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The mortality incidence from nontuberculous mycobacteria (NTM) infections has been steadily developing globally. These
bacterial agents were once thought to be innocent environmental saprophytic that are only dangerous to patients with defective
lungs or the immunosuppressed. Nevertheless, the emergence of highly resistant NTM to different antibiotics and disinfectants
increased the importance of these agents in the health system. Currently, NTM frequently infect seemingly immunocompetent
individuals at rising rates. This is of concern as the resistant NTM are difficult to control and treat. The details behind this
NTM development are only beginning to be clarified. The current study will provide an overview of the most important NTM
resistance mechanisms to not only antibiotics but also the most commonly used disinfectants. Such evaluations can open new
doors to improving control strategies and reducing the risk of NTM infection. Moreover, further studies are crucial to uncover
this association.

1. Introduction

Accumulated evidence confirmed the global importance of
nontuberculous mycobacteria (NTM) as one of the alarming
sources of opportunistic infections in human history [1].
The NTM refer to mycobacteria species other than the
Mycobacterium tuberculosis complex and M. leprae [2].
More than 200 NTM species were identified and some of
which are known as important infectious threats, especially
in industrialized countries [3, 4]. These bacterial agents exist
ubiquitous in the environment and are ubiquitously trans-
mitted by inhalation, ingestion, or direct inoculation in the
skin to develop infections [5]. Different NTM species are
distinct based on their growth rate, rapid (e.g., M. abscessus,
M. chelonae, and M. fortuitum) and slow growers (e.g., M.
avium complex and M. kansasii). Additionally, M. marinum
was introduced as an intermediate category between rapid
and slow growers [6, 7].

The variety between different NTM species faces clini-
cal laboratories with high challenges in the accurate detec-
tion of a real infectious agent, and following it makes high

complexity in the detection of exact antibiotic susceptibil-
ity, drug regimens, and treatment outcomes [8, 9]. In light
of the wide variety of NTM species and their importance
in clinics, effective control and proper drug prescription
are crucial [10].

Drug susceptibility testing (DST), as an established tool
in a laboratory, traditionally plays a significant role in the
delineation of the most effective drug regimens in different
NTM infections [11, 12]. Nevertheless, there are important
discrepancies between the results of DST measured in vitro
and the effectiveness of selected drugs in vivo for several
drugs except for macrolides and amikacin [13]. These short-
comings are partly driven by a lack of standardized labora-
tory methods, efficient control strategies, and monitoring.
However, it should be noted which NTM infections are
increasingly detected in clinics; therefore, giving attention
to DST should not be neglected [14]. To date, limited studies
have focused on acquired resistance mechanisms associated
with NTM infections against antibiotics and disinfectants
[15, 16]. The current study provides a summarized overview
of the mechanisms of drug resistance and drug regimens in
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NTM infections. The importance of disinfectants and detec-
tion of NTM species is briefly conferred as the scope of this
review.

2. Importance of Antimicrobial Resistance
Mechanisms of NTM Species

The effective treatment of NTM infections is highly chal-
lenging owing to several factors, such as costliness, time-
consumingness, toxicities, poor outcome, and appearance
of resistance at high levels. Resistance might be either intrin-
sic or acquired. The NTM are intrinsically resistant by some
mechanisms, such as impermeable cell walls, thickness, and
formation of granulomas which effectively decrease antimi-
crobial influx and protein expression that target antibiotics.
On the other hand, acquired resistance is generally related
to prolonged antibiotic prescription required to treat NTM
infections. Figure 1 illustrates the most probable intrinsic
and acquired resistance mechanisms detected in NTM spe-
cies. The utility of in vitro DST for handling NTM infections
remains challenging due to incompatibility between DST
results and clinical outcomes [8, 17]. Nevertheless, a stan-
dardized DST still plays a significant role in the choice of
the most effective drugs for the most optimized treatment
of different NTM infections, particularly for rapid growers.

For the most effective control, the Infectious Diseases
Society of America (IDSA) and the American Thoracic Soci-
ety (ATS) introduced some valuable diagnostic criteria for
the evaluation of patients suspected of NTM pulmonary
infections and prescription of appropriate drug regimens
[17]. In addition, the Clinical and Laboratory Standards
Institute (CLSI) addressed some criteria and recommenda-
tions for DST based on organism distribution, clinical data,
and the experience of NTM infections [7]. A clear associa-
tion has been detected for some drugs and special NTM
infections [8, 18]. Different drugs have been affecting the
targeted sites by several mechanisms such as suppression
of cell wall synthesis, suppression of DNA synthesis, sup-
pression of protein synthesis, and suppression of respira-
tory chain (Table 1).

Usually, the recommended drug regimen for most slow
growers consists of ethambutol, rifampicin, and a macrolide.
If the related infection is severe, amikacin or streptomycin
can be added. In the case of rapid growing infections, the
drug therapy is primarily prescribed based on the in vitro
results of DST. In these cases, DST is typically performed
for macrolides, aminoglycosides, fluoroquinolones, amika-
cin, imipenem, tetracyclines, linezolid, and trimethoprim-
sulfamethoxazole [17]. The rate of successful treatment of
NTM infections is related to the species type (e.g., 30-50%
in M. abscessus, 50-70% in M. avium complex, and 80-90%
in M. malmoense and M. kansasii infections) [19]. Based
on the results of the IDSA, ATS, and CLSI, the most impor-
tant resistant mechanisms identified for previously proper
NTM drug regimens consist of macrolides, quinolones, clo-
fazimine, linezolid, bedaquiline, aminoglycosides, sulfon-
amides, and tetracyclines [20].

Conceptually, the development and employment of
novel, safe, and more effective drugs count as a crucial med-

ical need to treat NTM infections. Although numerous eval-
uations have focused on different aspects of NTM isolates,
there have still been many questions in this research area.
The subsequent sections will discuss the informed data on
the action and resistance mechanisms of each effective eval-
uated drug in NTM infections.

2.1. Suppression of Cell Wall Synthesis

2.1.1. Ethambutol. Ethambutol is one of the major agents in
drug regimens of patients with some NTM slow growers,
such as Mycobacterium avium complex (MAC) and M. kan-
sasii infections. The prescription of this agent is limited for
rapid growers of NTM infections [20]. Ethambutol disrupts
the cell wall by the suppression of biosynthesis of arabinoga-
lactan and, to a lesser extent, lipoarabinomannan [21]. Eth-
ambutol resistance is acquired by a mutation in the embCAB
gene, frequently in codon 306 of the embB gene, which leads
to the inhibition of mycobacterial arabinosyl transferase
translation [22]. M. kansasii acquired ethambutol resistance
by M306I substitution in embB, in addition to G406P and
M423I alterations [23]. M. avium acquired ethambutol
resistance by the overexpression of embAB genes. M. smeg-
matis acquired this resistance by a point mutation in the
embB gene. However, the main genetic diversity for the
ethambutol resistance of M. kansasii and MAC is still
unidentified. The intrinsic mechanism of ethambutol resis-
tance is still uncharacterized, although embB polymor-
phisms might be associated with its intrinsic resistance in
some NTM species [24].

2.1.2. Beta-Lactams. Beta-lactams are prescribed as antitu-
berculosis agents, and clinically acquired resistance to them
has not been reported for NTM species [20]. Furthermore,
their intrinsic resistance might appear due to the effects of
cell wall permeability, the affinity of penicillin-binding pro-
teins (PBP), and the activity of β-lactamases [25]. Several
studies indicated the effects of each mechanism on NTM
species. For example, the effect of cell wall permeability
was previously evaluated in M. fortuitum, M. chelonae, and
M. smegmatis [25–27]. The association between the affinity
of PBP and β-lactams resistance of some NTM species was
also assessed inM. fortuitum,M. smegmatis, andM. abscessus
[27, 28]. Finally, the effect of β-lactamases was reported in the
resistance of M. avium, M. abscessus, M. fortuitum, and M.
smegmatis to different agents of β-lactams [29]. The only rec-
ommended beta-lactam for mycobacterial infections is imipe-
nem that is specifically used for rapid growers of NTM such as
M. chelonae, M abscessus, and M. fortuitum [30, 31].

2.1.3. Isoniazid. Isoniazid showed potent activity against
some NTM species, such as M. kansasii and M. xenopi
[32]. The action of this agent is based on the inhibition of
mycolic acid synthesis by targeting the acyl carrier protein
(ACP) reductase, the fatty acid synthesis II (FAS II)
enzymes, the FAS II enzyme β-ketoacyl-AcpM synthase
(KasA), InhA, or dihydrofolate reductase (DHFR). Overall,
most species of NTM are intrinsically resistant to isoniazid
due to the lack of catalase-peroxidase KatG, which is nec-
essary for its action [20]. The presence of an isoniazid
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efflux pump may also lead to its resistance [33]. The
acquired resistance of isoniazid to NTM was not compre-
hensively evaluated [20].

2.1.4. Vancomycin. Vancomycin is commonly used in clinics
against some NTM infections; however, most NTM infec-
tions are intrinsically resistant to this agent [20]. Vancomy-
cin inhibits mature peptidoglycan assembly. The reason for
the highest NTM resistance to vancomycin is the presence
of canonical binding sites for vancomycin in the mycobacte-
rial peptidoglycan, which might enhance cell wall permeabil-
ity [34]. The best-known mechanism for acquired resistance
to vancomycin is generally the presence of VanA or VanB;
nevertheless, it has not been defined for NTM species [20].

2.1.5. Delamanid. Delamanid is derived from nitro-dihydro-
imidazooxazole and often used in drug regimen of patients
infected with multidrug-resistant tuberculosis [35]. This
agent is also a potential choice of drug regimen of M. intra-
cellulare and M. avium infection [36]. Delamanid inhibits
synthesis of keto- and methoxy-mycolic acid [35]. Its resis-
tance among M. tuberculosis strains is infrequent. Neverthe-
less, increasing evidence highlighted its resistance tendency
and prolonged treatment courses. The resistance mecha-
nism to delamanid has not been well identified for NTM
isolates [10]. It is reported that MIC value of delamanid is

very variable and higher resistance has been showed for
M. kansasii [37, 38].

2.2. Suppression of DNA Synthesis

2.2.1. Fluoroquinolones. Fluoroquinolones are often sug-
gested for macrolide-resistant MAC and M. abscessus [8,
18]. Their action is dependent to inhibition of DNA synthe-
sis by disruption of topoisomerase IV and DNA gyrase, two
involved key enzymes in DNA supercoiling [31]. Resistance
mechanism to fluoroquinolones is usually introduced by dis-
ruption in DNA gyrase through mutations in the quinolone
resistance-determining region (QRDR) of gyrA and gyrB
genes [39]. Nevertheless, the frequency of gyrA and gyrB
mutations in MAC was reported in only a few studies, and
conflicting results were conveyed for M. abscessus isolates
[40, 41]. In other words, several studies showed fluoroquin-
olone resistance without any reports of gyrA and gyrB muta-
tions in NTM infections [23, 40]. Therefore, further
investigations are required to confirm the responsible loci
for fluoroquinolone resistance in addition to the QRDR of
gyrA and gyrB. Along with the gyrA and gyrB, topoisomerase
IV is also a target of fluoroquinolones. Topoisomerase IV
was not encoded in pathogenic NTM, such as M. avium
and M. abscessus; however, M. smegmatis and M. vanbaale-
nii encode this enzyme [20]. In addition, the LfrA efflux
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Figure 1: The most probable resistance mechanisms in NTM infections.
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pump was introduced in NTM resistance; nonetheless, the
importance of this mechanism is unclear [42].

2.2.2. Trimethoprim and Sulfonamides. Sulfamethoxazole, as
an important agent of trimethoprim and sulfonamides,
inhibits microbial folate metabolism and reduces nucleic
acid synthesis [43]. Their resistance has been indicated in
NTM infections; however, underlying mechanisms have
not been often explained. The intrinsic trimethoprim resis-
tance in M. avium and M. smegmatis correlates with dihy-
drofolate resistance of reductase [44].

2.2.3. SPR719 and SPR720. Recently, SPR719 and SPR720
(prodrug of SPR719) were introduced as a novel aminoben-
zimidazole by the inhibition of the ATPase activity gyrase
and topoisomerase IV [16, 45]. Preliminary analysis has
confirmed the antimicrobial efficacy of SPR719/720 against
sensitive and multiple-drug resistant M. tuberculosis [46].
In addition, its positive effect on MAC, M. abscessus, and
M. kansasii has been detected [46, 47]. Further advancement
of this novel agent is required for the most efficient treat-
ment of NTM infections.

2.3. Suppression of Protein Synthesis

2.3.1. Macrolides. Clarithromycin and azithromycin, as two
types of macrolides, are known as key drugs for NTM ther-
apy among most physicians [8, 18]. They show the elonga-
tion of peptide chains by binding to the peptide that is the
exit tunnel of the ribosome. Resistance mechanisms to clar-
ithromycin and azithromycin are almost always acquired by
a specific mutation, nucleotides 2058 and 2059, in the 23S
rRNA gene, which was identified in the early 1990s [15].
These mutations caused a base alteration in the critical
rRNA position (A2058 or A2059) involved in binding
macrolides and ribosomes. These point mutations have been
identified in clinical macrolide-resistance MAC isolates at
high frequencies [48]. Moreover, the acquisition of these
point mutations was identified inM. abscessus,M. fortuitum,
M. kansasii, and M. chelonae [49]. In addition, resistance
might be induced by encoding a ribosomal methyltransfer-
ase by the erm genes, including erm(38), erm(39), erm(40),
and erm(41) [20]. This resistance mechanism is identified
in M. abscessus, M. goodie, M. smegmatis, M. boenickei, M.
houstonense,M. neworleansense,M. fortuitum,M. porcinum,
M. mageritense, M. wolinskyi, and M. bolletii infections [50,
51]. The inducible macrolide resistance does not occur inM.
massiliense due to the deletion of the erm(41) gene [52].
Therefore, M. massiliense has a better response to
macrolide-based treatments [53]. M. abscessus and M. mas-
siliense might also acquire macrolide resistance by a point
mutation in the 23S rRNA gene [54].

2.3.2. Oxazolidinones. Linezolid and tedizolid are both used
against NTM infections. Linezolid is often recommended
for the therapy of MAC and M. abscessus [55]. This agent
binds the 23SrRNA and suppresses protein synthesis. The
resistance mechanism of linezolid, described in M. tubercu-
losis, is acquired by a mutation in rplC and 23S rRNA genes,
which is distinct from mutations involved in macrolide

resistance [56]. These mutations cause the inhibition of pro-
tein synthesis by binding to the peptidyl ribosomal transfer-
ase. The appearance of extensive toxicity after the prolonged
use of linezolid was identified as a significant concern in
clinical practice. Therefore, tedizolid and LCB01-0371 are
recently developed as more acceptable alternative agents to
linezolid [57]. LCB01-0371, as a novel oxazolidinone in
phase II clinical experiments, showed potential activity
against M. abscessus infections [58]. However, the resistance
mechanism, efficacy, and tolerability of linezolid and tedizo-
lid have not yet been defined for NTM isolates [10].

2.3.3. Aminoglycosides. Amikacin, gentamicin, kanamycin,
and tobramycin are known as major members of aminogly-
cosides. Recently, the administration of liposomal amikacin
for inhalation was introduced as a high-effectiveness agent
against the majority of NTM species [15, 59]. These agents
disturb the translation process and cause cell death by irre-
versibly binding to the 30S ribosomal subunit of bacteria.
Resistance mechanism to them might be primarily acquired
by a unique mutation in the 16S rRNA gene (rpsL) gene that
leads to the modification of the 30S ribosomal subunit [20].
This point mutation, A1408G, is detected in MAC,M. chelo-
nae, M. massiliense, and M. abscessus [41, 60]. Additional
mutations, T1406A, C1409T, and G1491T, associated with
aminoglycoside resistance were also observed in M. absces-
sus [61]. Acetyltransferase inactivates aminoglycosides and
plays a significant role in acquired and intrinsic resistance
to these agents in NTM infections similar to other bacteria
[20]. In addition, aminoglycoside phosphotransferases are
expressed by some resistant NTM species, including M. for-
tuitum,M. abscessus, andM. avium [62]. Nevertheless, some
evaluations indicated that resistance by aminoglycoside
phosphotransferases is likely to be unusual for most NTM
species [20].

2.3.4. Tetracyclines. Tetracycline and doxycycline reversibly
bind to the 30S ribosomal subunit at multiple points and
suppress protein synthesis [63]. They block binding of tRNA
and mRNA-ribosome complex and inhibit elongation of
peptides. Tetracycline resistance NTM is acquired by ribo-
some protection proteins expressed by otr(A) and tet(M)
genes, which are homologous critical elongation factors for
correct ribosome function [64]. In addition, the increased
resistance of tetracyclines in NTM species is acquired by
Tet and Otr efflux pumps, which is homologous with some
founded genes in other bacteria, such as tet(L), tet(K), tet(V),
and otr(B). Tap was introduced as a specific tetracycline
efflux pump NTM species [65].

2.3.5. Tigecycline. Tigecycline was recently introduced as
potential agents against NTM infections. Tigecycline is typ-
ically prescribed in M. abscessus infections; however, its use
is limited due to probable side effects [66]. Overall, tigecyc-
line has been introduced as the only practical drug in the
chemotherapy of M. abscessus and M. chelonae infections
[66]. This agent suppresses protein synthesis by binding to
30S ribosomal subunit and preventing the acyltRNA bind-
ing. However, tigecycline resistance might be acquired by

6 BioMed Research International



Tet(X) enzyme; nevertheless, its common acquired resistant
mechanisms have not yet been conferred for clinical NTM
species [67].

2.3.6. Rifampin. Similar to ethambutol, rifampin is one of the
key agents for the drug regimens of patients withM. kansasii
and MAC infections. This agent suppresses the DNA-
dependent RNA polymerase of bacteria by binding to it that
is encoded by the rpoB gene. Rifampin resistance is acquired
by a mutation in a unique region of the rpoB gene that is
identified as the rifampicin-resistance-determining region
(RRDR) [68]. The rpoB gene encodes the β-subunit of bacte-
rial RNA polymerase [15]. The mutation in the RRDR is
often detected inM. kansasii than MAC. Several clinical iso-
lates of MAC and M. ulcerans were identified by harbored
mutations in the rpoB gene (including codons 513, 516,
526, and 531 of RpoB) [69]. M. smegmatis and M. abscessus
intrinsically reduced the function of rifampin by the expres-
sion of the arr gene [20]. Overall, resistance to rifampin and
clarithromycin should be tested in induced infections by M.
kansasii and MAC isolates [11].

2.4. Suppression of Respiratory Chain

2.4.1. Bedaquiline. Bedaquiline is mostly suggested in drug
regimens of multidrug-resistant tuberculosis and M. leprae.
Bedaquiline has been recently prescribed for MAC and M.
abscessus infections [70]. A study exhibited the highest activ-
ity of bedaquiline against M. avium, M. abscessus, and M.
massiliense than M. fortuitum [71]. Bedaquiline action is
dependent to suppression of NTM respiratory chain. This
agent suppresses the product of the atpE gene, a mycobacte-
rial ATP synthase, and leads to cell death because of lack of
ATP production [72, 73]. Resistance mechanisms to beda-
quiline are acquired by mutations in atpE, mmpT5, and
pepQ genes [71, 74]. Some NTM isolates, such as M. avium,
M. intracellulare,M. kansasii,M. abscessus,M. flavescens,M.
massiliense, and M. fortuitum isolates, have infrequently
shown mutations in atpE [71, 75]. Some bedaquiline resis-
tance M. intracellulare isolates also showed mutations in
mmpT5 [74]. A cross-resistance has been strongly exhibited
between bedaquiline and clofazimine inM. tuberculosis [76].
Overall, further evaluations are required for a better under-
standing of bedaquiline resistance mechanisms in NTM
infections.

2.4.2. Clofazimine. Clofazimine has been prescribed in drug
regimens for MAC and M. abscessus infections since the
1990s [77]. The oral administration of clofazimine is well
tolerated in almost all species of NTM [78]. Moreover, the
real action of clofazimine is not well described; nevertheless,
available evidence has suggested that it inhibits bacterial
proliferation by binding to its DNA strand and blocking
the function of template strands of DNA and intracellular
redox cycling [77]. In addition, this drug agent might inter-
rupt bacterial cell membranes by affecting phospholipids.
Resistance mechanism to clofazimine is frequently identified
inM. tuberculosis by mutations in themmpR5 and occasion-
ally in the pepQ genes [79]. The mmpL5 mutations lead to
the limitation of encoding a transcriptional regulator by

mmpL5, thereby inducing the expression of an efflux pump,
MmpS5-MmpL5 [79]. Some mutations related to clofazi-
mine resistance were also identified in M. abscessus, such
as MAB_0540, MAB_2299c, and MAB_1483 [80]. M. intra-
cellulare also showed some mutations in the mmpL5 gene.
However,M. avium isolates, despite being clofazimine-resis-
tant, did not show any related mutations [81]. Such results
highlighted the need for further evaluation of clofazimine
resistance in NTM infections.

3. Importance of Disinfection Mechanisms of
NTM Species

As previously mentioned, NTM isolates commonly exist
ubiquitously and are easily transmitted, particularly among
hospital patients. It is assumed that the source of the major-
ity of NTM infections is environmental NTM [82]. Consid-
ering that there is no optimized detection and treatment
against NTM isolates, appropriate strategies need to be taken
to minimize and control their spread [83]. Therefore, steril-
ization and use of disinfectants play a crucial role in proper
NTM control, especially in medical care units [84]. None-
theless, different NTM species have presented strong resis-
tance to different disinfectants and have typically drawn
more attention in the studies related to disinfectant-
resistant bacteria [85]. The most important reasons for
disinfectant-resistant NTM are their thick, waxy, and hydro-
phobic cell surface rich in mycolic acids, clump formation,
and accumulation in the biofilms [86]. It is required to intro-
duce an economical and effective disinfectant against NTM
species. The subsequent sections will discuss the effect of
some disinfectants on NTM species.

3.1. Chlorine and Ozone. The NTM species are more resis-
tant to chlorine and ozone disinfection. Their activity is
dependent on the strain, concentration, time of interaction
with NTM species, and other environmental factors, such
as pH, temperature, and condition of isolation of NTM spe-
cies (isolated from culture media or natural water) [86]. As a
strong sterilization system with a low cost, chlorination is
often used to obtain high-quality water and offers residual
disinfection [82, 83]. However, some bacteria, particularly
several NTM isolates, can overwhelm chlorine disinfection
[84, 87]. Some studies reported the high viability of M. for-
tuitum and M. avium rather than Escherichia coli during
chlorine disinfection [87, 88]. In addition, high tolerance of
M. chelonae, M. mucogenicum, M. fortuitum, M. gordonae,
and M. aurum against chlorine disinfection has been
reported [87, 89]. To date, despite the high importance of
NTM isolates during chlorine disinfection, the influencing
mechanisms and factors have rarely been evaluated. The
formation of being spiked with M. terrae increases the
aggregation and clump formation of NTM, specifically in
wastewater, and is a strong reason for the chlorine resis-
tance of M. terrae [5].

3.2. Glutaraldehyde and Amine. Glutaraldehyde-resistant
strains of M. chelonae and peracetic acid-resistant strains
have been isolated from environmental samples. It is vague

7BioMed Research International



whether the glutaraldehyde resistance of M. chelonae is an
acquired or intrinsic characteristic. Even a mixture of several
aldehydes cannot overcome glutaraldehyde-resistant strains.
Therefore, an alternative disinfectant, such as glucoprota-
min, might show beneficial effects. Glucoprotamin is intro-
duced as a new amine derived that often shows good
efficiency against most of the different NTM isolates, such
as M. smegmatis, M. avium, M. kansasii, M. terrae, and M.
xenopi, except for M. chelonae [90, 91]. Most other disinfec-
tants are not notably efficient inM. avium.M. bolletii andM.
massiliense have indicated more resistance against an acetic
acid solution [92].

3.3. Ultraviolet Irradiation. Ultraviolet (UV) radiation has
been revealed as the most effective sterilization system in
the inactivation of most microbes by affecting DNA. How-
ever, limited evidence showed the mechanism of UV radia-
tion’s impact on the inactivation of NTM species [86]. The
NTM species are likely more resistant to sterilization
methods by UV radiation. Two studies previously reported
the UV inactivation of M. tuberculosis and M. avium based
on dosimetry [93]. Nevertheless, the detailed dosimetry of
these studies was not confirmable according to the details
of the publications. In addition, the resistance of M. terrae
to UV radiation was observed because it tended to aggrega-
tion and clump formation [86]. Other studies reported that
the complete elimination of M. fortuitum needed a longer
time or dose of UV exposure rather than M. marinum [83,
94]. Moreover, the impact of UV radiation on the inactiva-
tion of M. avium and M. intracellulare is measured [95].

3.4. Other Disinfectants. The efficacy of calcium hypochlorite
against M. fortuitum was reported higher than that against
M. marinum [83]. A study introduced some available agents
for efficacy against NTM infections and general disinfection
of equipment in the aquaculture industry [96]. For example,
it is stated which sodium hypochlorite at high doses is
required for NTM infections. Additionally, formaldehyde is
known as a highly effective agent against NTM species;
nonetheless, it is a potential carcinogen and is usually used
for equipment. Alcohols are commonly used for equipment
and surfaces; however, the resistance of some NTM to these
compounds has been reported [97]. In addition, quaternary
ammonia, iodophors, phenolics, and autoclave tools can be
effective against NTM species. The results of another study
indicated higher resistance of M. immunogenum than other
tested organisms against formaldehyde, isothiazolone, and
phenolic biocide [98].

4. Summarized Points in DST of NTM Species

With regard to the variability of NTM species in the results
of drug therapy and outcomes, their accurate identification
and standard antibiotic susceptibility attracted great interest
[99]. The first consensus document on the DST of mycobac-
teria was published in 1963 [100]. For several years, different
methods for DST of NTM isolates have been tested [13, 20].
The common techniques for DST in bacteriology laborato-
ries are typically used for rapid growers of NTM species;

nevertheless, unique DST methods designed for M. tubercu-
losis are often applied to slow growers. The foundation of
different methods of DST is based on three procedures,
including the absolute concentration, resistance ratio, and
proportion methods [13]. The cutoff point of resistance is
provided for all three methods. This was derived based on
the determination of the minimum inhibitory concentration
(MIC) of series wild-type M. tuberculosis which is isolated
from patients who had no contact with other patients under
antituberculosis treatment [100]. Among these three proce-
dures, the resistance ratio method is frequently used for M.
tuberculosis than NTM isolates [101].

The determination of MICs is often based on absolute
concentration methods. The MICs are broadly adapted for
DST NTM isolates; nevertheless, MIC resistance cutoff
points have not been correctly determined and clinically val-
idated [102]. The determination of MIC is according to
inoculating broth media and various concentrations of drugs
to be tested for critical concentration of inhibitory of stan-
dardized inoculated NTM isolates. The resistance is defined
as growth over than 1 : 100 dilution of inoculum of medium
without the drug [100]. Generally, MICs are based on broth
macrodilution or broth microdilution. Two main methods
for broth macrodilution include BacTec 460 and Mycobacte-
rial Growth Indicator Tube (MGIT) [13]. The broth macro-
dilution is usually defined for slow growers, and due to
difficulty in clinical results in their interpretation, these
methods are less approved for rapid growers of NTM [13].
However, the suitability of broth microdilution is confirmed
for rapid growers of NTM species. Furthermore, this method
is developed for slow growers by applying the Middlebrook
7H9 medium [103].

The disk diffusion method is based on the proportion
method. The foundation of this method is placing a disk
with the standard quality of a unique drug on an agar
medium which is inoculated by the test isolate [7]. The
results are interpreted based on the inhibition zone of
growth. The utility of this method is difficult to adapt for
slow growers of NTM. Therefore, to provide the growth
of all NTM species, some booster factors, such as albumin,
catalase, oleic acid, and dextrose, were added to the agar
medium [104]. In addition, disk elution was approved for
the DST of some NTM isolates, such as M. fortuitum
and M. marinum [105]. In this method, the fixed quanti-
ties of drugs are added to the medium, and the results
are determined based on growth or no growth at a related
concentration [7].

Epsilon tests are termed “E-tests,” known as a strip
standardized with a continuous logarithmic MIC measure-
ment that covers 15 twofold dilutions of the test drug.
The related strips are placed on an agar medium in which
a suspension of NTM isolates with a preset inoculum is
swabbed [13]. The most significant limitation of E-tests’
utility for NTM isolates, particularly for rapid growers, is
that they were calibrated for MIC readings after 18-24
hours of incubation [13].

Most resistant NTM isolates harbor unique mutations,
which are pointed in the previous sections, easily detected
by different molecular methods [13]. The utility of
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sequencing some target genes and comparisons with related
reference genes of wild-type strains of the same species have
been developed, particularly for MAC, M. abscessus, and M.
kansasii [13, 50, 60]. Such methods count as beneficial tools
to confirm the relationship between particular susceptibility
profiles and clinical impact [13]. With time, introducing the
whole genome sequencing method suppressed earlier molec-
ular tests, such as single-target sequencing methods and line
probe assays [13].

5. Perspectives

Emerging scientific evidence on the importance of resistance
in NTM infections continues to be clarified and refined.
Currently, due to the widespread use of disinfectants, partic-
ularly on account of the marked coronavirus disease 2019
pandemic, resistance to disinfectants needs to be better clar-
ified than antibiotics in this field. Generally, the evaluations
of NTM resistance can be typically effective in devising
innovative control strategies and fighting for their develop-
ment; therefore, such evaluations have become an urgent
topic for future research. This study tried to provide an over-
view of the resistance mechanisms of the salient antibiotics
and disinfectants during different NTM infections.
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