Kalpana et al. | J Pure Appl Microbiol | 16(2):814-824 | June 2022
Article 7420 | https://doi.org/10.22207/JPAM.16.2.41
Published Online May 27, 2022
Print ISSN: 0973-7510; E-ISSN: 2581-690X

Review Article

OPEN ACCESS

A Comprehensive Review and Update on
Epidemiology, Symptomatology and Management
of Nontuberculous Mycobacteria (NTM)
T. Kalpana1*, M. Mugunthan2, Noyal Maria Joseph3
and Kalaiarasan Ellappan4
Department of Virology, CMC Vellore, Tamil Nadu, India.
Department of Microbiology, AIIMS Kalyani, West Bengal, India.
3
Department of Microbiology, JIPMER, Pondicherry, India.
4
ESIC Medical College, Bangalore - 560 010, Karnataka, India.
1
2

Abstract
Nontuberculous mycobacteria (NTM) are free-living organisms ubiquitously present in the environment.
In recent times, NTM gained much importance due to the increase in incidence globally. They are potential
agents in causing both pulmonary and extrapulmonary infections in both immunocompromised and
immunocompetent individuals. The problem arises when the possible NTM cases are misdiagnosed as
drug-resistant tuberculosis (DR-TB). Hence, it is essential to correctly identify the NTMs causing disease
due to two major reasons. One is to prevent clinicians from starting anti-tuberculous drugs and the other
is that treatment regimen differs for certain NTM from tuberculosis. Apart from conventional methods
like smear microscopy, culture, in the current era newer diagnostic modalities like matrix-assisted laser
desorption of ionization-time of flight mass spectrometry (MALDI TOF MS), line probe assay, genomic
sequencing, are used in referral laboratories which allows identification and speciation of the organism.
A thorough literature search was done in PubMed, Google Scholar, Cochrane Library, Embase, Scopus
on nontuberculous mycobacteria. The search keywords include nontuberculous mycobacteria, atypical
mycobacteria, case reports, and original articles on NTM. In this review, we have summarised the
current knowledge on epidemiology, pathogenesis, clinical features, and treatment of NTM.
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Introduction
Discovery and classification of atypical
mycobacteria
In the hunt for Koch bacillus in the
environmental sources, several mycobacteria
were isolated from soil, water, cheese, animals,
etc. In 1935 Pinner called these organisms
atypical organisms. Costa Cruz in 1938 isolated
Mycobacterium fortuitum from abscess followed
by Linell and Norden in discovering Mycobacterium
marinum in 1952. An important pathogenic NTM
identified by Buhler and Pollak from a necropsy
was later named Mycobacterium kansasii in 1955
by Hauduroy. Pigmented NTM that produces a
yellow-orange colony in a dark and red colony
on exposure to light was named Mycobacterium
scrofulaceum by Prissick and Masson in 1957. In
the same year, Battey bacillus was identified from
a patient’s sputum in Battey state tuberculosis
hospital in Georgia. Later in 1977, a strain isolated
from patients in Malmo, a place in Sweden was
given the name M. malmoense. The next year from
a Hodgkin's lymphoma patient Mycobacterium
haemophilum was isolated. From an HIV patient
in Genavense in 1991 Mycobacterium genavense
was isolated.1,2
More than 200 species of NTM are
prevalent globally but only a few species have
pathogenic potential. There are rapidly growing
mycobacteria (RGM) containing six groups
which include M. fortuitum group, M. chelonae
abscessus group, M. mucogenicum group,
M. smegmatis group, early pigmenting RGM,
non pigmented groups. M. fortuitum group
includes M. fortuitum, M. neworleansense, M.
peregrinum, M. brisbanense, M.senegalense,
M. setense, M.boenickei, M. houstonense,
M. chelonae abscessus group includes M.
chelonae, M. salmoniphilum, M. saopaulense
M. franklinii, M. immunogenum, M. abscessus.
M. mucogenicum group contains three species
namely M. mucogenicum, M. aubagnense, and
M. phocaicum. M. smegmatis group includes
M. smegmatis and M. goodii. Early pigmenting
RGM includes M. flavescens, M. vaccae, M.
psychrotolerans, M. phlei, M. neoaurum, M.
canariasense, M. cosmeticum. M. celeriflavum,
M. hippocampi, M. anyangense, M. mageritense,
M. wolinskyi are the sixth group of non pigmented
species. Slowly growing mycobacteria include
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Mycobacterium avium complex, M. xenopi,
M. kansasii, M. simiae complex, M. terrae–M.
nonchromogenicum complex, M. szulgai, M.
malmoense, M. scrofulaceum.3
Epidemiology
In the 20 th century, mycobacteriosis
occurred in small numbers due to rare interactions
between the NTM and host. But at present due to
multifactorial factors, the incidence of NTM related
infections are on the rising trends.4
Environmental factors
Two models which include the “susceptible
dose” and “unusual dose” model for disease
acquisition are described.5 Susceptible model
states that irrespective of the level of exposure
to the pathogen individual will get the disease
and the unusual dose model states that increased
dose of the bacteria leads to the disease besides
the immune status. The name ‘Environmental
bacteria’ as such explains the wide distribution of
the organism which includes plumbing system in
households, water distribution system in hospitals,
drinking water supply system, hot tubs and spas,
potting soil, household aerosols, metal removal
fluid system, refrigerated water and ice, catheters,
heated nebulizers, vacuum cleaners.5-7
M yco l i c a c i d s , a ra b i n o ga l a c ta n ,
trehalose containing lipooligosaccharides,
glycopeptidolipids, and phenolic glycolipids are
responsible for hydrophobic surface and increased
thickness of NTM both of which are responsible
for adherence to the above surfaces and biofilm
formation.8 Characteristic features like the ability
to resist high temperature and requirement of very
low level of oxygen and nutrition contribute to its
successful survival in the environment.9
Due to overlapping of habitats of protozoa
like Acanthamoeba castellanii and certain NTM like
M. scrofulaceum, M. avium, phagocytic protozoa
plays a very important role in the epidemiology
and ecology of these atypical mycobacteria.10 88%
of amoeba-like Acanthamoeba, Echinamoeba,
Protacanthamoeba, Vermamoeba from drinking
water was found to contain M. chelonae and
M. llatzerense both of which showed increased
resistance to antibiotics.11 M. avium identified
from a patient with NTM lung disease was isolated
from the patient’s home showerhead biofilm.12
M. intracellulare has been frequently recovered
from potable and house hold water supply. 13
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M. chimaera found in heater-cooler units used
during open-heart surgery caused an outbreak
that has provided challenges to the medical field.14
M. fortuitum isolated from pedicure associated
whirlpool footbath 15 and M. chelonae from
contaminated water used for diluting tattoo ink
has been documented in causing skin infections.16
Thorel et al. stated that 85% of soil, mosses,
woods contained M. chelonae, M. fortuitum,
and M. kansasii thus proving their distribution
in mountain elevations.16 Australian ringtails and
brushtails possums are the potential reservoirs of
M. ulcerans.17 M. avium isolated from pigs showed
some similar genetic characteristics to those that
were isolated from humans as a result of which
pigs were considered as an important source of
infection.18 M. marinum which is present in aquatic
environments and mostly coinhabit aquatic
organisms like shellfish, shrimp, eels, oysters, etc is
associated with fish tank granulomas in humans.19
M. fortuitum has been recovered from the tissue
of feral buffaloes and raw milk.20
In health care settings NTM related
infections occurring in hospitalized patients ranges
from colonization to outbreaks. 60% to 100% NTM
colonization is found in hemodialysis units and
hospitals. Outbreaks related to NTM injection
site abscesses due to the use of contaminated
syringes and reusable injection devices are
reported. Infections of central venous catheters
and NTM cardiac pacemaker infections are also
documented. Bronchoscope suction valves and
channels commonly get colonized with NTM
mycobacteria, which leads to transmission of
NTM to uninfected patients. 21 Contaminated
otolaryngostomy equipment and tympanostomy
tube placement has led to M. chelonae otitis media
and M. fortuitum mastoiditis.22,23
Host factors
Three main groups which include
immunocompromised patients, the ageing
population, and malnutrition are highly
susceptible to NTM. It occurs at an increased
level in susceptible populations called mendelian
susceptibility to mycobacterial disease (MSMD).24
Immunocompromised conditions like AIDS,
anti-cytokine autoantibody, intake of TNF alpha
inhibitors like infliximab, adalimumab, steroidal
consumption increases the risk.25 Incidence of
NTM is also expected to increase in the elderly
Journal of Pure and Applied Microbiology

population. Elderly men with risk factors like
alcohol consumption, smoking, chronic pulmonary
obstructive disease, bronchiectasis, cystic fibrosis,
and elderly women without the above-mentioned
risk factors are highly susceptible.26 People with
malnutrition may have a defect in inspiratory drive
and weakness of inspiratory muscles which leads
to defect in clearance mechanism. Eating disorders
like anorexia nervosa by causing alteration in the
immune system increases the risk of infection.27
Agent factors
A. Global distribution of NTM
Geographical distribution of NTM helps
to gain information about the factors that are
responsible for causing NTM lung disease (NTMLD) highly specific to a location. Mycobacterium
avium complex (MAC) is the common organism
isolated worldwide followed by rapidly growing
mycobacteria like Mycobacterium abscessus and
Mycobacterium fortuitum. 80% of lung diseases
associated with Non-tuberculous mycobacteria
are caused by Mycobacterium avium complex, M.
kansasii in the United States, and M. abscessus
from Southeastern parts of U.S.28 In northern
Europe MAC and in Southern Europe M. xenopi
were isolated predominantly. M. kansasii is
the most common NTM in London and United
Kingdom. M. lentiflavum and M. gordonae are
the predominant species isolated in Greece and
Canada, respectively. M. intracellulare was isolated
commonly in Australia with M. abscessus being
commonly recovered from Southern Australia.
MAC species predominantly M. intracellulare has
been increasingly reported from China. In Taiwan
MAC is common in the north and M. abscessus in
the south. In Gulf countries, MAC and M. abscessus
are the most common NTMs. MAC, M. simiae, and
M. marinum were frequently observed in Omen.
M. fortuitum and M. flavescens are more prevalent
in Iran. M. abscessus is more common in Singapore.
M. abscessus, M. fortuitum, and M. intracellulare
are common in Indian subcontinent.29
B. Global prevalence of NTM
The prevalence and incidence of NTM
have increased globally.30 According to a study
conducted in the United States in 2013, the
prevalence was estimated to be 13.9 per 100,000
population. 31 Prevalence of NTM pulmonary
disease in Germany is about 3.3 cases per 100,000
population during 2009–2014.32 A multicenter
816

www.microbiologyjournal.org

Kalpana et al. | J Pure Appl Microbiol | 16(2):814-824 | June 2022 | https://doi.org/10.22207/JPAM.16.2.41

study from Japan has shown the incidence of
NTM pulmonary disease to be 10.1 per 100,000
population during 2001–2009.33 Age-adjusted
incidence and prevalence was estimated to be
17.9 and 33.3 per 100,000 population in Korea in
2016.34 Iranian study conducted in 2021 showed
the prevalence to be less than 15%.35
C. Indian prevalence of NTM
The prevalence of NTM in India varied
from 0.7% to 34%. 36 According to a study in
Northern India prevalence was estimated to be
about 29%.37 In Chandigarh, the incidence of NTM
was estimated to be around 7.4% and in Delhi, it
was found to be 8.3%.38 Prevalence in pulmonary
specimens was around 17.4% in Kolkata.39 In south
India, the prevalence of NTM was around 3.9%,
according to a study in Vellore.40 In our study we
found the prevalence to be 1.1% with 0.7% among
pulmonary specimens and 0.4% among extra
pulmonary specimens.41
D. Virulence factors
The most important virulence factor is
the thick waxy cell envelope. They protect them
from host defense and antibiotics. Lipids account
for 60% of the cell envelope compared to the
gram-negative bacteria which have only 20%.42
Two types of glycopeptidolipids (GPL) namely
non-specific GPL and serovar-specific GPL are
the other important virulence factors of NTM.
Biofilm formation and the characteristic sliding
motility are mainly induced by these GPL. 43
Lipoarabinomannan (LAM) is the next most potent
virulence factor for NTM. According to the caps
that are covering the LAM they will be called
MANLAM, PILAM, AraLAM.44
E. Pathogenesis of NTM
NTM are initially bound to macrophages
through fibronectin receptors, complement
components like C3b and C4b, and receptors for
mannose and fucose residues of the mycobacterial
cell wall on their surface. The atypical mycobacteria
that were bound to the macrophages will be
phagocytosed. These mechanisms by which NTM
were able to enter macrophages demonstrate that
the intracellular niche provides survival adaption
for the bacilli provided that the phagocytes are
not sensitized to kill the bacilli. Production of
defensins, toxic oxygen products, and acidification
will take place to kill the intracellular bacilli.45
But the NTM was able to evade the above host
Journal of Pure and Applied Microbiology

defenses by the inhibition of phagosome-lysosome
fusion, intracellular anaerobic environment,
induction of Genes that enhance replication,
down regulating Bcl-2 gene. As a result of which
apoptosis of macrophages will be induced.46
Macrophages process atypical
mycobacterial antigens and present them to T
lymphocytes. This results in the expansion of T
lymphocyte that recognizes those atypical antigens
and forms the basis of both immunologic memory
and acquired immunity which are highly specific
to host defense against mycobacteria. Once
CD4 lymphocytes have been recruited to the
site of mycobacterial infection they will secrete
interleukin 2 and interferon-gamma. Both of
them will activate macrophages and will increase
cytotoxic lymphocyte activity.
If the inhaled organism survives its initial
host defenses within the alveolar macrophages,
then macrophages and monocytes will be
recruited to the site of infection. The CD4 cells then
will interact with infected macrophages leading
to either destruction of infected macrophages
or intracellular destruction of the mycobacteria.
Among the immune cells, T helper lymphocytes
form the basis of acquired immunity and natural
killer (NK) cells form the basis of innate immunity.
These events will be demonstrated
histopathologically in the formation of granulomas
where the infected foci will be surrounded by
epithelioid cells and other inflammatory cells. But
areas of fibrosis and necrosis will be encountered
in the nearby areas due to the release of certain
enzymes which will be cytolytic. Two forms of
pulmonary disease namely the fibrocavitary and
fibronodular forms occur due to the above-stated
events.47
Role of cytokines
Cy tokines predominantly having
antimycobacterial immune response are the
interleukin-12 (IL-12), tumor necrosis factor-alpha
(TNFa), and interferon (IFN) gamma. IL-2 enhances
the ability of NK cells to lyse NTM -infected
monocytes. Once IL-12 has binded it will result
in the transcription of IL-12 responsive genes
mainly the IFN-gamma. After the release of IFNgamma, the production of superoxides and nitric
oxide will be enhanced through the activation
of neutrophils, macrophages. IFN-gamma also
decreases lysosomal pH, increases the surface
817
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display of MHC molecules and Fc receptors. It
has been proved that IFN-gamma increases the
intracellular concentration of certain antibiotics.
TNF-alpha produced by activated macrophages is
an important immune modulator for mycobacterial
infection. The release of TNF-alpha is stimulated
by IFN-gamma and once produced it will be
responsible for the IFN-gamma’s antimycobacterial
effects.48
Evasion of the host response
Mycobacteria evade the host immune
responses by several defense mechanisms. The
most important ones are biofilm formation and
inhibition of inflammatory cytokine production.
These mechanisms promote both colonization
and invasion of the bronchial epithelium.
Mycobacterial cell wall plays an important role
in host evasion by scavenging toxic oxygen
intermediates, downregulating the lymphocyte
proliferation, inhibiting the production of cytokine,
blocking the acidification of phagocytes. The
glycopeptidolipids (GPL) produced by NTM form
a layer that covers the mycobacterial TLR2 ligand
phosphatidyl-myo-inositol mannosides, thereby
preventing the glycolipid from being recognized
by TLR2.49
Biofilm formation is an effective survival
strategy for environmental NTM. NTM in biofilms is
highly resistant to disinfectants thereby making the
eradication of NTM a troublesome process. They
are resistant not only to disinfectants but also to
antimicrobial drugs. Resistance to antibiotics may
be due to enhancement of virulence in biofilms.50
Clinical features
Clinically infections caused by nontuberculous mycobacteria manifest as pulmonary
infections, lymphadenitis, skin, and soft tissue
infections and then disseminated form.
Pulmonary infection
The pulmonary form remains one of
the most common forms of NTM infections.51
They are predominantly community-acquired.
Pulmonary symptoms caused will be highly nonspecific. Pulmonary disease constitutes nearly
85% of total cases. Patients with conditions like
cystic fibrosis, emphysema, and bronchiectasis are
prone to acquire NTM infections. Mycobacterium
avium complex (MAC), Mycobacterium kansasii,
and Mycobacterium abscessus are the frequently
encountered species. Nodular bronchiectasis
Journal of Pure and Applied Microbiology

and upper lobe fibrocavitary disease are the
two important forms of pulmonary NTM. 52
The characteristic feature is the formation of
granulomatous lesions in the respiratory tract
which in due course of time leads to cavitation.
The radiological feature in pulmonary form may
be bronchiectatic or thin-walled cavity or nodule
formation. In Asia, MAC was reported in 68% of all
cases and RGM such as M. abscessus, M. chelonae,
and M. fortuitum accounted for 14% of all cases.53
In our study we found pulmonary infections to be
predominantly caused by M. intracellulare (26.6%)
followed by M. abscessus (17.7%) and M. kansasii
(12.7%).41
Lymphadenitis
It occurs most commonly in children less
than 5 years of age. Submandibular nodes are the
most common lymph node involved in 87 percent
of cases. It is followed by preauricular nodes in
9 percent and submental nodes in 3 percent of
cases. Rarely supraclavicular nodes are involved.54
the main route of entry for causing cervical
lymphadenitis is the oropharyngeal mucosa or
following penetrating trauma. Adults are affected
if underlying comorbidities are present. Involved
nodes gradually increase in size and mostly they
will be unilateral. Occasionally they will rapidly
increase in size leading to sinus tract formation
once they have ruptured. Systemic symptoms
occur if the nodes are infected secondarily by
other bacterial infections. Histopathology plays
a very prominent role in the identification of
NTM related lymphadenitis. MAC contributes to
80% of lymphadenitis cases. In India common,
NTM involved in causing lymphadenitis are M.
scrofulaceum, M. avium complex, M. kansasi,
and M. fortuitum.55 Decreased echogenicity were
detected in ultrasound in earlier stage preceded
by edema in surrounding soft tissue, matting of
the nodes in the latter. CT scan shows a hypodense
lesion in the center with ring enhancement and
also the absence of fat strands in the nodes
which helps to distinguish them from bacterial
lymphadenitis.56
Skin and soft tissue infections
Individuals acquire the infection by either
the abrasion of the skin or through the penetrating
injury. Especially after trauma in water bodies
like swimming pools, paddling pools, and injuries
following procedures like surgical and dental
818
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tenosynovitis caused by M. marinum infections
have been reported.59
One of the neglected diseases that
are caused by NTM which requires increased
surveillance is the bankruptcy wound also known
as Buruli ulcer caused by M. ulcerans. Other names
for this ulcer are Searls ulcer, Mossman ulcer, or
Kumasi ulcer. Although the highest number of
cases is found in Africa, the disease has also been
documented in America, Asia, and the Pacific
regions. Presenting as a painless lesion in the form
of a nodule which eventually undergoes necrosis
and forms an ulcer. The manifestation of this
pathogen is due to the production of a toxin called
mycolactone which binds to WASP protein and
SEC61 and causes cell death. According to World
Health Organization, lesion caused by M. ulcerans
is classified into three categories. Based on the size
and type of lesions they are categorized as the first,
second, and third categories. Lesions less than 5
cm are considered as first and the lesion between
5 to 15 cm comes under the second category and
those that are more than 15 cm or involve sites
like bones, eyes, and breast are called the third
category. Again category three is classified into
three groups as 3a, 3b, and 3c if there is additional
involvement of bone in the form of osteomyelitis,
at sites that are critical and numerous tiny lesions
respectively.60
Disseminated form of NTM
Disseminated form of the NTM infections
occurs in immune-compromised patients causing
vague symptoms like high-grade fever, night
sweats, weight loss, hepatosplenomegaly. The most
common atypical organism causing disseminated
forms are M. avium complex, M. genavense.
Patients at high risk of acquiring disseminated NTM
infections include AIDS patients if the CD4 count is
less than 100/µL, patients receiving treatment for
the inflammatory disease by consuming antibodies
against interferon-gamma and hemodialysis
patients. Genetic susceptibility was observed in
those patients in which HIV is negative.61 In our
study we found the extrapulmonary infection
to be predominantly caused by M. intracellulare
(21.1%) followed by M. scrofulaceum (15.8%) and
M. fortuitum (10.5%).41
Treatment
Mere isolation of NTM cannot be
considered for starting treatment. NTM causes

sections, there are high chances of acquiring NTM
infections. Infection can also occur at the site
of vascular catheters, tattooed areas, or at the
piercing site.
The lesions caused by NTM will be
polymorphic consisting of ulcers, papules, plaques,
or nodules. Initially begins as induration which
will be progressing slowly and this indurated
area will ulcerate in a few weeks. Except for
lesions caused by Mycobacterium haemophilum
other NTM causing skin lesions will be painless
without any systemic manifestations. A study by
Bartralot et al. showed cutaneous manifestations
caused by NTM can be classified as localized
lesions or disseminated cutaneous lesions. The
localized lesions can further be differentiated as
either lymphocutaneous (sporotrichoid) or nonlymphocutaneous form.57 But the manifestation of
the lesions in disseminated form varies depending
on the immune status of the patient. In normal
individuals the disseminated lesions manifest in
the form of folliculitis and the immunosuppressed
patient's lesions may take the form of plaques,
nodules, or ulcers. The most common agent
causing these forms of the lesion is the rapidly
growing NTM. Species like M. kansasii, M. avium
complex are also responsible for the above
described disseminated infections.58
The most common skin manifestation
caused by NTM will be in the form of fish tank
granuloma caused by M. marinum or Buruli ulcer
caused by M. ulcerans or lesions caused by rapidly
growing NTM causing non-specific lesions.
Lesions caused by M. marinum commonly
affect the upper extremity (95%), among which
80% of cutaneous involvement in the upper limb
occurs in hands. The type of lesion following M.
marinum occurs in a sporotrichoid pattern without
involving any nodes. For treatment, lesions are
categorized into three main types which are as
follows: Type 1, Type 2, and Type 3 lesions.
Type 1 are superficial lesions that rarely
require antibiotics if no remission was observed;
In Type 2 lesions, subcutaneous granulomas are
formed for which treatment with an antibiotic
is mandatory; finally, in Type 3 lesions there will
be deeper structures like tendons, bones which
are involved for which both surgical excision and
antibiotic therapy will be given. A rare case of
Journal of Pure and Applied Microbiology
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pulmonary manifestation similar to tuberculosis
but the characteristic feature is that certain NTM
does not respond to the routinely used antitubercular drugs so there is a possibility that NTM
cases may be misdiagnosed as drug resistant TB
in resource-poor settings as already discussed.62
Added burden in this regard is the cost spend
for treatment. According to the study conducted
by Strollo et al., it was found that 815 million
dollars were spent in 2010 to treat 86,244 NTM
cases.63 Apart from problems like misdiagnosis as
TB, increased cost spent in treatment there are
other issues like a prolonged period of treatment,
relapses which make the treatment of NTM
diseases, a cumbersome process.64
The empirical therapy for suspected
NTM lung disease is not recommended by the
ATS guidelines. Antimycobacterial susceptibility
should be performed according to the Clinical
and Laboratory standard institute (CLSI) M24
document and should be reported with the
minimum inhibitory concentration (MIC). Before
starting the treatment certain patient-related
factors need to be considered which include
comorbidities, type of risk factors that the patient
is harboring, and severity of the disease.
For MAC-associated disease, combination
rifampin, ethambutol, and clarithromycin or
azithromycin either daily or intermittently based
on the severity of the disease is recommended.
Injectable aminoglycosides are usually preferred
for patients with severe diseases. But patients in
whom injectables are contraindicated, the use
of nebulized aminoglycosides can be suggested.
Similar to MAC treatment, the regimen of choice
for the treatment M. malmoense also includes the
same regimen.65
NTM-PD due to M. kansasii is treated
with rifampicin, ethambutol with macrolide, or
isoniazid. In addition to the above-mentioned
drugs either isoniazid or fluoroquinolone will be
added in case of infections due to M. xenopi.65
M.abscessus causing disease will be
treated in two phases which include initially the
intensive phase followed by the continuation
phase. The initial phase includes intravenously
given amikacin, tigecycline, and imipenem and
orally tolerated azithromycin or clarithromycin
followed by a continuation phase with amikacin
given in nebulized form along with azithromycin or
Journal of Pure and Applied Microbiology

clarithromycin. Based on antibiotic susceptibility,
up to three can be added among clofazimine,
linezolid, minocycline or doxycycline, moxifloxacin
or ciprofloxacin, and co-trimoxazole.65
M. chelonae which mainly causes skin
and soft tissue infections and bone infections
will be treated for 4 months and 6 months
respectively. Drugs like tobramycin (superior to
amikacin), imipenem, ciprofloxacin, doxycycline,
clarithromycin, and linezolid can be given in
combinations. If the patient is not responding to
drugs then surgery will be indicated in appropriate
conditions.65
For M. fortuitum causing lung infections,
12 months of therapy containing two drugs that
show invitro activity is given. The extrapulmonary
infections caused by them will be treated like those
caused by M. chelonae.
M. genavense, highly fastidious NTM
shows susceptibility to streptomycin, amikacin,
macrolides, fluoroquinolones, and rifamycins. M.
marinum is found to be susceptible to ethambutol,
clarithromycin, cotrimoxazole, rifabutin, and
rifampin. They are found to be resistant to
first-line anti-TB drugs like pyrazinamide and
isoniazid. A combination of two agents namely
clarithromycin and ethambutol are given for a total
of nearly 3 to 4 months. M. haemophilum causing
infections are treated with ciprofloxacin, rifampin,
clarithromycin, and rifampin.65
Pulmonary infections and certain
intraabdominal infections caused by M. simiae
are treated with moxifloxacin which shows higher
activity against this species in combination with
cotrimoxazole and clarithromycin. M. smegmatis
which mainly causes extrapulmonary disease
are treated with two principle drugs namely
cotrimoxazole and doxycycline both of which are
given in oral formulations. But parenteral route can
be used if the organism causes severe infection.65
M. szulgaiis peculiar in being susceptible to some
antitubercular drugs like pyrazinamide, rifampin,
and isoniazid and was also found to be sensitive
to quinolone and macrolide.65
M. ulcerans, the third most common
mycobacterial infection causing skin lesions are
usually treated by the debridement procedure.
Since the lesions caused by M. ulcerans are usually
painless, clinicians mostly prefer performing
excision followed by primary closure of the excised
820
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lesion. After surgical debridement rifampin is
given as monotherapy or combination with
clarithromycin is given.65
M. xenopi causing lung disease specifically
in patients who are suffering from obstructive
pulmonary disease show variable responses to
the treatment. Some isolates were found to be
susceptible to first-line anti-tubercular drugs and
others were resistant to them. The ideal drug
combination for the infections caused by M. xenopi
is rifampicin, clarithromycin, and ethambutol. In
some cases, moxifloxacin was added to the above
regimen for the effective response.65
Mechanisms of resistance
The most common types of resistance
mechanisms described in NTM are natural
resistance, inducible resistance, and mutational
resistance
Natural resistance
Natural resistance of the non-tuberculous
mycobacteria to the hydrophilic drugs is
provided by a lipid-rich cell wall which imparts
hydrophobicity to the cell wall and the porin
channels. The lipid-rich cell wall mainly acts as an
impermeability barrier. Some genetic mechanisms
are responsible for maintaining the hydrophobic
cell wall. kasB gene protein kinase G, fbpA, asnB in
M. marinum, the mtrAB system in M. smegmatis
and Maa2520, and pks12 in M. avium are some
of them. Glycopeptidolipids responsible for
different phenotypes of the atypical bacteria like
smooth and rough variants also play an important
role in showing the difference in susceptibility
to antibiotics.66 Porin channels are required for
the uptake of hydrophilic antibiotics, so deletion
of genes coding for them like MspA leads to
resistance to hydrophilic fluoroquionolones.67
Due to the production of beta-lactamases
by the NTM, there is an inherent resistance to
the use of beta-lactams. Resistance to drugs like
fluoroquinolones, aminoglycosides have been
documented due to the production of enzymes like
acetyltransferases and phosphotransferases. In M.
fortuitum, Streptomycin resistance occurred due
to the phosphotransferase system.68 Rifampicin
inactivation ribosyl transferase proteins in M.
fortuitum has been documented.69
Inducible resistance
Inducible resistance has been reported
in M. fortuitum and other rapid growers except
Journal of Pure and Applied Microbiology
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methylase gene which causes methylation of the
binding site of the macrolide thereby conferring
resistance.70 RNA polymerase binding protein
conferring inducible resistance to rifampicin has
been studied. Inducible resistance to rifampicin
has been well documented in M. smegmatis.
Mutations
In MAC and M. abscessus high level of
resistance to macrolides occurs due to mutations in
codon 2058 or 2059 of rrl gene.62 Aminoglycoside
resistance in M. abscessus and M. chelonae occurs
due to mutation in codon 1408 rrs gene. Similar
to M. tuberculosis, resistance to rifampicin occurs
due to mutation in rpoB gene in M. kansasii.71
Conclusion
The incidence of NTM is on the rise
across the globe with many clinical cases being
misdiagnosed and mismanaged as MDR TB. It is
essential to accurately identify the disease-causing
pathogen because the treatment option for certain
NTM varies from the Mycobacterium tuberculosis
complex. In this review, we tried to illustrate the
epidemiology, pathogenesis, symptomatology, and
treatment of NTM. Accurate identification of these
organisms to species level is required for prompt
treatment and mitigation of adverse events.
Acknowledgments
None.
Conflict of Interest
The authors declare that there is no
conflict of interest
Author's Contribution
All authors listed have made a substantial,
direct and intellectual contribution to the work,
and approved it for publication.
Funding
None.
Data Availability
All datasets generated or analyzed during
this study are included in the manuscript
Ethics Statement
Not applicable.
821

www.microbiologyjournal.org

Kalpana et al. | J Pure Appl Microbiol | 16(2):814-824 | June 2022 | https://doi.org/10.22207/JPAM.16.2.41

References

1.
2.

3.

4.

5.
6.

7.
8.
9.

10.

11.

12.

13.

14.

Koneman EW WW. Konemans color atlas and textbook
of diagnostic microbiology. Philadelphia: Lippincott
Williams & Wilkins; 2006.
Wayne LG, Sramek HA. Agents of newly recognized
or infrequently encountered mycobacterial diseases.
Clin Microbiol Rev. 1992;5(1):1-25. doi: 10.1128/
CMR.5.1.1.
Brown-Elliott BA, Wallace Jr RJ. Infections caused
by nontuberculous mycobacteria other than
Mycobacterium avium complex. Mandell, Douglas
and Bennett's Principles and Practice of Infectious
Disease, Bennett JE, Dolin R and Blaser (editors). 8th
edition, Elsevier, Philadelphia. 2015. doi: 10.1016/
B978-1-4557-4801-3.00254-X
Rivero‑Lezcano OM, Gonzalez‑Cortes C, Mirsaeidi
M. The unexplained increase of nontuberculous
myco b a c te r i o s i s . I nte r n a t i o n a l J o u r n a l o f
Mycobacteriology. 2019;8(1):1-6. doi: 10.4103/ijmy.
ijmy_18_19
Dirac MA, Horan KL, Doody DR, et al. Environment or
Host? Am J Respir Crit Care Med. 2012;186(7):684-691.
doi: 10.1164/rccm.201205-0825OC
Fralkinham 3 rd JO. Surrounded by mycobacteria:
nontuberculous mycobacteria in the human
environment. J Appl Microbiol. 2009;107(2):356-367.
doi: 10.1111/j.1365-2672.2009.04161.x
Falkinham JO. Environmental sources of nontuberculous
mycobacteria. Clin Chest Med. 2015;36(1):35-41. doi:
10.1016/j.ccm.2014.10.003
Brennan PJ, Nikaido H. The envelope of mycobacteria.
Annu Rev Biochem. 1995;64:29-63. doi: 10.1146/
annurev.bi.64.070195.000333
Kirschner RA, Parker BC, Falkinham JO. Epidemiology
of infection by nontuberculous mycobacteria.
Mycobacterium avium, Mycobacterium intracellulare,
and Mycobacterium scrofulaceum in acid, brownwater swamps of the southeastern United States and
their association with environmental variables. Am Rev
Respir Dis. 1992;145(2 Pt 1):271-275. doi: 10.1164/
ajrccm/145.2_Pt_1.271
Strahl ED, Gillaspy GE, Falkinham JO. Fluorescent
acid-fast microscopy for measuring phagocytosis of
Mycobacterium avium, Mycobacterium intracellulare,
and Mycobacterium scrofulaceum by Tetrahymena
pyriformis and their intracellular growth. Appl Environ
Microbiol. 2001;67(10):4432-4439. doi: 10.1128/
AEM.67.10.4432-4439.2001
Delafont V, Mougari F, Cambau E, et al. First evidence of
amoebae-mycobacteria association in drinking water
network. Environ Sci Technol. 2014;48(20):1187211882. doi: 10.1021/es5036255
Falkinham JO, Iseman MD, de Haas P, van Soolingen D.
Mycobacterium avium in a shower linked to pulmonary
disease. J Water Health. 2008;6(2):209-213. doi:
10.2166/wh.2008.232
Tichenor WS, Thurlow J, McNulty S, Brown-Elliott
BA, Wallace RJ, Falkinham JO. Nontuberculous
Mycobacteria in Household Plumbing as Possible
Cause of Chronic Rhinosinusitis. Emerg Infect Dis.
2012;18(10):1612-1617. doi: 10.3201/eid1810.120164
Sax H, Bloemberg G, Hasse B, et al. Prolonged Outbreak

Journal of Pure and Applied Microbiology

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.
25.

26.

27.

28.

29.
822

of Mycobacterium chimaera Infection After OpenChest Heart Surgery. Clin Infect Dis Off Publ Infect Dis
Soc Am. 2015.;61(1):67-75. doi: 10.1093/cid/civ198
Winthrop KL, Albridge K, South D, et al. The clinical
management and outcome of nail salon-acquired
Mycobacterium fortuitum skin infection. Clin Infect
Dis. 2004;38(1):38-44. doi: 10.1086/380459
Thorel M-F, Falkinham JO, Moreau RG. Environmental
mycobacteria from alpine and subalpine habitats.
FEMS Microbiol Ecol. 2004;49(3):343-347. doi:
10.1016/j.femsec.2004.04.016
Fyfe JAM, Lavender CJ, Handasyde KA, et al. A Major
Role for Mammals in the Ecology of Mycobacterium
ulcerans. PLoS Negl Trop Dis. 2010;4(8):e791. doi:
10.1371/journal.pntd.0000791
Bono M, Jemmi T, Bernasconi C, Burki D, Telenti
A, Bodmer T. Genotypic characterization of
Mycobacterium avium strains recovered from
animals and their comparison to human strains. Appl
Environ Microbiol. 1995;61(1):371-373. doi: 10.1128/
aem.61.1.371-373.1995
Piersimoni C, Scarparo C. Extrapulmonary Infections
Associated with Nontuberculous Mycobacteria
in Immunocompetent Persons. Emerg Infect Dis.
2009;15(9):1351-1358. doi: 10.3201/eid1509.081259
Hein WR, Tomasovic AA. An Abattoir Survey
of Tuberculosis in Feral Buffaloes. Aust Vet J.
1981;57(12):543-547. doi: 10.1111/j.1751-0813.1981.
tb00429.x
Phillips MS, von Reyn CF. Nosocomial Infections Due
to Nontuberculous Mycobacteria. Clin Infect Dis.
2001;33(8):1363-1374. doi: 10.1086/323126
Lowry PW, Jarvis WR, Oberle AD, et al. Mycobacterium
chelonae causing otitis media in an ear-nose-andthroat practice. N Engl J Med. 1988;319(15):978-982.
doi: 10.1056/NEJM198810133191504
Neitch SM, Sydnor JB, Schleupner CJ. Mycobacterium
fortuitum as a cause of mastoiditis and wound
infection. Arch Otolaryngol Chic. 1982;108(1):11-14
doi: 10.1001/archotol.1982.00790490013003
Morris JG, Potter M. Emergence of new pathogens as a
function of changes in host susceptibility. Emerg Infect
Dis. 1997;3(4):435-441. doi: 10.3201/eid0304.970404
Vincent T, Plawecki M, Goulabchand R, Guilpain
P, Eliaou JF. Emerging clinical phenotypes
associated with anti-cytokine autoantibodies.
Autoimmun Rev. 2015;14(6):528-535. doi: 10.1016/j.
autrev.2015.01.015
Mirsaeidi M, Farshidpour M, Ebrahimi G, Aliberti
S, Falkinham JO. Management of Nontuberculous
Mycobacterial Infection in The Elderly. Eur J Intern Med.
2014;25(4):356-363. doi: 10.1016/j.ejim.2014.03.008
Portillo K, Morera J. Nutritional status and eating
disorders: neglected risks factor for nontuberculous
mycobacterial lung disease? Med Hypotheses.
2012;78(1):39-41. doi: 10.1016/j.mehy.2011.09.037
Honda JR, Virdi R, Chan ED. Global Environmental
Nontuberculous Mycobacteria and Their
Contemporaneous Man-Made and Natural Niches.
Front Microbiol. 2018;9:2029. doi: 10.3389/
fmicb.2018.02029
Desikan P, Tiwari K, Panwalkar N, et al. Public health
www.microbiologyjournal.org

Kalpana et al. | J Pure Appl Microbiol | 16(2):814-824 | June 2022 | https://doi.org/10.22207/JPAM.16.2.41

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

relevance of non-tuberculous mycobacteria among
AFB positive sputa. Germs. 2017;7(1):10-18. doi:
10.18683/germs.2017.1103
Honda JR, Bernhard JN, Chan ED. Natural disasters and
nontuberculous mycobacteria: a recipe for increased
disease? Chest. 2015;147(2):304-308. doi: 10.1378/
chest.14-0974
Donohue MJ, Wymer L. Increasing Prevalence Rate of
Nontuberculous Mycobacteria Infections in Five States,
2008-2013. Ann Am Thorac Soc. 2016;13(12):21432150. doi: 10.1513/AnnalsATS.201605-353OC
Ringshausen FC, Wagner D, de Roux A, et al. Prevalence
of Nontuberculous Mycobacterial Pulmonary
Disease, Germany, 2009-2014. Emerg Infect Dis.
2016;22(6):1102-1105. doi: 10.3201/eid2206.151642
Ide S, Nakamura S, Yamamoto Y, et al. Epidemiology
and Clinical Features of Pulmonary Nontuberculous
Mycobacteriosis in Nagasaki, Japan. PLoS ONE.
2015;10(5):128304. doi: 10.1371/journal.
pone.0128304
Park SC, Kang MJ, Han CH, et al. Prevalence, incidence,
and mortality of nontuberculous mycobacterial
infection in Korea: a nationwide population-based
study. BMC Pulm Med. 2019;19(1):140. doi: 10.1186/
s12890-019-0901-z
Shafipour M, Shirzad-Aski H, Ghaemi EA, et al.
Occurrence and risk factors of nontuberculous
mycobacteria in tuberculosis-suspected patients in
the north of Iran. Iranian Journal of Microbiology.
2021;13(2):190-198. doi: 10.18502/ijm.v13i2.5980
Maurya AK, Nag VL, Kant S, et al. Prevalence of
Nontuberculous Mycobacteria among Extrapulmonary
Tuberculosis Cases in Tertiary Care Centers in Northern.
BioMed Research International. 2015;2015:e465403.
doi: 10.1155/2015/465403
Umrao J, Singh D, Zia A, et al. Prevalence and species
spectrum of both pulmonary and extrapulmonary
nontuberculous mycobacteria isolates at a tertiary
care center. Int J Mycobacteriol. 2016;5(3):288-293.
doi: 10.1016/j.ijmyco.2016.06.008
Chakrabarti A, Sharma M, Dubey ML. Isolation rates
of different mycobacterial species from Chandigarh
(north India). Indian J Med Res. 1990;91:111-114.
Karak K, Bhattacharyya S, Majumdar S, De PK.
Pulmonary infection caused by Mycobacteria other
than M. tuberculosis in and around Calcutta. Indian J
Pathol Microbiol. 1996;39(2):131-134.
Jesudason MV, Gladstone P. Non tuberculous
mycobacteria isolated from clinical specimens at a
tertiary care hospital in South India. Indian J Med
Microbiol. 2005;23(3):172-175. doi: 10.4103/02550857.16589
Thangavelu K, Krishnakumariamma K, Pallam G, et
al. Prevalence and speciation of non-tuberculous
mycobacteria among pulmonary and extrapulmonary
tuberculosis suspects in South India. J Infect Public
Health. 2021;14(3):320-323. doi: 10.1016/j.
jiph.2020.12.027
Puzo G. The carbohydrate- and lipid-containing
cell wall of mycobacteria, phenolic glycolipids:
s t r u c t u r e a n d i m m u n o l o g i c a l p ro p e r t i e s .
Crit Rev Microbiol. 1990;17(4):305-327. doi:

Journal of Pure and Applied Microbiology

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

823

10.3109/10408419009105730
Freeman R, Geier H, Weigel KM, Do J, Ford TE,
Cangelosi GA. Roles for Cell Wall Glycopeptidolipid
in Surface Adherence and Planktonic Dispersal of
Mycobacterium avium. Appl Environ Microbiol.
2006;72(12):7554-7558. doi: 10.1128/AEM.01633-06
Chatterjee D, Khoo KH. Mycobacterial
lipoarabinomannan: an extraordinary lipoheteroglycan
with profound physiological effects. Glycobiology.
1998;8(2):113-120. doi: 10.1093/glycob/8.2.113
Bermudez LE, Young LS, Enkel H. Interaction
of Mycobacterium avium complex with human
macrophages: roles of membrane receptors and serum
proteins. Infect Immun. 1991;59(5):1697-1702. doi:
10.1128/iai.59.5.1697-1702.1991
Honda JR, Knight V, Chan ED. Pathogenesis and risk
factors for nontuberculous mycobacterial lung disease.
Clin Chest Med. 2015;36(1):1-11. doi: 10.1016/j.
ccm.2014.10.001
Gately MK, Renzetti LM, Magram J, et al. The
interleukin-12/interleukin-12-receptor system: role in
normal and pathologic immune responses. Annu Rev
Immunol. 1998;16:495-521. doi: 10.1146/annurev.
immunol.16.1.495
Bermudez LE, Young LS. Oxidative and non-oxidative
intracellular killing of Mycobacterium avium complex.
Microb Pathog. 1989;7(4):289-298. doi: 10.1016/08824010(89)90047-8
Rhoades ER, Archambault AS, Greendyke R, Hsu
F-F, Streeter C, Byrd TF. Mycobacterium abscessus
Glycopeptidolipids mask underlying cell wall
phosphatidyl-myo-inositol mannosides blocking
induction of human macrophage TN. J Immunol.
2009 Aug 1;183(3):1997-2007. doi: 10.4049/
jimmunol.0802181
Sousa S, Bandeira M, Carvalho PA, Duarte A, Jordao
L. Nontuberculous mycobacteria pathogenesis and
biofilm assembly. Int J Mycobacteriol. 2015;4(1):36-43.
doi: 10.1016/j.ijmyco.2014.11.065
Zhang ZX, Cherng BPZ, Sng L-H, Tan YE. Clinical and
microbiological characteristics of non-tuberculous
mycobacteria diseases in Singapore with a focus
on pulmonary disease, 2012-2016. BMC Infect Dis.
2019;19(1):436. doi: 10.1186/s12879-019-3909-3
Johnson MM, Odell JA. Nontuberculous mycobacterial
pulmonary infections. J Thorac Dis. 2014;6(3):210-220.
doi: 10.3978/j.issn.2072-1439.2013.12.24
Simons S, van Ingen J, Hsueh P-R, et al. Nontuberculous
mycobacteria in respiratory tract infections, eastern
Asia. Emerg Infect Dis. 2011;17(3):343-349. doi:
10.3201/eid170310060
Lindeboom JA, Smets AMJB, Kuijper EJ, van Rijn RR, Prins
JM. The sonographic characteristics of nontuberculous
mycobacterial cervicofacial lymphadenitis in children.
Pediatr Radiol. 2006;36(10):1063-1067. doi: 10.1007/
s00247-006-0271-6
Margileth AM, Chandra R, Altman RP. Chronic
lymphadenopathy due to mycobacterial infection.
Clinical features, diagnosis, histopathology, and
management. Am J Dis Child. 1984;138(10):917-922.
doi: 10.1001/archpedi.1984.02140480019007
www.microbiologyjournal.org

Kalpana et al. | J Pure Appl Microbiol | 16(2):814-824 | June 2022 | https://doi.org/10.22207/JPAM.16.2.41
56.

57.

58.

59.

60.
61.

62.

63.

Hazra R, Robson CD, Perez-Atayde AR, Husson RN.
Lymphadenitis due to nontuberculous mycobacteria
in children: presentation and response to therapy. Clin
Infect Dis. 1999;28(1):123-129. doi: 10.1086/515091
Bartralot R, Garcia-Patos V, Sitjas D, et al. Clinical
patterns of cutaneous nontuberculous mycobacterial
infections. Br J Dermatol. 2005;152(4):727-734. doi:
10.1111/j.1365-2133.2005.06519.x
Ingram CW, Tanner DC, Durack DT, Kernodle GW,
Corey GR. Disseminated infection with rapidly growing
mycobacteria. Clin Infect Dis. 1993;16(4):463-471. doi:
10.1093/clind/16.4.463
Krooks J, Weatherall A, Markowitz S. Complete
Resolution of Mycobacterium marinum Infection with
Clarithromycin and Ethambutol: A Case Report and a
Review of the Literature. J Clin Aesthetic Dermatol.
2018;11(12):48-51.
Guarner J. Buruli Ulcer: Review of a Neglected
Skin Mycobacterial Disease. J Clin Microbiol.
2018;56(4):e01507. doi: 10.1128/JCM.01507-17
Ryu YJ, Koh W-J, Daley CL. Diagnosis and Treatment
of Nontuberculous Mycobacterial Lung Disease:
Clinicians' Perspectives. Tuberc Respir Dis.
2016;79(2):74-84. doi: 10.4046/trd.2016.79.2.74
Bastian S, Veziris N, Roux A-L, et al. Assessment of
clarithromycin susceptibility in strains belonging
to the Mycobacterium abscessus group by erm(41)
and rrl sequencing. Antimicrob Agents Chemother.
2011;55(2):775-781. doi: 10.1128/AAC.00861-10
Strollo SE, Adjemian J, Adjemian MK, Prevots
DR. The Burden of Pulmonary Nontuberculous
Mycobacterial Disease in the United States. Ann Am
Thorac Soc. 2015;12(10):1458-1464. doi: 10.1513/
AnnalsATS.201503-173OC

Journal of Pure and Applied Microbiology

64.

65.

66.

67.

68.
69.

70.

72.

824

Boyle DP, Zembower TR, Qi C. Relapse versus
Reinfection of Mycobacterium avium Complex
Pulmonary Disease. Patient Characteristics and
Macrolide Susceptibility. 2016;13(11):1956-1961. doi:
10.1513/AnnalsATS.201605-344BC
Haworth CS, Banks J, Capstick T, et al. British Thoracic
Society guidelines for the management of nontuberculous mycobacterial pulmonary disease (NTMPD). Thorax. 2017;72(Suppl 2):ii1-ii64. doi: 10.1136/
thoraxjnl-2017-210927
Van Ingen J, Boeree MJ, van Soolingen D, Mouton JW.
Resistance mechanisms and drug susceptibility testing
of nontuberculous mycobacteria. Drug Resist Updat.
2012;15(3):149-161. doi: 10.1016/j.drup.2012.04.001
Danilchanka O, Pavlenok M, Niederweis M. Role of
porins for uptake of antibiotics by Mycobacterium
smegmatis. Antimicrob Agents Chemother.
2008;52(9):3127-3134. doi: 10.1128/AAC.00239-08
Ramirez MS, Tolmasky ME. Aminoglycoside modifying
enzymes. Drug Resist Updat. 2010;13(6):151-171. doi:
10.1016/j.drup.2010.08.003
Baysarowich J, Koteva K, Hughes DW, et al.
Rifamycin antibiotic resistance by ADP-ribosylation:
Structure and diversity of Arr. Proc Natl Acad Sci
U S A. 2008;105(12):4886-4891. doi: 10.1073/
pnas.0711939105
Nash KA, Andini N, Zhang Y, Brown-Elliott BA,
Wallace RJ. Intrinsic macrolide resistance in rapidly
growing mycobacteria. Antimicrob Agents Chemother.
2006;50(10):3476-3478. doi: 10.1128/AAC.00402-06
Davari M, Irandoost M, Sakhaee F, et al. Genetic
Diversity and Prevalence of Nontuberculous
Mycobacteria Isolated from Clinical Samples in Tehran,
Iran. Microb Drug Resist Larchmt N. 2019;25(2):264270. doi: 10.1089/mdr.2018.0150

www.microbiologyjournal.org

