusted
Mueller Hinton broth with a standardized inoculum of
5 � 105 CFU in a 96-well plate format. The growth density is
detected optically and compared with growth in drug-free
control vials to determine the MIC. Because the MIC is
determined for twofold dilution, the MIC measured using
this method is not an absolute value. Instead, the true MIC
is between the two resultant concentrations. For example,
if the MIC is reported as 16 mg/mL, then the true MIC is
between the reported 16 mg/mL and the next lowest con-
centration of 8 mg/mL.

DST for SGM

(1) M. avium complex

M. avium complex (MAC) is primarily composed of two
species, M. avium and M. intracellulare, although at least
nine other species are candidates for inclusion.2,45,46

Except for M. avium,M. intracellulare, and M. chimaera,
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the species of MAC have not been identified as respiratory
pathogens.46

Treatment regimens for MAC primarily include macro-
lides, rifamycin (e.g., rifampicin or rifabutin), and etham-
butol with or without amikacin depending on disease
severity and the existence of clarithromycin resistance.43,47

However, no clinical correlations with in vitro MICs have
been discovered except for clarithromycin and amikacin
(azithromycin is not a candidate because high concentra-
tions cannot be achieved when testing) (Table 3).1,48e51

Other antibiotics, such as moxifloxacin and linezolid, are
increasingly used in the treatment of MAC and may also be
tested until studies find no correlation of in vitro MICs with
treatment outcomes.1,42 However, moxifloxacin and line-
zolid exhibit limited activity and should not be recom-
mended as substitutes for first-line antimicrobials for the
initial treatment of MAC. Table 1 presents the CLSI-
recommended MIC breakpoints for these relevant agents
in the treatment of MAC.

Generally, untreated MAC strains are susceptible to
macrolides, and the in vitro MICs of clarithromycin can also
apply to azithromycin.52,53 In MAC, macrolide resistance is
defined as clarithromycin MIC �32 mg/mL, whereas inter-
mediate macrolide resistance as defined as clarithromycin
MIC Z 16 mg/mL, which suggests impending macrolide
resistance or a mixed population of MAC isolates.1 There-
fore, for patients with clarithromycin MIC Z 16 mg/mL,
repeating the culture and DST and carefully monitoring the
possibility of emerging macrolide resistance as well as the
patient’s treatment response should be considered. More-
over, the detection of clarithromycin resistance mutations
in the 23S rRNA gene at adenine position 2058 or 2059 can
be used as confirmation when encountering clarithromycin
MIC �32 mg/mL in patients with MAC infection.53e56

The breakpoints of MAC to amikacin were revised in the
CLSI 2018 recommendations.1 Separate MIC values for
intravenous and inhaled liposomal amikacin have been
proposed (Table 1). Studies have reported that the typical
acquired resistance to amikacin namely 16S rRNA gene
A1408G mutation did not present in strains treated with
inhaled liposomal amikacin with MICs �64 mg/mL but did
present in isolates with MICs >64 mg/mL. The treatment
response was also unfavorable in patients with isolates
with amikacin MICs >64 mg/mL. Thus, the resistance
breakpoint of inhaled liposomal amikacin should
be > 64 mg/mL for MAC.57,58 In other words, the MIC cutoff
value of MAC for resistance to inhaled liposomal amikacin
should be � 128 mg/mL (Table 1). However, patients who
do not respond to intravenous amikacin as well as having
the amikacin mutation in the 16S rRNA gene had amikacin
MICs Z 64 mg/mL.58 That is, the MIC cutoff value of MAC
for resistance to intravenous amikacin is � 64 mg/mL
(Table 1).

(2) M. kansasii

The standard antimicrobial treatment regimen involves
rifampicin, ethambutol, and isoniazid, although the current
CLSI recommendations only recommend DST of M. kansasii
as a test for susceptibility to rifampicin and clarithromycin
because treatment failure is generally related to rifampicin
resistance(Tables 1 and 3).1,42,43,47,59 Because isolates sus-
ceptible to rifampicin are cross-susceptible to rifabutin, no
additional MIC testing is necessary.1 For initial M. kansasii
isolates susceptible to rifampicin, DST is not necessary for
other agents. However, if the isolate is discovered to be
resistant to rifampicin, the following second-line antimi-
crobials should be tested: amikacin, ciprofloxacin, moxi-
floxacin, linezolid, rifabutin, doxycycline/minocycline, and
trimethoprim sulfamethoxazole (Table 1).1,42

(3) M. marinum

M. marinum has an intermediate growth rate but is
classified as at type of SGM. This is because the same DST as
that for SGM is performed except that a lower temperature
is used because it is optimal for the growth of M. marinum.
Incubation lasting 7 days at 30 �C is recommended for the
DST of M. marinum. By contrast, MAC isolates should be
incubated for 7e14 days at 35�C-37 �C.41,60

Antimicrobials used to treat M. marinum infections
include doxycycline, minocycline, trimethoprim/sulfa-
methoxazole, rifampicin plus ethambutol, and clari-
thromycin.43 The recommended treatment regimen should
comprise at least two active agents.43 In a previous version
of its recommendations, the CLSI did not recommend
routine DST for M. marinum because of its susceptibility to
all drugs42 However, increasing evidence has indicated that
some isolates are resistant to doxycycline/minocycline and
ciprofloxacin. Thus, the CLSI recommends that the same
methodology (broth microdilution) and antimicrobials as
used for rifampicin-resistant M. kansasii be employed for
M. marinum, especially when the patient with M. marinum
disease does not respond favorably to initial treatment
(Table 1).1

If the treatment response is poor and the patient is not
culture-negative after 3 months of appropriate therapy,
DST should be repeated, and the treatment regimen should
be adjusted based on the DST reports.1,43

(4) Miscellaneous SGM

The CLSI recommendations are best applied to three
SGM speciesdMAC, M. kansasii, and M. marinumdbut DST
should be considered if SGM isolates have clinical signifi-
cance (Table 2).1 The details of DST for SGM isolates other
than MAC and M. kansasii refer to those for M. marinum in
the CLSI recommendations (Table 1).
Antimycobacterial susceptibility testing of RGM

Of the many RGM groups and complexes responsible for
human infections, M. abscessus complex (M. abscessus
subsp. abscessus, M. abscessus subsp. massiliense, and M.
abscessus subsp. bolletii) is the most common and crit-
ical.61 The antimicrobials and their MIC breakpoints rec-
ommended by the CLSI for RGM are listed in Table 1. Among
these antibiotics, tigercycline and clofazimine may be
tested, although breakpoints have not been established for
RGM because of insufficient data. Thus, if requested, an
MIC should be reported.1 Furthermore, the identification of
RGM at no higher than the species level, or the subspecies
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level in the case of M. abscessus complex, is strongly rec-
ommended because the DST results for some antimicrobials
may only apply to specific species.1

Incubation times for adequate RGM growth in broth vary
from 2 to 5 days. However, isolates of M. abscessus com-
plex, especially those from patients treated with multiple
antibiotics over time, often grow slowly in broth, and in-
cubation beyond 5 days should thus be considered. The
other exception to �5 days of incubation is when detecting
inducible macrolide resistance in RGM.26,29 Extending the
incubation of clarithromycin to 14 days is necessary to
detect inducible macrolide resistancedunless MIC �16 mg/
mL at an earlier time point is discovereddand the final
result should be reported. However, the test should be
repeated if clarithromycin MIC Z 4 or 8 mg/mL; addition-
ally, the isolate should be sent to an experienced labora-
tory for confirmation.1,32

Detection of clarithromycin resistance is essential in
patients with M. abscessus lung disease, as indicated by a
case series study that revealed that resistance to clari-
thromycin was independently associated with treatment
failure (Table 3).62 One mechanism of macrolide resistance,
called acquired macrolide resistance, is associated with
mutation of the 23S rRNA gene; this mutation mostly occurs
because of a single base-pair mutation at adenine 2058 or
2059. This type of resistance is usually detected in the
initial MIC reading (3e5 days).1 By contrast, in approxi-
mately 80% of M. abscessus subsp. abscessus cases, the
Table 4 Presence of inducible macrolide resistance based
on erm gene types in rapidly growing mycobacteria.

Clarithromycin
MIC reports
beyond 5-day
incubation

Functional Nonfunctional

Resistant Susceptible

Species or
subspecies/
gene types

M. goodie/erm(38)
M. smegmatis/
erm(38)
M. fortuitum/
erm(39)
M. houstonense/
erm(39)
M. porcinum/
erm(39)
M.
neworleansense/
erm(39)
M. mageritense/
erm(40)
M. wolinskyi/
erm(40)
M.
abscessussubsp.
abscessus/erm(41)
M.
abscessussubsp.
bolletii/erm(41)

M. abscessus
subsp. massiliense
M. chelonae
M. immunogenum
M. mucogenicum
group
M. peregrinum
M. senegalense

Abbreviations: see Table 1.
erm(41) gene is acquired and used to predict inducible
macrolide resistance, although approximately 20% of the
isolates have a nonfunctional erm(41) gene (also designated
as a hybrid type or known as having sequevar II) and are still
susceptible to clarithromycin after 14 days incubation.32

Table 4 presents a summary of clarithromycin susceptibil-
ity based on erm gene types.

The detection of amikacin resistance is also important in
the selection of a treatment regimen for RGM, because
in vitro resistance to cefoxitin, amikacin, and cotrimox-
azole is related to treatment failure in patients with
extrapulmonary M. abscessus disease.63 Amikacin resis-
tance is related to a single substitution (A to G) at position
1408 in the 16S rRNA gene for the M. abscessus complex and
M. chelonae complex.57
New antimicrobials for treatment of NTM

Because treatment outcomes have been unfavorable in
cases where the currently recommended regimens have
been used, additional antimicrobial agentsdincluding clo-
fazimine, bedaquiline, delamanid, and tedizoliddhave
been explored for their in vitro activity against NTM,
although these agents have not yet been addressed by the
CLSI.1 One study demonstrated that M. intracellulare and
M. avium were susceptible to clofazimine in 97.3% and
12.5% of cases, respectively, when the MICs were tenta-
tively grouped into the three categories of susceptible,
intermediate, and resistant, defined by values � 1, 2, and
�4 mg/mL, respectively.40,64 In another study, approxi-
mately 90% of MAC isolates had bedaquiline MICs
�0.008 mg/mL.65 Furthermore, MAC strains, including M.
intracellulare and M. avium, exhibited low MICs against
delamanid, ranging from 0.013 to 0.4 mg/mL.66 Compared
with linezolid, tedizolid exhibited equivalent or lower MIC50

and/or MIC90 values against M. abscessus subsp. abscessus,
M. abscessus subsp. massiliense, M. fortuitum, M. chelo-
nae, M. marinum, M. kansasii, MAC, and other less common
species.67 Taken together, these antibiotics are potential
treatment options for NTM.
Role of in vitro synergy between current
antimicrobials

Synergistic activity mostly occurs because the increased
cell wall permeability induced by one drug causes an
increased uptake for the second drug.68 Evidence of in vitro
synergy between the various antibiotics used to treat NTM
diseases has been obtained, although the CLSI only rec-
ommends the DST of single agents.1 Several
drugsdincluding clarithromycin, clofazimine, and etham-
butoldhave been widely investigated for their synergistic
effects.

Clarithromycin was discovered to have synergistic ac-
tivity with rifabutin, ethambutol, and clofazimine against
MAC.69As for RGM, tigercycline and clarithromycin had
synergistic activity against 92.9%, 68.8%, 100%, 35.7%, and
46.2% of M. abscessus subsp. abscessus, M. abscessus subsp.
massiliense, M. abscessus subsp. bolletii, M. fortuitum,
and M. chelonae isolates, respectively.70
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When combined with amikacin, clofazimine had a syn-
ergistic effect against 100%, 100%, and 48% of M. abscessus,
M. fortuitum, and M. chelonae isolates, respectively.71

Moreover, clofazimine and isepamicin had in vitro syner-
gistic activity against 100% of M. intracellulare isolates but
only against 50% of M. avium isolates.40

In vitro synergy against MAC has been discovered be-
tween ethambutol and several antimycobacterial agents,
including rifampicin, streptomycin, quinolones, and mac-
rolides.69,72e77 The best known combination is that of
ethambutol with rifampicin.

Although synergy appears to be clinically valuable
against individual NTM strains, the clinical implications of
in vitro synergy remain unclear.

Conclusions and future perspectives

The identification of NTM species is not straightforward.
New molecular-based methods enable superior discrimina-
tion between NTM, have shorter turn-around times, and will
gradually replace traditional methods of NTM identifica-
tion. In particular, the gene sequencing approach may
become crucial. Moreover, the selection of appropriate
antimicrobial treatment regimens for NTM diseases is
imperative. The true role of DST for NTM remains to be
uncovered, preferably by clinical trials.
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