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Abstract. Non-tuberculous mycobacteria (NTM) prevalence has risen dur-
ing recent decades. NTM species identification is crucial for treatment and
epidemiologic control since, as opportunistic pathogens, they become sources
of infections. Classical biochemical tests and phenotypic methods are not accu-
rate and are time consuming. Other accurate and reliable species identification
methods are available. Most are DNA-based from simple PCR-based to those
more complex and high-tech based. Not all laboratories can afford technology
transfer from simple to more complex and expensive methods, especially in low-
income countries. The price has dropped for some high-tech methods, hence
we may think about its possible widespread use, even though some limitations
exist regarding data analysis and skill acquisitions. The identification of NTM
has been problematic due to their evolving taxonomy, limitations of current
phenotypic methods, and absence of a universal gene target for reliable specia-
tion. Accurate NTM identification is a challenging task in diagnostic laborato-
ries due to the absence of a universal robust method and to the difficulty to dis-
tinguish between closely related species. This work reviews the most commonly
available methods for NTM species identification nowadays.
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Resumen. La prevalencia de las micobacterias no tuberculosas (MNT) se
ha incrementado durante las recientes décadas. La identificacion de las MNT
a nivel de especies es crucial tanto para el tratamiento como para el control
epidemiolbgico, debido a que son patégenos oportunistas y se vuelven fuentes
de infeccion. Las pruebas bioquimicas clasicas y los métodos fenotipicos no son
precisos y consumen un tiempo considerable para obtener resultados. Existen
métodos precisos y confiables, la mayoria moleculares, desde aquellos basados
en PCR hasta otros mas complejos de alta tecnologia. No todos los laboratorios
pueden costear una transferencia de tecnologia de métodos simples a mas com-
plejos y costosos, sobre todo en paises con bajos recursos. El precio ha caido
para algunos métodos tecnoldégicamente avanzados, por lo que se pudiera pen-
sar en su amplio uso, aunque todavia existen limitantes en relaciéon al analisis
de datos y la adquisicién de destrezas. La identificacion de MNT ha sido pro-
blematica debido a: una taxonomia en constante evolucion, limitaciones de los
métodos fenotipicos actuales y la ausencia de un marcador genético universal
para una especiacion confiable. La identificacion precisa de MNT es una tarea
desafiante en los laboratorios que hacen diagndstico debido a la ausencia de un
método robusto universal y a la dificultad de distinguir entre especies estrecha-
mente relacionadas. Este trabajo revisa los métodos mas comunes disponibles

para la identificacién de las especies de MNT hasta el presente.
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INTRODUCTION

Two ancient pathogens, responsible
for causing Tuberculosis (TB) and Leprosy,
liec inside the genus Mycobacterium. Al-
though these diseases are still major public
health concerns, their incidence, mortality
and prevalence have been reduced over the
past decade (1,2). Our research have been
focused on Molecular epidemiology and
population structure of Mycobacterium tu-
berculosis complex (MTBC) strains before
(3-12), however nontuberculous mycobacte-
ria (NTM) are gaining attention.

In the early 1900s, there were approxi-
mately 100 TB cases for each NTM case. At

that time, a NTM isolated from sputum cul-
tures was considered to be a contaminant
(13). For a long time NTM were not the fo-
cus of interest because of difficult diagnosis,
due to culturing problems and the under-
estimation of NTM prevalence (14). It has
been known for more than 64 years that NTM
(or mycobacteria other than tuberculosis,
MOTT) are able to cause disease in humans
(15). Although NTM were previously believed
to be low pathogenic (16), some species are
producing a variety of infections in humans,
especially when associated with particular
risk factors like immunosuppression (17).

In recent decades, NTM infections have
risen steadily regarding high TB rates in de-
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veloping countries. In Taiwan, they went from
2.7 t0 10.2 per 100.000 patients. The increase
of all NTM diseases was predominately found
in pulmonary diseases (18). Fifty years ago, a
case of pulmonary NTM disease (PNTMD) was
described for older male patients with predis-
posing conditions such as emphysema; but
in almost 80% of recent reports middle age
or older females are described with the same
condition. Increased cigarette smoking could
explain this, but many females with PNTMD
have never smoked. Bronchiectasis has been
found in most female patients, a condition as-
sociated with previous history of lung infec-
tion. Interestingly, a gender shift has been
produced (13).

In North America, the rates of NTM in-
fection have been reported to be between 1
to 15/100.000 and for NTM disease are from
0.2 to 2/100.000 inhabitants. These rates
have increased with coincident decrease of
TB rates. Similar rates have been observed
in European countries except the Czech Re-
public, and mining industry could be the
reason for this. Regarding NTM prevalence,
a marked geographic variability is shown in
many of these studies. Rates from Japan and
Australia are quite similar to those found in
North America and Europe, with significant
increases over time. The exception is South
Africa, where NTM infection rates are three
times greater than in any other part of the
world (19). Changes in clinician awareness,
increased field investigations or improved
laboratory methods that led to the isolation
and identification of more NTM could have
played a role in this trend. However, a true
increase could be related to the host, the
pathogen, or both; thus explaining the sig-
nificant high rates.

Potential pathogen changes include
increased virulence (13). The most promi-
nent pathogenic NTM species include the
M. avium complex (MAC), M. kansasii and
M. abscessus that are associated with PNT-
MD (20). The latter is the most pathogenic
and chemotherapy-resistant rapid growing
mycobacteria (RGM). It accounts for 80%

of lung disease caused by RGM and is the
second most common RGM species present
in extrapulmonary disease (following M. for-
tuitum) (21). Other NTM causing diseases
in humans are: M. ulcerans, M. marinum,
M. scrofulaceum M. abscessus, M. fortuitum,
and M. chelonae. M. ulcerans is responsible
for an ulcerative skin infection known as Bu-
ruli ulcer, this disease has become the third
most common mycobacterial disease world-
wide after TB. M. marinum is responsible for
fish tank or swimming pool granulomas. M.
scrofulaceum is involved in children cervical
lymphadenitis. M. abscessus, M. fortuitum,
and M. chelonae are responsible for soft tis-
sue and skeletal infections (14). All these
findings point out that some species of NTM
have become emerging pathogens of human
populations, especially in low income coun-
tries.

Those NTM causing pulmonary discase
vary according to the geographic region. In
most regions, Mycobacterium avium com-
plex (MAC) is the predominant pathogen.
M. kansasii is more common in middle USA
and England while M. xenopi it is in north-
ern USA, Canada, UK and in some regions
of Europe. M. malmoense discase is more
common in UK and in northern Europe but
uncommon in the USA. For M. simiae dis-
ease, it has been found that is more common
in arid regions of southwestern USA, Cuba
and Israel. Thus, it is possible that regional
variations in environmental conditions, may
favor differences in predominant NTM popu-
lations on water and soil reservoirs to which
susceptible patients are exposed (13).

To date more than 160 NTM species
have so far been identified (22), but most of
them are still poorly characterized. They are
a heterogenecous group ubiquitously distrib-
uted in diverse environments (water, sewage,
soil, air, dust, food, animals and humans),
like normal inhabitants of these settings;
they act as opportunistic pathogens of hu-
mans and animals, causing mycobacterioses
of skin, soft tissues and lungs. Some NTM,
such M. avium-intracellulare, M. kansasii,
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and M. abscessus can cause disease in im-
munocompetent hosts (24). NTM are also
responsible for disseminated disease (25)
and outbreaks (26, 27) previously attributed
to M. tuberculosis.

Some laboratories discriminate be-
tween M. tuberculosis and NTM, but they do
not attempt to identify NTM to the species
level. Without NTM’s species identification
there will be a lack of knowledge about its
distribution and epidemiology. Therefore,
reliable and sensitive species identifications
by laboratories are normally required. Treat-
ment options differ according to the species
isolated, so it is important to assess their
clinical significance (28) and epidemiologi-
cal trends through a correct species iden-
tification. The treatment for NTM disease
involves multiple drugs, is lengthy and var-
ies by species; therefore, is challenging. In
general, the therapeutic regimen selection
to treat NTM disease has been based on NTM
species identification rather than upon re-
sults of in vitro drug susceptibility testing.
The main reason behind this, is that the clin-
ical response does not correlate well with
the in vitro susceptibility to the many drugs
used to treat the NTM disease (23).

Moreover, it is possible to isolate differ-
ent NTM species from the same patient dur-
ing observation or treatment (29). Griffith
et al. (30), observed the coexistence of M.
avium-intracellulare with other NTM in 8%
of 154 patients with lung disease caused by
RGM. More recently, two NTM species were
simultaneously isolated from different spu-
tum samples collected from one patient on
the same day (29). In addition, they detect-
ed multiple NTM species in 25% of 133 pa-
tients. Among these, two NTM species were
isolated from 29 patients and three species
were isolated from 4 patients. In 23 patients
the isolated NTM changed to a different spe-
cies, most frequently from M. avium to M.
abscessus (6 patients) followed by changes
from M. avium to M. intracellulare (three
patients) and from M. abscessus to M. avi-
um (three patients). Alternating isolation

of two or three NTM was also observed in 9
patients, such as M. abscessus to M. avium
and then to M. abscessus. Only one patient
was under immunosuppressant therapy, but
other clinical findings were present in the
lungs of some of the patients. Because of the
above mentioned, the identification of NTM
species is important.

Taxonomy

Classification and identification of or-
ganisms has always been a priority among
the early scientists to understand their en-
vironment. Zoologists and botanists have
plenty of morphological traits to identify
animals and plants. However, morphological
characters for identifying bacteria are few
and limiting. Also, little variations are pres-
ent in those traits (31).

Runyon classification is known since the
first reports of NTM (32). This classification,
that remains popular, deals mainly with the
growth rate (slow and fast) and pigmentation
abilities of these mycobacteria recognizing
four groups. Groups I, IT and III are for slowly
growing mycobacteria (SGM) that requires a
similar time to grow in culture as M. tubercu-
losis while group IV are for rapid growers, less
than 7 days. SGM are further differentiated
according to their ability to produce yellow
pigment. Runyon I (Photochromogens): pro-
duce a yellow-orange pigment when exposed
to light (M. kansasii, M. marinum). Runyon 11
(Scotochromogens): produce a yellow-orange
pigment in light or in the dark (M. scrofula-
ceum, M. gordonae, M. szulgai). Runyon III
(Nonchromogenic): This group include my-
cobacteria that do not produce pigment (M.
avium-intracellulare, M. xenopi, M. terrae).
Runyon IV: This group include mycobacteria
that do not produce pigment (M. fortuitum,
M. peregrinum, M. abscessus, M. chelonae).
This classification has become less relevant in
recent years due to advances in mycobacteri-
ology and to the fact that has no added value
for clinicians (33).

NTM identification by traditional meth-
ods such as culture and biochemical analy-
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sis is not very sensitive or specific (34). Er-
rors in species identification underestimate
the diversity within the genus Mycobacteri-
um (35). Molecular methods such as poly-
merase chain reaction and sequencing of
specific genes have recently offered the best
approach to the NTM species identification
(36). Several complexes have been described
for NTM consisting of genetically closely-
related microorganisms. M. avium complex
(MAC) is composed of a heterogeneous group
of NTM with varying epidemiologic implica-
tions comprising M. intracellulare, M. avium
M. avium subsp. avium, M. avium subsp.
hominissuis (this designation has yet to be
formally validated) M. avium subsp. silvati-
cum, and M. avium subsp. paratuberculosis)
(37). M. avium subsp. hominissuis has been
described to reflect the distinction of human
and porcine isolates from bird-type strains
(38). Over the years, there have been species
that typically have similar characteristics to
MAC organisms but lack features that typify
them as MAC species. M. chimaera and M.
colombiense are MAC-like organisms. M. lep-
raemurium refers to the agent of rodent lep-
rosy, which is considered unculturable and
can be identified reliably only by sequencing
methods. The association with MAC stems
from serological groupings and because the
organism is characterized by only two single
nucleotide polymorphisms (SNPs) in the 16S
rRNA gene from that of M. avium, but has a
highly divergent hsp65 sequence. Although
it is highly related to MAC organisms typi-
cally is not considered to be part of them.
When faced with such organisms the clini-
cal or reference laboratory may best report a
MAC-like organism (37).

The taxonomy and epidemiology of MAC
strains are being re-evaluated using different
approaches from genetic and more recently
genomic analysis (39). The taxonomic valida-
tion of M. avium subsp. silvaticum remains
uncertain by Turenne et al. (39), since they
presented molecular data strongly suggest-
ing that M. avium subsp. silvaticum strains
are simply M. avium subsp. avium. Recent-

ly, it was proposed M. paraintracellulare as
a novel MAC species. Strains were isolated
from Korean patients with pulmonary infec-
tions. Sequences of the 16S rRNA gene and
internal transcribed spacer 1 (ITS1) were
identical to those of M. intracellulare ATCC
13950T, but multilocus sequence typing
(MLST) analysis targeting five housekeeping
genes (hsp65, rpoB, argQG, gnd and pgm) re-
vealed the phylogenetic separation of these
strains from M. intracellulare 13950T (40).

The M. abscessus complex (MabC) com-
prises a group of rapidly growing mycobacte-
ria (RGM) representing the most common
etiological agents of lung discase, M. absces-
sus subsp. abscessus (MAA), M. abscessus
subsp. massiliense (MAM), and M. abscessus
subsp. bolletii (MAB). MabC are resistant to
many antibiotics in vitro leading to difficulty
in making treatment decisions. M. absces-
sus has emerged as major respiratory patho-
gen in individuals with Cystic fibrosis (CF)
and can result in an accelerated pulmonary
decline (41). The prevalence of M. abscessus
infections in patients with CF is increasing
reaching around 3 and 10% in North Ameri-
ca and Europe respectively (42). The reasons
for this could rely on (i) exposure increases
through more permissive temperatures of
home water heaters (43), (ii) contact with
aerosols from contaminated showerheads
(44), (iii) the establishment of permissive
lung niches through increased antibiotic us-
age (45), (iv) impairment of host autophagy
inhibition by chronic azithromycin therapy,
and (v) spread of NTM through person to
person transmission (46,47).

M. terrae complex (MTC) was created
in the 1970s to gather M. nonchromogeni-
cum (described in 1965) (48), M. terrae (de-
scribed in 1950) (49), and M. triviale species
(described in 1970) (50) for which differen-
tiation was not possible at that time by the
available biochemical and cultural methods.
These species share important cultural fea-
tures including intermediate growth rate
(from 5 to 15 days are required for the de-
velopment of clearly visible colonies from
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diluted inocula on solid media) and lack of
pigmentation. In the early 1990s, the pres-
ence of a two-nucleotide insertion in helix
18 of the 16S rRNA gene (a unique genetic
signature) (35) compared with other SGM,
confirmed the consistence of the MTC. This
signature still remains the most reliable
marker for the attribution of mycobacteria
to the MTC. M. triviale showed a 14 nucleo-
tides (nt) shorter helix 18, as also seen in
rapid growers, demonstrating the unrelated-
ness of this species to the complex (51).

M. terrae was initially considered as
nonpathogenic because when inoculated cu-
taneously into guinea pigs it caused no ulcer-
ation or regional node involvement. Later,
these organisms were occasionally identified
in the setting of clinical diseases involving
joints, tendons, lungs, gastrointestinal tract
and genitourinary tract (52). More recently,
M. terrae and M. nonchromogenicum were
implicated in pulmonary infections (53,54).

A gap of more than 20 years separates
the recognition of the original members of
the MTC from the description of a novel spe-
cies related to this group, Mycobacterium
hiberniae (55). This novel Mycobacterium
is characterized by a unique phenotypic fea-
ture, pink pigmented colonies, but the ma-
jor role in its differentiation is played by ge-
netic analysis that was beginning to emerge
at that time. The boom years of the MTC
start however in 2006 with the description of
three novel species Mycobacterium kumamo-
tonense (56), Mycobacterium senuense (57)
and Mycobacterium arupense (56). Identifi-
cation at species level within the members
of the MTC still remains problematic as well
as biochemical and cultural tests, the analy-
sis of cell wall lipids is poorly discriminative.
More recently, DNA probes specific for the
species of the MTC have not been introduced
by any of the commercial hybridization kits;
probably as a consequence of the limited in-
terest aroused by organisms that have been
grossly labelled as nonpathogenic. Moreover,
MTC identification using DNA sequencing
remains elusive as hundreds of sequences re-

lated to their members are stored in public
domain databases with unreliable species al-
locations (51).

Over the years, the MTC has expanded
including other species: M. paraterrae (58),
M. sp. sinense JDM601 (59), M. engbaekii, M.
longobardum and M. heraklionense (51). Most
MTC members are environmental bacteria of
little clinical significance but some have been
isolated from animal hosts (60) and human
patients (52). In addition to the chronic and
debilitating infections reported in humans by
these strains, multiple antibiotic resistance
has contributed to the therapeutic problems
posed by these infections (61).

The M. fortuitum complex (MFC) causes
a wide range of infections involving various
wounds, catheters, lungs and others. The
MFC has 3 biovars: M. fortuitum biovar fortui-
tum, M. fortuitum biovar peregrinum and the
third biovariant (62). Schinsky et al. (63),
divided the third biovariant into 5 species:
M. porcinum, M. boenickei, M. houstonense,
M. neworleansense and M. brisbanense. The
first 4 species diverged by only O to 2 nt ac-
cording to 16S rRNA genes representing
the M. porcinum group, but M. brisbanense
differs by 37 and 39 nt from M. porcinum
and M. fortuitum respectively; thus it should
be separated from the MFC despite their
biochemical similarities. In addition, other
species also belong to this group: M. mag-
eritense (64), M. senegalense, M. septicum,
M. farcinogenes, and M. conceptionense sp.
nov. (65). Lamy et al. (66), reported a new
species of the M. fortuitum group, M. setense
Sp. nov.

The Mycobacterium marinum complex
(MMCQ) is a group of mycobacteria that in-
clude M. marinum and M. ulcerans. M.
marinum is the cause of chronic systemic
infections in fish and cold-blooded animals
(67); it occasionally causes superficial and
self-limiting granulomatous skin lesions
in humans involving the hands, forearms,
elbows, and knees (68). The cutaneous in-
fection known as Buruli ulcer in humans is
a necrotizing skin disease produced by M.
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ulcerans (MU). MU is thought to have re-
cently evolved from M. marinum progenitor
by plasmid acquisition and reductive evolu-
tion (69,70). MU produces mycolatone, an
unusual macrolide with cytotoxic and im-
munosuppressive properties responsible for
the massive tissue destruction seen in Buruli
ulcer. Besides, MU harbors a 174 kb plasmid
bearing a cluster of genes encoding a giant
polyketide synthases (PKSs) and polyketide-
modifying enzymes sufficient for the myco-
lactone synthesis (69).

Other members of the MMC are M.
shottsii and M. pseudoshottsii (71), they
are mycolactone-producing mycobacteria
(MPM) but they are not associated with Bu-
ruli ulcer. In 2001, M. liflandii appeared in
laboratory colonies of Xenopus tropicalis in
USA (72), it appeared later in colonies of
Xenopus laevis in the same lab. The taxono-
my of M. liflandii is uncertain, although the
evidence suggests to be placed as a variant
of M. ulcerans or M. marinum. M. liflandii
appears to be a M. marinum like organism
with a MU plasmid (73). Others propose M.
liflandii as an MU ecotype, hence the name
M. ulcerans evovar Liflandii (74).

The M. simiae complex is comprised
of several phylogenetically related species,
is the largest group of mycobacteria. A 12
nt deletion in the 16S rRNA gene, starting
at position 459 in E. coli, characterizes the
M. simiae group (75). Species belonging to
this group are: M. simiae, M. intermedium,
M. interjectum, M. genavense, M. triplex, M.
lentiflavum, M. heidelbergense, M. kubicae,
M. palustre, M. montefiorense, M. parmense,
M. sherrisii, M. saskatchewanense, M. para-
scrofulaceum, M. florentinum, M. stomat-
epiae, M. europaeum, M. paraense, and M.
ahvaszicum (76).

The M. mucogenicum group comprises:
M. mucogenicum, M. aubagnense, and M.
phocaicum (78). Initially, these organisms
were named M. chelonae-like. Later, it was
proposed to call them M. mucogenicum re-
flecting their highly mucoid character (79).

Finally, M. smegmatis group contains:
M. smegmatis sensu strictu, M. goodie and
M. wolinskyi (80). Although M. smegmatis is
a biosafety 1 level organism, members of this
group have seldom been associated with hu-
man infection, including orthopedic device
infection and bacteremia (81,82).

The taxonomy of the genus Mycobacte-
rium seemed to be far from being fully elu-
cidated and the reporting of unusual strains
provides the best background for the recog-
nition of new species (34). Hence accurate
species identification relying on a system-
atic approach will then be mandatory for the
establishment of a correct Mycobacterium
taxonomy.

Recently, Gupta et al. (83), built robust
phylogenomic trees based on the genomic
sequences of 80% of all known Mycobac-
teria. These trees were based on core pro-
teins from Mycobacterium species and some
from the Actinobacteria phylum. This work
proposes a new taxonomy for Mycobacteria
based on 5 genera, cach represented by a
well-defined and supported clade: Myco-
bacteroides gen. nov (Abscessus- Chelonae
clade), Mycolicibacterium gen. nov. (Fortui-
tum- Vaccae clade), Mycolocibacter gen. nov.
(Terrae clade), Mpycolicibacillus gen. nov.
(Triviale clade), and the emended genus
Mycobacterium (Tuberculosis- Simiae). This
work constitutes the most comprehensive
phylogenomic proposal for Mycobacteria at
present.

METHODS

High performance liquid Chromatog-
raphy (HPLC). Tests for NTM identifica-
tion were not developed for the majority of
NTMs since they were not considered a seri-
ous threat to public health. Fatty acids are
abundant in the phospholipid bilayer of bac-
terial membranes. They are found in unique
combinations in several bacteria making the
widely used fatty acid profiling a useful iden-
tification tool (84).
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High-pressure liquid chromatography
(HPLC), developed in the mid to late 1970,
use the pressure produced by pumps to
force a sample suspended in a liquid to pass
through a solid stationary phase enclosed in
a metal column in such a way that the sam-
ple will rapidly fractionate into their compo-
nents. These separated components will be
distinguished by a detector and depicted as
peaks by a recorder. Peaks are defined by spe-
cific elution, emergence, or retention times.
In 1985, scientists at the Centers for Disease
Control and Prevention (CDC) proposed the
use of HPLC as an aid in mycobacterial clas-
sification. Four years later it was incorpo-
rated into the regimen of tests at the CDC
Mycobacteriology Reference Laboratory and
in 1990 was offered as a standard test for the
identification of Mycobacterial species. An
isolate submitted on culture could be ana-
lyzed on hours by HPLC instead than weeks
with traditional biochemical routine meth-
ods. HPLC is considered a sophisticated pro-
cedure compared to other laboratory meth-
ods and a dedicated highly trained operator
is required (85). Instrumentation is costly
compared to other traditional methods. Lab-
oratories that detect acid fast bacilli only by
smear may not have the capacity to develop
proficiency with the HPLC method. However,
many high- throughput laboratories incorpo-
rated HPLC into their methodologies (86).
A significant challenge for laboratory per-
sonnel lies in developing expertise in visual
interpretation of chromatographic patterns.

Complex high- molecular- weight
B-hydroxy fatty acids with a long alkyl chain
at the a position are features of mycolic ac-
ids from mycobacterial species. Butler et al.
(87), developed an HPLC procedure for my-
cobacteria identification extracting mycolic
acids from saponified mycobacteria cells
and examined them as p-bromophenacyl
esters by HPLC. Standard HPLC patterns
were developed from culture collections and
other well characterized isolates. Standard-
ization by subtraction of the peaks absolute
retention times (RT) from the high-molec-

ular-weight standards produced relative RTs
that were reliable for sclecting comparable
peaks. Visual observations of the heights of
comparable peaks with the same relative RT
were used to calculate the peak height ratios
used in the empirical design of a flowchart
decision scheme. No discrimination between
MTBC strains was achieved except for M. bo-
vis BCG.

Current methods for the interpretation
of HPLC- generated chromatographic data
do require some expertise. Each chromato-
gram must be visually evaluated and often
hand calculations and flow charts are neces-
sary to validate the identifications for many
mycobacterial species, hence most of the
time the process becomes tedious and time-
consuming for laboratories. Glickman et al.
(88), provided means of evaluating chro-
matographic data generated by HPLC for
NTM but later it was found that mycolic ac-
ids were not completely chemically resolved
when subjected only to reverse-phase parti-
tion chromatography. Therefore, some previ-
ous close relationships were not supported.
RT increased when carbon chain length in-
creased, revealing extensive overlapping of
chemical fractions (85). Mycolic acids pat-
terns are sometimes indistinguishable for
closely related species (89,90).

16S rRNA sequencing. The develop-
ment of molecular tools for the identifica-
tion of novel or previously disregarded my-
cobacterial species helped to produce the
available growing amount of information.
The classification of organisms, based on
similarities in their morphological, devel-
opmental and nutritional characteristics do
not necessarily correlate well with natural
(or evolutionary) relationships. 16S rRNA
gen has proven to be a valuable tool due to
its high information content, conservative
nature, and universal distribution; having a
broader coverage of known bacteria (91,31).

Bacteria were primarily grouped based
on their morphological characteristics
(shape, presence or absence of flagella),
substrate utilization, Gram staining, and

Investigacion Clinica 60(1): 2019



Non-tuberculous mycobacteria identification

87

growth pattern. Woese et al. (92,93), pro-
vided new standards to identify bacteria
through phylogenetic relationships by com-
paring a stable part of their genetic code.
16S rRNA has been the marker most com-
monly used for taxonomic purposes since it
has shown sufficient variation to distinguish
between taxa (93), enhancing our understat-
ing of prokaryotic diversity and phylogeny,
including that of non-culturable organisms.
16S rRNA analysis usually requires PCR am-
plification and to sequence the PCR prod-
uct. We can identify the sequence when it
matches those present in DNA databases.
Since 16S rRNA has been widely adopted,
databases are flooded with this sequence. If
a 16S rRNA sequence does not match any
known bacterial species it is believed to be
a new one. Culture-independent studies can
be conducted using genomes from mixed
microbial communities in case of metage-
nomics hence there is no need of pure cul-
tures. The 16S rRNA gene has hypervariable
regions (HV1-HV9) flanked by conserved re-
gions. These HV regions are an indication of
divergence over evolutionary time (94). Con-
served regions are used as targets for primer
designing. When identifying species, there is
no use to analyze the whole 16S rRNA gene
as variation in HV regions is correlated with
taxa identity. Sequencing artifacts and bac-
terial purity are problems to be faced when
using 16S rRNA leading to incorrect iden-
tification arguing for the use of alternative
methods to confirm findings (31).

In prokaryotes, this gene comes into
several copies in a single genome. Around
15% of bacterial genomes contain only a
single 16S rRNA copy and half of the ge-
nomes currently analyzed harbor five or
more copies (95). These intragenomic cop-
ies can differ in sequence leading to iden-
tification of multiple ribotypes for a single
organism (96,97). These copy numbers have
shown narrow and wide variation within the
tested bacteria genera (98,99). As more se-
quence information becomes available, it
is evident that the resolution power of 16S

rRNA is too low to allow the differentiation
of closely related species (100,101,97). Fox
et al. (100), noted that the use of 16S rRNA
gene sequences for species identification is
most useful in distinguishing relationships
between genera and will resolve the identi-
fication of some species but not the more
recently diverged ones. Although the 16S
rRNA marker had the above limitations still
was used until now.

16S-23S Internal transcribed regions
(ITS). Few studies have focused on the inter-
nal transcribed spacer (ITS) region for NTM
identification (102,103). A multiplex PCR
for NTM locally recovered was developed by
Ngan et al. (104). The forward primer was
common to all NTM species, and the reverse
targeted several conserved regions based on
the 16S-23S ITS region. This region is 270
to 360 bp long within species. They obtained
species-specific fragments of different sizes
and found M. abscessus, M. fortuitum com-
plex, and M. chelonae in their Hospital. Mwi-
kuma et al. (105), targeted the same region
by PCR and found M. intracellulare followed
by M. lentiflavum and M. avium. Other or-
ganisms different than NTMs were identified
with the same procedure: Rodococcus equi,
Nocardia carnea, Tsukamura pulmonis,
and Paenibacillus species. These species are
known to cause pulmonary disease as MTBC
species do.

Park et al. (106), identified genotypes
in M. intracellulare related strains using the
ITS region in conjunction with other markers
(hsp65 and 16S rRNA). These results showed
the high homogeneity of Korean M. intracel-
lulare strains. This region has also been used
to establish an association between patients
with MAC strains and pulmonary tuberculo-
sis (107). Since the accurate identification
of slow-growing NTM of clinical significance
remains problematic, Subedi et al. (108),
proposed an ITS-based method using a Se-
quencer-Based Capillary Gel Electrophore-
sis (SCGE) system to identify these strains.
These results showed that it was more dis-
criminatory than HPLC.
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The ITS region is less highly conserved
than the 16S rRNA, thus it has a higher rate
of polymorphism. Therefore, the presence of
intraspecies variability may result in confu-
sion (109).

Matrix- assisted laser desorption/ ion-
ization time of flight mass spectrometer
(MALDI-TOF). The most used mass spec-
trometer with MALDI is time of flight mass
(TOF). First studies regarding the MALDI-
TOF technique for bacteria identification
were conducted towards the end of 1990s
when it was made available as a research
tool, but it was only in 2008 that it was for-
mally commercialized for private and public
laboratory use. The delay was mainly due to
the lack of robust information tools and effi-
cient databases. MALDI- TOF measures pep-
tides and other compounds in the presence
of salts. Bacterial cultures are spotted on the
MALDI-TOF plate placed on the TOF cham-
ber. Each sample is spotted at least twice to
ensure reproducibility. A control specimen
of known identity is placed for correct iden-
tification. Samples are allowed to air-dry at
room temperature, inserted into the mass
spectrometer and subjected to MALDITOF
analysis (31). Different experimental factors
like sample preparation, cell lysis method,
matrix solutions and organic solvents may
affect the quality and reproducibility of
bacterial MALDITOF MS fingerprints. This
argues in favor to use alternative methods
to guarantee correct identification (110).
There has been limited work thus far on the
use of this technique for mycobacteria iden-
tification (111,112). Organism’s identifica-
tion relies on unique spectral fingerprints
produced by extracted proteins. A specific
protein extraction protocol was designed for
mycobacteria by Saleeb et al. (113), since
protocols previously employed did not yield
adequate spectra. With minor exceptions,
identifications showed to be accurate to the
species level at least for tested species.

Recently, Cao et al. (114), showed re-
sults for two MALDI-TOF systems (bioMéri-

euxVitek MS and Bruker MALDI Biotyper)
for identification of mycobacteria. They
found that application of MALDI-TOF, in clin-
ical pathogenic mycobacteria identification,
is less satisfactory to date and an increasing
need for improvement is important; espe-
cially at the species level. An updated library
is a must.

hsp65-based Polymerase chain reac-
tion restriction analysis (hsp65-PRA). In
1992, Plikaytis et al. (115), introduced the
PRA method based on the polymorphism
present in the gene encoding for the 65-kDa
heat shock protein (hsp65). This method
was only for SGM without any identification
algorithm. In 1993, Telenti et al. developed
a method for rapid NTM identification by
PRA (116). Due to the conserved nature of
this gene, primers common to all mycobac-
teria were used. Later, digestion with two
enzymes, BstEIl and Haelll, allow the differ-
entiation. An algorithm was developed based
on digestion fragments migration patterns.
Reference strains which cannot be differenti-
ated by 16S rRNA sequencing exhibited dis-
tinct PRA patterns like M. kansasii and M.
gastri. In contrast to other mycobacteria, M.
gordonae generated multiple PRA patterns
which are consistent with previously report-
ed microheterogeneity patterns within the
rRNA-encoding region (117). They referred
to those isolates whose patterns were not
present in the reference algorithm (like M.
terrae and others) as environmental myco-
bacteria or Mycobacterium spp. The MFC
was separated to subspecies level and the
M. avium-M. intracellulare complex to M.
avium and M. intracellulare. In 1997, Taylor
et al. (118), added five additional PRA pat-
terns (4 new subtypes of species already de-
scribed and one additional specie). Devallois
et al. (119), proposed a new algorithm for
the Telenti et al. hsp65-PRA method (116).
They focused on the analysis of mycobacte-
ria frequently found in drinking water, which
are also resistant to commonly used drugs.
These authors introduced 11 additional pat-
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terns (5 additional species and 6 subtypes
of species already described). Because some
patterns may be close enough (5 bp differ-
ence), it may be difficult to differentiate
between such isolates without appropriate
software.

In 2001, Brunello et al. (120), modified
the PRA method and included 22 species into
an algorithm from a 10% polyacrylamide gel
electrophoresis (PAGE) of restriction digests
to improve the resolution of low-molecular-
weight fragments and to extend the identi-
fication capacity of the method. More pre-
cise estimates of the real size of restriction
fragments were obtained and deduced from
sequence analysis allowing identification
of PRA patterns shorter than 60 bp. Most
of the additional species are not frequently
isolated from humans. We learned from in-
traspecies variability studies that only some
subtypes of M kansasii strains are associated
with human infections (121). Later, Kim et
al. (122), developed a hsp65- PRA method
targeting a 644 bp DNA fragment compared
to the previous 441 bp of Telenti et al. (116).
This method has a higher resolution than
other PRA methods being able to identify:
M. tuberculosis, M. avium and M. intracellu-
lare to the species or strain level using only a
single enzyme digestion Avall. For this pur-
pose, an algorithm was developed. There is a
PRA site database (http://app.chuv.ch/prasite)
with 135 restriction patterns described for
174 mycobacterial species (123).

RNA polymerase beta (B) subunit
(rpoB) sequencing. Approaches that se-
quence important genomic regions associat-
ed with drug resistance and or pathogenicity
islands can simultancously identify species
and provide insight into the organism s pop-
ulation structure (124). The rpoB gene cod-
ing for the B-subunit of the RNA polymerase
is one of the very critical housekeeping genes
closely related to cell viability, which ex-
plains why it was chosen as a drug target (Ri-
fampicin). It is reasonable to assume that its
genetic structure is highly conserved within

the same species (125). Telenti et al. (116),
characterized first some mutations within
an rpoB region (411 bp long) of M. tuber-
culosis, no polymorphism other than those
conferring drug resistance were observed.
Ninety to ninety-five percent of mutations
found to be associated with Rifampicin re-
sistance fall within an 81 bp region (referred
as the Rifampicin-resistance-determining re-
gion, RRDR) (126). A larger segment (705
bp) allowed simultaneous species identifica-
tion and detection of rifampicin-resistance
mutations (124). Because the rpoB region
is present in NTM and due to some emerged
problems regarding 16S rRNA NTM identi-
fication, a rpoB oligonucleotide array and
conventional dideoxynucleotide sequenc-
ing were used to analyze sequence diversity
within NTM species by Gingeras et al. (124).
Only 5 SGM and 5 RGM were taken into ac-
count.

The rpoB gene is highly conserved in
eubacteria (127). Kim et al. (128), worked
within a region of 342 bp from the rpoB
gene. They were able to differentiate patho-
genic M. kansasii from non-pathogenic M.
gastri that have been shown to be identical
by 16S rRNA- based analysis despite major
clinical differences and phenotypic traits.
They also showed that they could differ-
entiate between 44 mycobacterial species
by direct sequencing. Troesch et al. (129),
worked on a GeneChip technology that was
used for monitoring gene expression and
screening of mutations and polymorphism in
genes; but this time focusing on Mycobacte-
ria to interrogate the sequence of 16S rRNA
and rpoB loci. Unique hybridization patterns
allowed both identifications of species and
rifampin-resistant alleles.

Lee et al. (130), developed a new rpoB-
based PRA method showing more advantages
than others. Most of the species had unique
PRA profiles, unlike other PRA profiles that
required computer-assisted analysis and in-
terpretation. The restriction analysis of the
360 bp fragment by Mspl gave highly effec-
tive results for species differentiation. Only

Vol. 60(1): 79 - 103, 2019



90

Abadia Patino

few species required further digestion with
Haelll, Sau3Al or Hincll. For some species
like M. gordonae, M. kansasii, M. fortuitum
and M. celatum the discrimination reached
the subtype level. A similar idea was devel-
oped by Kim et al. (131).

de Zwaan et al. (132), showed that rpoB
gene sequencing is a more discriminative
identification technique than the combina-
tion of reverse line-blot (INNO-LiPA Myco-
bacteria v2- Innogenetics, Ghent, Belgium)
and 16S rRNA sequencing, it could intro-
duce a major improvement in clinical care
and epidemiology of NTM disease. Several
other studies based on rpoB that included
direct sequencing, PRA or hybridization
methods support NTM species identification
(78,133,134,123).

Commercial Strip-based Assays. Com-
mercial hybridization-based methods (strip
assays) are also available like Accu-Probe (16S
rRNA) (non-amplification-based) (Genprobe,
San Diego, Calif.)., INNO-LiPA (16S-23S) (In-
nogenetics, Ghent, Belgium) or GenoType
Mycobacteria assay (23S rDNA) (Hain Diag-
nostika, Nehren, Germany) (135,136). These
methods are being widely used for routine
diagnostic in some laboratories. Sometimes
INNO-LiPA identifications require comple-
mentary tests for some RGM due to their
great heterogeneity, especially MFC and M.
chelonae. Therefore, it only provides a few ad-
vantages over conventional methods (137).
de Zwaan et al. (132), showed that rpoB gene
sequencing proved to be more discrimina-
tive than INNO-LiPA identifying 15 more
known species (Mycobacterium vulneris, M.
colombiense, M. mantenii, M. timonense, M.
yongonense, M. heidelbergense, M. tilburgii,
M. conceptionense, M. porcinum, M. housto-
nense, M. septicum, M. peregrinum, M. alvet,
M. setense, and M. novocastrense). A greater
diversity was observed resulting in a more
precise NTM taxonomy.

INNO- LiPA misidentifications have al-
ready been reported for M. heidelbergense,
M. mantenii, and M. parascrofulaceum. M.

houstonense was not identified as a MFC
member (M. fortuitum-peregrinum) by INNO-
LiPA as it was by 16S rRNA gene and rpoB
gene sequencing. Most clinically relevant
species have rpoB gene sequences of type
strains available through public databases;
thus, rpoB sequencing could be an appropri-
ate first-line identification method for NTM
isolated from human samples (132).

The GenoType Mycobacterium assay en-
ables rapid identification of a broad range of
potentially clinically significant Mycobacteri-
um species, but some species require further
testing to differentiate or confirm ambigu-
ous results (136). Sarkola et al. (138), made
a prospective evaluation of the GenoType as-
say for routine identification of mycobacte-
ria. Even though INNO-LiPA and GenoType
were rapid, sensitive and cost-effective they
preferred the latter because its wider strain
selection, less stringent reaction conditions
and slightly better performance. They ob-
tained 19 discordant results of which two
reacted both M. avium and M. intracellulare
despite the presence of specific probes on
the strip. However, these same species were
all correctly identified in a previous study
(139). Therefore, intraspecies variations can
occur in the 23S rDNA gene and perhaps be
a reflection of their geographical origin. 12
samples that were negative for Accu-probe
were identified as MTBC by the GenoType as-
say. These samples were later confirmed to
be MTBC strains by 16S rDNA sequencing.
The growth produced in automated culture
systems may not be sufficient to allow sam-
ple identification by Accu-probe. M. muco-
genicum gave a positive result with the M.
Sfortuitum probe; the former belongs to the
same complex suggesting an identical nucle-
otide sequence in the targeted region (138).

Turenne et al. (37), have shown that
the recently described M. palustre and M
saskatchewanense species gave positive re-
actions with the MAC Accu-Probe test, there-
fore they can be confused with MAC strains
but they are otherwise genetically distant
from MAC.
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The number of NTM to be identified was
recently expanded and ameliorated by Geno-
type kits. GenoType CM is capable to iden-
tify 24 NTM, while GenoType AS can identify
other 19 NTM. Both kits were tested using
samples recovered from a multicenter study
of 14 participating countries over a period
of 20 years. The CM kit correctly identified
96.,4% of the strains while the AS did it with
an additionally 0.9%. The prevalence and
frequency of NTM species, isolated from dif-
ferent countries, may influence the clinical
performance of these tests; hence, before the
test implementation as a routine application
NTM diversity should be estimated. Extensive
expertise is not required to interpret results
coming from GenoType strips, as it is for a
biochemical test or DNA sequencing (140).

Multigene approaches. Some studies
have focused on a multiphasic approach to
identify NTM mainly involved in outbreaks
(90) or for phylogenetic purposes (141).
Cookseyet al. (90), observed extensive conser-
vation throughout the 16S rRNA gene among
RGM outbreak associated strains. Therefore,
multiple gene analysis is needed to confirm
identification. The use of several genes, in a
concatenated fashion, enabled robust phylo-
genetic distinction of NTM (77,142,141) al-
lowing conclusions like M. avium subsp. para-
tuberculosis and M. avium subsp. avium/M.
avium subsp. silvaticum evolved indepen-
dently from M. avium subsp. hominissuis,
which represents a diverse group. Thanks to
this approach it was revealed horizontal ge-
netic exchange (HGE) between homologous
genes involving housekeeping genes from M.
abscessus group strains. In such a way, cer-
tain M. abscessus strains have a composite
genetic structure as a result of HGE between
MabC members questioning the distinction
between M. abscessus, M. massiliense, and M.
bolletii within the M. abscessus group as truly
distinct species (143).

Devulder et al. (142), tested separately
the congruence of four genes (16S rRNA,
hsp635, rpoB and sodA), normally used in a

multigene NTM approach. M. doricum did
not fit within the SGM (forming colonies in
about 2 weeks) in any of the single-gene phy-
logenies; instead, it was close to RGM. In-
versely, even though M. holsaticum is a RGM
(forms visible colonies within 1 week), in the
16S rRNA phylogeny-based tree it was close
to the SGM. For all the tested genes, the sep-
aration between RGM and SGM is clear even
though not supported by a high bootstrap
value. Therefore, it secems to be linked to a
whole evolutionary process. The observed
single gene congruence allowed the concat-
enation of these genes to increase the pre-
cision of phylogenetic relationships by us-
ing variable regions from a great number of
sites. The generated supertree could differ-
entiate each species as a separate entity, and
it agreed with preexisting phylogenetic rela-
tionships. Some gene discrimination power
loss, present in some species, would be com-
pensated by other genes. Hence, when boot-
strap values increase the phylogenetic rele-
vance improves. The discriminatory power of
a gene is related to its ability to discriminate
between closely related species (142). Multi-
gene or concatenated approaches came from
the search for phylogenetic DNA markers
rRNA-independent (144) to improve species
identification resolution power. A species
is a category that circumscribes a genomi-
cally coherent group of individual isolates/
strains sharing a high degree of similarity in
many independent features, comparatively
tested under highly standardized conditions
(145). DNA- DNA similarity (based on hy-
bridization, DDH) and the ATm (whenever
determinable), remain the acknowledged
standard for species delineation (144). Any-
way, researchers are encouraged to develop
new methods to supplement or supplant the
DNA- DNA re-association methods.

Mignard and Flandrois (146), per-
formed a multilocus study (hsp65, rpoB,
16S rRNA, smpB, sodA, tmRNA and tuf) cal-
culating evolution rates (ER) for each gene.
They found that rapidly evolving genes (like
smpB or sodA) were buffered by slowly evolv-
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ing genes (like 16S rRNA and/or tmRNA).
They also showed that pathogenic and SGM
(like M. kansasii, MTBC, M. leprae, and M.
haemophilum) were close clustered. Even
though gene concatenation is the common-
est method used in phylogenetic reconstruc-
tion it does not consider gene’s ER. The
studied genes had different ER, also SGM
and RGM has contrasting ERs. They sug-
gested that the used phylogenetic approach
should consider this variability.

Some authors have questioned the cur-
rent taxonomic classification of M. absces-
sus, M. bolletii, and M. massiliense based
on partial rpoB sequence. Macheras et al.
(147), decided to study a large collection
of these strains by partial rpoB sequencing
and MLSA. Eight housekeeping genes were
kept (argH, cya, 8lpK, gnd, murC, pgm, pta,
and purH) to resolve this issue and reference
strains were also included. Results clearly
showed the existence of three principal
groups, each harboring the included refer-
ence strain from one of the three species.
The tree showed a very diffuse image regard-
ing the massiliense branch and the reference
strain does not cluster close to other tightly
grouped M. massiliense strains.

Adékambi et al. (78), proposed that
if more than 3% rpoB divergence between
strains is found then the strains should be-
long to different species. The most different
rpoB sequence between M. massiliense and
M. bolletii groups was only 2.13% divergent;
therefore, according to Adékambi et al.
(78), criteria M. massiliense and M. bolletii
do not belong to different species. The rpoB
divergence between M. abscessus and M.
massiliense and between M. abscessus and
M. bolletii was exceeded by more than 3%.
Almost 10% of the isolates had discordant
rpoB and MLSA sequences, suggesting that
these genes were involved in HGE processes.
They believe that the M. abscessus group
compared with the M. massiliense/bolletii
are not entirely separate species. Hence,
they propose a complete revision of the cur-

rent taxonomic classification as Leao et al.
(148), proposed before.

Whole genome sequencing (WGS).
WGS technologies are used to study diversity,
genetic variations and solving genomic com-
plexities (31). Recently, Gupta et al. (183),
took advantage of the available genomic se-
quences (150 out of 188) of known Mycobac-
terium species to build phylogenomic trees.
These trees were built using large datasets
of protein sequences that included 1941 My-
cobacterium and 135 Actinobacteria core
proteins. Eight highly conserved essential
proteins, present in all mycobacteria, were
also included. Exhaustive genomic analyses
were carried out to identify highly specific
markers in the form of conserved signature
indels (CSIs) and conserved signature pro-
teins (CSPs) distinctive of the Mycobacte-
rium genus. Results showed 5 clades highly
supported. The abscessus- chelonae clade
was the earliest branching lincage (repre-
sented by the Mycobacteroides gen. nov)
that in conjunction with the fortuitum- vac-
cae clade (represented by the Mycolicibacte-
rium gen. nov.) include all RGM, believed to
be ancestral from which SGM evolved from.
The remaining clades that include the SGM
are: Terrae, Triviale, and Tuberculosis- Sim-
iae represented by Mycolocibacter gen. nov.,
Mycolicibacillus gen. nov., and the emended
genus Mycobacterium, respectively. Besides
the main five clades, smaller clades are also
present. However, they will be the object of
future studies.

Advances in WGS have resulted in a
reduction in the full economic cost of se-
quencing a typical bacterial genome to as
little as around 53 USD (from extracted DNA
to genome sequence). Additionally, sequenc-
ing speed has increased from several weeks
or days to just hours. The low cost and rap-
id turnaround time, combined, means that
WGS can cross the divide between microbial
research and the practice of diagnostic mi-
crobiology (149).
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WGS offers the ultimate typing meth-
od with the potential to replace all existing
methods. Novel DNA sequencing technolo-
gies, named high-throughput genome se-
quencing (HTGS), generate massive amounts
of genetic information with increased speed,
accuracy and efficiency. These new machines
are called next generation because they offer
an order of magnitude more sequence data
for a fraction of the price of previous instru-
ments. For example, the Solexa instrument
can produce an astonishing 1 Gb of nucleo-
tide sequence per run; it makes the technol-
ogy doubly attracting and removes the need
to create and propagate bacterial plasmid
shotgun libraries. In addition, it reduces the
time to produce samples avoiding biologi-
cal bias inherent to those techniques. Our
capacity to generate data will far outstrip
our ability to analyze and interpret it. More
trained bioinformaticians, cheaper data
storage, and faster retrieval will be needed if
we want to exploit the impending avalanche
of genomic data (150).

The great value of WGS studying bacte-
rial evolution, outbreaks and transmission,
has been shown in recent studies (47, 151,
152). The next step will be to translate this
technology from a research tool into a utility
in routine diagnostic settings. In very broad
terms, four main stages are required when
using WGS for diagnostics; starting with de-
tection of the pathogen in a sample, identi-
fication, testing for drug susceptibility and
epidemiological typing. The obvious applica-
tion of WGS data is for epidemiology, to de-
tect laboratory cross-contamination, to de-
fine pathogen-transmission pathways, and to
support outbreak investigations. Thus, high-
lights daily opportunities for pathogen’s in-
fection control with a high rate of change
(149). Genotypic drug susceptibility detec-
tion will complement disk susceptibility test-
ing, which could still be necessary to detect
resistance by unknown mechanisms (153).
HTGS is well suited when mycobacteria grow
slowly because full phenotypic susceptibility
test will be measured in weeks (154).

Human error, rather than sequenc-
ing error, is often the source of mistakes
in genotyping (155). Current gencrations
of sequencers were designed for human ge-
nomes. But to be cost-effective in bacterial
genomes, which are smaller, several hundred
samples have to batched and individually
tagged. Analyzing routinely sequenced bac-
teria by HTGS is not fit for clinical practice
given that the time taken for the analysis
would be significantly longer than WGS it-
self. Similarly, having dedicated bioinforma-
ticians in every diagnostic laboratory is not
realistic. Instead, analysis software for WGS
is required to extract clinically relevant in-
formation in a fully automated and reliable
fashion, without human intervention (149).

DISCUSSION

Ideally, NTM identification must hold
their taxonomic status, rather than only
make discrimination between isolates which
explains the switch proposal made from 16S
rRNA to rpoB (a high conserved single copy
gene) in this field. Combinations of house-
keeping genes have been used to clarify NTM
identifications. The gene or genes involved
should not evolve too fast to keep the phy-
logenetic signal. Describing molecular epi-
demiology tools, in which some sequences
should evolve fast enough to further better
discriminate between isolates, even though
belonging to the same species, is out of the
scope of the present review.

NTM Species identification is mandato-
ry to initiate an adequate antibacterial ther-
apy. Several methods and platforms were re-
viewed here that can be used to identify NTM
species. Some offer advantages over others,
depending on laboratories and budgets.
Some are in-house or home-made and others
commercial. Molecular methods have short-
ened the time for NTM identification. Some
could identify species from clinical samples,
but samples need to have enough bacillary
load to properly produce the identification.
The hsp65 algorithm yielded enough infor-
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mation on NTM identification, but in some
cases NTM complex species were not fully
resolved. In some cases, rpoB proved to per-
formed better clearly identifying the subspe-
cies; specially for novel species.

In summary, some methods from low
to high cost in order (after the first invest-
ment is done when required): (i) MALDI-TOF
(around 3,14 USD per sample) (156), HPLC
(=6 USD per sample) (from http://www.midi-
inc.com/pages/mycobacterial_id.html), (ii) 16S
rRNA gene sequencing, single-gene sequenc-
ing (other than 16S rRNA) (7 USD per sam-
ple including amplification cost from https://
dna.macrogen.com) (157), PCR- RFLP (13
USD) (158), (iii) Line probe assays (26.58
USD) (159), (iv) multigene sequencing (x
times the single-gene sequencing estima-
tion) and WGS (53- 634 USD per two bacte-
rial genomes) (160). From low to high dis-
criminatory power: (i) HPLC, (i) Line probe
assays, (iii) 16S rRNA sequencing and MAL-
DITOF, (iv) PCR- RFLP, single-gene sequenc-
ing (other than 16S rRNA), (v) multigene
sequencing (modified from van Ingen, 2015)
(161) and WGS.

High-tech methods are mainly for na-
tional reference laboratories from moderate
to high-income countries. The first invest-
ment is for buying the equipment and for
skill acquisition, which is the most expen-
sive part, then the price drops per analyzed
sample. WGS needs fast and reliable bioin-
formatics tools to become a routine or wide-
spread tool from cultures or clinical sam-
ples. The information obtained will be very
helpful to reduce the time to initiate correct
treatment, controlling outbreaks, and to
determine the infection progress. However,
still is too expensive for routine use in most
laboratories (Research and Clinical microbi-
ology laboratories).

Some people believe that WGS will be-
come a standard tool for infection detection
and control, and that it will monitor the
spread and evolution of major pathogens in
real time both within and outside hospitals.
Bioinformatics tools are being developed to

facilitate the analysis of WGS data and some
are already available. Finally, according to
your budget and needs, you will choose the
method best suited for you depending if it is
a small or big laboratory without losing sys-
tematic status during identification.

Recent reports present the annually
WGS-based diagnostics as 7% cheaper than
current diagnostic workflows (162).
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