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SUMMARY

Nontuberculous mycobacteria (NTM) are present in the environ-
ment, mainly in water, and are occasionally responsible for oppor-
tunistic infections in humans. Despite the fact that NTM are char-
acterized by a moderate pathogenicity, the diseases caused by
NTM at various body sites are increasing on a worldwide level.
Among over 150 officially recognized NTM species, only two or
three dozen are familiar to clinicians, and even to most microbi-
ologists. In this paper, approximately 50 new species described in
the last 8 years are reviewed, and their role in human infections is
assessed on the basis of reported clinical cases. The small number
of reports concerning most of the “new” mycobacterial species is
responsible for the widespread conviction that they are very rare.
Their role is actually largely underestimated, mainly because they
often remain unrecognized and misidentified. Aiming to mini-
mize such bias, emphasis has been placed on more common iden-
tification pitfalls. Together with new NTM, new members of the
Mycobacterium tuberculosis complex described in the last few years
are also an object of the present review.

INTRODUCTION

Mycobacteriology, like every other branch of microbiology,
has been characterized in the last 20 years by an extraordi-

nary flourishing of new species consequent to the availability of
molecular techniques, in particular genetic sequencing, with dis-
criminative power which would otherwise be unattainable
through conventional phenotypic approaches. Authoritative re-
views have been published previously, starting with the master
paper of Wolinsky in 1979 (1), followed several years later by the
work of Wayne and Sramek (2). Two systematic reviews have been
published in the last decade (3, 4), along with a significant work
oriented toward rapidly growing mycobacteria (5). Since then,
however, more than 50 new mycobacterial species have been de-

scribed (Table 1). The aim of this work is to provide a concise but
thorough update to help clinicians and microbiologists in facing
the continuous enlargements of the taxonomy of the Mycobacte-
rium genus.

Identification of Mycobacteria

Accurate identification of the etiologic agent is critical for diagno-
sis and management of infectious diseases and for outbreak detec-
tion. The identification of nontuberculous mycobacteria (NTM)
is still problematic, despite the number of different methodologies
explored and used over the last few years.

Identification based on the analysis of biochemical characteris-
tics and cultural traits (6) remained the method of choice for
many years. It has now been abandoned, because in addition to
relying on tests that are poorly reproducible and unbearably time-
consuming, it lacks sufficient discriminative power (7).

The peculiar lipid-rich composition of the cell wall of mycobac-
teria may be investigated for identification purposes by chromato-
graphic methods. Thin-layer chromatography (8) and gas-liquid
chromatography (GLC) (9) have been used mainly for research
purposes and have gained very limited use in diagnostic laborato-
ries. High-performance liquid chromatography (HPLC) of cell
wall mycolic acids (10) is the method based on lipid analysis which
has obtained the largest popularity among reference laboratories,
particularly in the United States. Identification springs from com-
parison of the chromatographic profiles of an unknown species
with reference patterns; elution times and relative heights of single
peaks are critical. In the last few years, the emergence of new spe-
cies sharing common HPLC profiles has steadily diminished the
discriminatory capacity of this method, which is clearly beginning
to become dated. In this review, information on lipid patterns is
reported when available, referring only to the HPLC approach.
The interpretation of profiles given by the authors of studies was
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TABLE 1 Major features of new Mycobacterium speciesa

Species Phylogenetic group Source Growth Pigment Type strain

M. algericum MTeC Animals Slow NC CIP 110121 � DSM 45454
“M. alsiense” Humans Slow SC
M. arabiense Environment Rapid SC DSM 45768 � JCM 18538
M. aromaticivorans Environment Rapid SC ATCC BAA-1378 � CIP 109274
M. arosiense MAC Humans Slow SC DSM 45069 � ATCC BAA-1401
M. bacteremicum M. neoaurum Humans Rapid SC ATCC 25791
“M. barrassiae” Humans Rapid NC CIP 108545 � CCUG 50398
M. bouchedurhonense MAC Humans Slow NC CCUG 56331 � CIP 109827 � CSUR P34
M. bourgelatii Animals Rapid NC DSM 45746 � CIP 110557
M. celeriflavum Humans Rapid SC DSM 46765 � JCM 18439
M. crocinum Environment Rapid SC ATCC BAA-1373 � CIP 109262
M. engbaekii MTeC Humans Slow SC ATCC 27353 � DSM 45694
M. europaeum MSC Humans Slow SC DSM 45397 � CCUG 58464
M. fragae M. celatum Humans Slow NC INCQS/CMRVS P4051 � DSM 45731
“M. fukienense” M. chelonae Humans Rapid NC
“M. franklinii” M. chelonae Humans Rapid NC ATCC BAA-2149 � DSM 45524
M. heraklionense MTeC Humans Slow NC NCTC 13432 � LMG 24735 � CECT 7509
“M. hippocampi” Animals Rapid SC DSM 45391 � LMG 25372
M. insubricum Humans Slow NC DSM 45132 � CIP 109609
M. iranicum Humans Rapid SC DSM 45541 � CCUG 62053 � JCM 17461
M. koreense M. triviale Humans Slow NC DSM 45576 � KCTC 19819
M. kumamotonense MTeC Humans Slow NC GTC 2729 � JCM 13453 � CCUG 51961
M. kyorinense M. celatum Humans Slow NC JCM 15038 � DSM 45166
“M. lepromatosis” M. leprae Humans
M. litorale Environment Rapid SC CGMCC 4.5724 � JCM 17423
“M. liflandii” M. marinum Animals Slow NC
M. llatzerense Humans and environment Rapid NC CECT 7273 � CCUG 54744
M. longobardum MTeC Humans Slow NC DSM 45394 � CCUG 58460
M. mantenii M. scrofulaceum Humans Slow SC NLA000401474 � CIP 109863 � DSM 45255
M. marseillense MAC Humans Slow NC CCUG 56325 � CIP 109828 � CSUR P30
M. minnesotense MTeC Environment Slow SC DSM 45633 � JCM 17932 � NCCB 100399
M. monacense Humans Rapid SC DSM 44395 � CIP 109237
“M. mungi” MTC Animals Slow NC
M. noviomagense Humans Slow NC DSM 45145 � CIP 109766
“M. orygis” MTC Animals and humans Slow NC
M. pallens Environment Rapid SC ATCC BAA-1372 � CIP 109268
M. paraffinicum M. scrofulaceum Humans and environment Slow SC ATCC 12670 � DSM 44181 � NCIMB 10420
M. paragordonae M. gordonae Humans Slow SC JCM 18565 � KCTC 29126
M. parakoreense M. triviale Humans Slow NC DSM 45575 � KCTC 19818
M. paraseoulense M. scrofulaceum Humans Slow NC DSM 45000 � KCTC 19145
“M. paraterrae” MTeC Humans Slow SC/NC DSM 45127 � KCTC 19556
M. riyadhense Humans Slow NC CIP 109808 � DSM 45176
M. rufum Environment Rapid SC ATCC BAA-1377 � CIP 109273
M. rutilum Environment Rapid SC ATCC BAA-1375 � CIP 109271
M. salmoniphilum M. chelonae Animals Rapid NC ATCC 13578 � DSM 43276
M. sediminis Environment Rapid SC DSM 45643 � KCTC 19999
M. senuense MTeC Humans Slow NC DSM 44999 � KCTC 19147
M. seoulense M. scrofulaceum Humans Slow SC DSM 44998 � KCTC 19146
M. setense M. fortuitum Humans Rapid NC CIP 109395 � DSM 45070
M. sherrisii MSC Humans and environment Slow NC/PC ATCC BAA-832 � DSM 45441
“M. shigaense” MSC Humans Slow NC DSM 46748
M. shinjukuense Humans Slow NC JCM 14233 � CCUG 53584
“M. simulans” Humans Slow NC DSM 45395
“M. sinense” MTeC Humans Slow NC
M. stomatepiae MSC Animals Slow NC DSM 45059 � CIP 109275 � NCIMB 14252
“M. suricattae” MTC Animals Slow NC
M. timonense MAC Humans Slow NC CCUG 56329 � CIP 109830 � CSUR P32
M. vulneris MAC Humans Slow SC DSM 45247 � CIP 109859
M. yongonense MAC Humans Slow NC DSM 45126 � KCTC 19555
a MTeC, M. terrae complex; MAC, M. avium complex; MSC, M. simiae complex; MTC, M. tuberculosis complex; NC, nonchromogenic; SC, scotochromogenic; PC,
photochromogenic.
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minimized, however, when discriminatory power appeared to be
assigned to very minor differences consistent with the variability of
the method. A computer-assisted method, Sherlock Microbial ID
System (MIDI, Newark, DE), is commercially available for both GLC
(11) and HPLC (12); unfortunately, the databases included are
largely incomplete. An almost exhaustive HPLC database is available
on the Internet (www.MycobacToscana.it/page4.htm) but is never-
theless unsuitable for accurate profile comparison.

In recent years, matrix-assisted laser desorption ionization–
time of flight (MALDI-TOF) mass spectrometry has gained a large
reputation among diagnostic laboratories as a rapid and inexpen-
sive tool for the identification of “common,” clinically relevant
bacteria. Very good results have also been reported related to
the identification of a number of Mycobacterium species (13).
Important limitations of the method are represented at the mo-
ment by the need for a sample preparation specific for mycobac-
teria that is not optimized yet and the large incompleteness of
databases. It is my opinion that the identification accuracy achiev-
able at present with genetic approaches is out of reach of MALDI-
TOF technology.

The molecular approach, using both in-house and commercial
systems, is the most frequently used method worldwide for the
identification of mycobacterial species.

PCR restriction analysis (PRA) is based on digestion with re-
striction enzymes of the PCR-amplified 441-bp fragment of the
hsp65 gene, encoding the 65-kDa heat shock protein (14). The
patterns of fragments produced by the BstEII and HaeIII enzymes
(14) are somehow species specific and allow the identification of
most clinically significant mycobacteria. A wide PRA pattern da-
tabase is available online (http://app.chuv.ch/prasite/index.html).
The increasing number of shared and ambiguous patterns nowa-
days makes the system very prone to misidentifications.

The introduction of commercial DNA probes is the basis for the
most important improvement in the identification of mycobacte-
ria in clinical laboratories. Three different commercial systems
dominate the market. The AccuProbe system (Hologic Gen-
Probe, San Diego, CA), made available nearly 30 years ago, targets
the 16S rRNA gene with species-specific probes and does not re-
quire amplification. Specific commercial kits identify the most
frequently isolated Mycobacterium species, such as Mycobacterium
avium and Mycobacterium intracellulare, both individually and at
the level of the M. avium complex (MAC) (15). Solid-phase re-
verse hybridization technology subsequently made the identifica-
tion of multiple species with a single test possible. The INNO-
LiPA Mycobacteria system (Fujirebio Europe, Ghent, Belgium)
targets the internal transcribed spacer (ITS1) interposed between
the 16S rRNA and 23S rRNA genes; the kit identifies 18 NTM
species simultaneously, 2 of them also at the subtype level (16).
The GenoType Mycobacterium system (Hain Lifescience, Neh-
ren, Germany) targets the 23S rRNA gene and is available as two
separate kits: CM, which identifies 22 of the most frequently iso-
lated species; and AS, which identifies an additional 13 less com-

mon species (17). In each of the commercial systems, some probes
are not 100% specific, and several cross-reactions, in addition to
the ones declared by the producers, are observed (18).

Genetic sequencing of conserved genes is the reference method
for the identification of mycobacteria. A number of housekeeping
genes were found to be suitable for this purpose, including the
ones encoding the 16S rRNA (19), the 65-kDa heat shock protein
(hsp65) (20), the RNA polymerase �-subunit (rpoB) (21, 22), and
the superoxide dismutase (sodA) (23), as well as several others
(24). Sequencing of noncoding regions, such as ITS1 (25), can also
be used for species identification.

Antimicrobial Susceptibility of NTM

An excellent review on susceptibility testing and treatment of in-
fections due to NTM was published recently (26), focusing on the
most frequently encountered mycobacterial species. In it, as well
as in the guidelines of the Clinical and Laboratory Standards In-
stitute (27), the different susceptibility patterns of slow and rapid
growers and the testing method are clearly defined. The antimi-
crobials with potential activity against slow growers include
amikacin, ciprofloxacin, clarithromycin, ethambutol, linezolid,
moxifloxacin, rifabutin, rifampin, streptomycin, and trim-
ethoprim-sulfamethoxazole. The panel of those recommended
for rapid growers consists of amikacin, cefoxitin, ciprofloxacin,
clarithromycin, doxycycline, imipenem, linezolid, meropenem,
moxifloxacin, trimethoprim-sulfamethoxazole, and, for Myco-
bacterium chelonae only, tobramycin. Determining the MIC in
broth is the method of choice for susceptibility testing of NTM.
Unfortunately, these recommendations are often ignored in re-
ports concerning novel mycobacteria. In this review, only suscep-
tibility data for drugs considered appropriate are reported; results
for drugs improperly tested were disregarded.

Phylogenetic Remarks

Investigation conducted by comparing genetic sequences of con-
served genes allows reconstruction of the evolutionary pathway of
mycobacteria. Present data show that rapidly growing species de-
scended directly from ancestral mycobacteria, while slow growers
originated from a more recently emerged branch. The 16S rRNA
gene is the single gene which best allows the trace of the evolution
of the genus Mycobacterium. A particular region, corresponding
to helix 18 of the secondary structure of the 16S rRNA, is the site of
a significant genetic signature: helix 18 of slow growers is 12 nu-
cleotides longer than that of rapid growers and 2 nucleotides
shorter than that of a particular evolutionary branch known as the
M. terrae complex, whose members are characterized by an inter-
mediate growth rate. An exception in this scheme is represented
by a cluster of species (M. simiae complex) which, although be-
longing to a recent branch as confirmed by the slow growth, pres-
ent a short helix 18 like that of the ancestral mycobacteria. A fur-
ther genetic signature, located right in helix 18, is a unique
sequence (Fig. 1) which is shared by the whole M. simiae complex

FIG 1 Sequence of helix 18 of the 16S rRNA genes (corresponding to Escherichia coli positions 430 to 500) of different Mycobacterium species. Sequences: 1,
shared by all species of the M. simiae complex; 2, M. tuberculosis (representative of slowly growing species); 3, M. fortuitum (representative of rapidly growing
species); 4, M. arupense (representative of the M. terrae complex). Dots indicate identities, and dashes indicate deletions.
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(7). The evolutionary scenario based on the 16S rRNA gene is
substantially confirmed by other housekeeping genes, in particu-
lar when genes are concatenated to form a single sequence. Fur-
thermore, good agreement exists with preliminary data emerging
from whole-genome sequencing.

In the Mycobacterium evolutionary tree, species are located
both in isolated branches and in clusters (Fig. 2); among the latter,
the groups, or complexes, are named after the representative spe-
cies: M. avium, M. simiae, M. terrae, M. scrofulaceum, M. fortui-
tum, M. chelonae, and M. smegmatis. The last is also called the
thermotolerant, rapidly growing group.

Novel Mycobacterium Species

More than 150 Mycobacterium species have been validly published
to date, according to the List of Prokaryotic Names with Stand-
ing in Nomenclature (http://www.bacterio.net/mycobacterium
.html). To these, a number of non-officially recognized species
can be added. According to the International Committee on Sys-
tematic Bacteriology, species whose descriptions are published in
the International Journal of Systematic and Evolutionary Microbi-
ology are automatically validated. The validation of species de-
scribed elsewhere can be requested at the office of the above-men-
tioned journal and is subject to evaluation. The status of validated
and nonvalidated species is therefore mutable and is in fact ig-
nored even by databases such as GenBank; the decision to include
both types of species in this review aims to provide readers with
the largest possible coverage. Following a universally accepted
custom, the names of nonvalidated species are given in quotation
marks. The species have been divided into three groups: rapidly
growing NTM, slowly growing NTM, and members of the Myco-

bacterium tuberculosis complex. Within each group, alphabetical
order is used to make searches easier.

RAPIDLY GROWING NTM

Mycobacterium abscessus

The taxonomic position of M. abscessus has been the object of
continuous debate. It was described in 1953 (28), downsized to a
subspecies of M. chelonae in 1972 (29), and reinstated as a species
in 1992 (30). More recently, two previously described species, My-
cobacterium bolletii (31) and Mycobacterium massiliense (32), were
reclassified as subspecies of M. abscessus and considered a single
taxon with the name M. abscessus subsp. bolletii (33), distinct from
M. abscessus sensu stricto, which is now officially named M. absces-
sus subsp. abscessus. More recent data, however, based on whole-
genome sequencing, support the splitting of the species M. absces-
sus into three different subspecies: M. abscessus subsp. abscessus,
M. abscessus subsp. bolletii, and M. abscessus subsp. massiliense
(34–36).

In recent years, the involvement of M. abscessus in invasive in-
fections in both immunocompetent and immunocompromised
patients has also been emphasized in consideration of problematic
treatments (37). Increasing numbers of isolates obtained from
patients with cystic fibrosis (38) are also of concern. Most strains
are susceptible only to macrolides and amikacin, but mutants re-
sistant to such drugs are not unusual; resistance to macrolides may
be either constitutive or inducible. In this respect, the differentia-
tion of M. abscessus subsp. massiliense has clinical relevance; in
fact, most of the strains belonging to this subspecies, because of an
inactivating deletion in the erm gene, lack inducible resistance,

FIG 2 Phylogenetic tree, based on the 16S rRNA gene, including representative species of the genus Mycobacterium.
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and infections with this organism are characterized by a better
prognosis (39–41).

The identification of M. abscessus at the subspecies level is not
feasible with available commercial DNA probes and requires the
partial genetic sequencing of rpoB and, at times, hsp65 as well.

Mycobacterium arabiense

M. arabiense was described in 2014, along with the closely related
species M. sediminis (42), on the basis of a single strain isolated
from a sand sample from the Dubai coast.

The species presents the signature of rapid growers (short helix
18) in the 16S rRNA gene but is not clearly related to a specific
phylogenetic branch.

Orange-red, smooth, nonphotochromogenic colonies develop
in about 3 days at 25 to 37°C, but a scanty growth is also obtained
at lower temperatures, down to 5°C.

No isolation from human or animal specimens has been re-
ported so far.

Mycobacterium aromaticivorans

M. aromaticivorans was described in 2009, along with four other
new species degrading polycyclic aromatic hydrocarbons (43).
The single strain on which the species nova description is based was
isolated from the contaminated soil of an oil-gasification com-
pany in Hawaii.

The species presents the nucleotide deletion in the 16S rRNA
gene that is typical of rapid growers.

Growth on solid media, although rapid, is obtained only from
heavy inocula suitable to produce confluent colonies, which are
characterized by a mucoid appearance and yellow scotochromo-
genic pigmentation.

M. aromaticivorans has never been grown so far from human or
animal specimens.

Mycobacterium bacteremicum

M. bacteremicum was described in 2010 (44), on the basis of 10
clinical isolates previously considered a variant of Mycobacterium
neoaurum.

The species is included among the rapid growers (Fig. 3) and is
closely related to M. neoaurum. It is characterized by a high level of
microheterogeneity in the hsp65 and rpoB genes, resulting in mul-
tiple sequevars.

The colonies, which are yellow and scotochromogenic, grow in
less than a week on solid media.

Eighty percent of the investigated strains presented either direct
or inducible resistance to clarithromycin, while all were suscepti-
ble to the remaining drugs included in the panel for testing rapidly
growing mycobacteria.

The 10 strains reported so far were isolated from young pa-
tients, 2 of whom were immunocompromised. In three cases, the

FIG 3 Phylogenetic tree, based on the 16S rRNA gene, including representative rapidly growing Mycobacterium species (A, M. triviale group; B, M. smegmatis
group; C, M. fortuitum complex; and D, M. chelonae complex).
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strain grew from blood, and in one case, it grew from a central
catheter. No data concerning the treatment of M. bacteremicum
are available. In the years preceding the description of the new
species, a number of papers reported cases related to an M. neo-
aurum-like organism. At least some of them can be attributed
retrospectively to M. bacteremicum; they were successfully treated
with combinations of two or more drugs, which were adminis-
tered for periods ranging from 3 to 12 weeks (44).

“Mycobacterium barrassiae”

“M. barrassiae” was described in 2006 (45), based on a single clin-
ical strain.

The species presents the genetic signature of rapid growers in
the 16S rRNA gene (Fig. 3) and is most closely related to M. mo-
riokaense.

Unpigmented colonies develop in 3 to 6 days at temperatures
ranging from 25 to 42°C.

The strain is susceptible in vitro to the whole panel of drugs with
potential activity against rapidly growing mycobacteria.

The only strain reported so far was repeatedly isolated from a
patient with radiographic evidence of pulmonary disease, which
was successfully treated with a 3-month course of amikacin, cla-
rithromycin, and ciprofloxacin.

Mycobacterium bourgelatii

M. bourgelatii was described in 2013, on the basis of three strains
isolated from cattle from unrelated herds (46).

The phylogenetic position of M. bourgelatii is confusing. It pres-
ents the 12-nucleotide insertion in the 16S rRNA gene that is spe-
cific for slowly growing mycobacteria except for those of the M.
simiae complex. Nevertheless, M. bourgelatii is most closely re-
lated to M. intermedium, a member of the M. simiae complex, and
is characterized by rapid growth. Microheterogeneity is present in
the investigated housekeeping genes, except for the 16S rRNA
gene.

The colonies, which are smooth, shiny, and nonchromogenic,
grow in less than a week at temperatures between 25 and 42°C.

Five strains have been reported so far, all of them isolated from
bovine lymph nodes.

Mycobacterium celeriflavum

M. celeriflavum was described in 2014 (179), on the basis of six
clinical strains isolated in Iran, Turkey, and Italy.

The most closely associated species are Mycobacterium flave-
scens and Mycobacterium novocastrense (Fig. 3), although this re-
latedness is not clearly evident in some of the investigated genetic
targets (the 16S rRNA gene in particular).

The colonies, which are rough and pale yellow (scotochromo-
genic), take 5 to 7 days to develop at 37°C. The HPLC profile is
characterized by a continuous series of peaks eluting between 3
and 9 min, with the most prominent clustering before the 4th and
around the 8th minute. The strains are susceptible to amikacin,
clarithromycin, linezolid, quinolones, and doxycycline and resis-
tant to cefoxitin.

Two of the six strains characterized for the description of the
new species were considered responsible for pulmonary disease,
and the patients were cured with a combination of clarithromycin,
rifampin, and ethambutol.

Mycobacterium crocinum

M. crocinum was described in 2009, along with four other new
species degrading polycyclic aromatic hydrocarbons (43). The
three strains on which the species nova description is based were
isolated from the soil on the island of Oahu, HI.

The phylogenetic position of the species is unclear; in fact, it
correlates in various genetic regions with mycobacteria belonging
to different branches. The three strains share an identical sequence
for hsp65, while microheterogeneity exists in the 16S rRNA and
rpoB genes.

The colonies grow in less than a week, may be mucoid or dry,
and are yellow-orange under both light and dark growth condi-
tions.

M. crocinum has never been grown from human or animal spec-
imens; the only strains reported so far are those that were charac-
terized when the new species was described.

“Mycobacterium franklinii”

“M. franklinii” was described in 2011, on the basis of 26 clinical
strains from the United States, most of which were isolated in
Pennsylvania (47).

The species has been characterized carefully and is evidently
part of the Mycobacterium chelonae-abscessus complex: the 16S
rRNA gene is identical to that of M. chelonae, while in other ge-
netic targets, which host moderate levels of microheterogeneity,
the species is most closely associated with other members of the
complex (Fig. 3). The concatenated sequence of 43 genes places
“M. franklinii” in a separate phylogenetic branch halfway between
M. chelonae and Mycobacterium immunogenum. The colonies are
unpigmented and grow in 2 to 3 days at temperatures ranging
from 25 to 37°C.

Differently from M. chelonae, “M. franklinii” presents interme-
diate or full susceptibility to cefoxitin.

The large majority of the strains were isolated from respiratory
specimens from patients with underlying pulmonary disease; only
in one case was the strain isolated repeatedly, and none of the
patients underwent specific treatment. Two strains closely related
to “M. franklinii” were isolated from conduit water in the Neth-
erlands (48).

“Mycobacterium fukienense”

“M. fukienense” was described in 2013 (49), on the basis of five
clinical isolates.

The description is very approximate; no information is given
about the availability of a type strain in international collections or
of sequences in public databases. Only a 300-bp fragment of the
rpoB gene can be inferred from a figure in the publication. For
different genetic regions, the five investigated strains are reported
to present the closest similarity with various species of the M.
chelonae-abscessus group. Microheterogeneity is recorded for
ITS1.

The species grows in less than a week, forming unpigmented
colonies. The GenoType Mycobacterium CM test identifies the
strains as M. chelonae.

All the strains were isolated from patients with pulmonary in-
fections which had been misdiagnosed as tuberculosis.

“Mycobacterium hippocampi”

“M. hippocampi” was described in 2011, following isolation from
aquarium seahorses with tail rot disease (white cutaneous spots
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and necrotic tail lesions) (50). Multiple isolations were obtained,
but only one of the isolates was characterized.

Mycobacterium flavescens is the species presenting the closest
similarity on the basis of the 16S rRNA gene sequence (Fig. 3),
while based on the rpoB gene, “M. hippocampi” is quite distant
from any other mycobacterium. Scotochromogenic, orange colo-
nies develop at 25°C in 5 days.

The strain is susceptible in vitro to ciprofloxacin, clarithromy-
cin, and rifampin.

Mycobacterium insubricum

M. insubricum was described in 2009, on the basis of five indepen-
dent clinical strains (51).

M. insubricum clearly differs from any other mycobacterium
(Fig. 3), although it presents some similarity, in different genetic
regions, to Mycobacterium brumae and Mycobacterium fallax. Ge-
netic microheterogeneity is present in hsp65 and ITS1 but not in
the 16S rRNA gene or rpoB.

Smooth, white colonies develop within 7 days at 25 to 37°C. The
HPLC profile of mycolic acids is unique but similar to the one of
M. brumae, M. fallax, and Mycobacterium triviale.

M. insubricum is susceptible in vitro to the entire panel of anti-
microbials recommended for rapidly growing mycobacteria.

All the strains characterized for the description of the new spe-
cies were isolated from sputum samples, some of them repeatedly;
it seems unlikely that the criteria for clinical significance were
fulfilled in any of the cases.

Mycobacterium iranicum

M. iranicum was described in 2013, on the basis of eight indepen-
dent strains isolated from clinical specimens in six different coun-
tries (52).

The species occupies a peculiar phylogenetic position among
rapid growers (Fig. 3). It is in fact characterized by two 4-nucleo-
tide deletions in the 16S rRNA gene, which are unique within the
genus Mycobacterium. The microheterogeneity level is high and is
responsible for multiple sequevars in different housekeeping
genes.

Mature colonies, which are deep orange, develop on solid me-
dia in less than a week at temperatures ranging from 25 to 40°C.
The mycolic acid HPLC profile is unique and is characterized by
three well-separated peak clusters.

The strains are susceptible in vitro to amikacin, cefoxitin, clari-
thromycin, ethambutol, minocycline, imipenem, linezolid, and
sulfamethoxazole.

M. iranicum was revealed to be pathogenic in two of the eight
strains investigated for the description of the new species: it was
responsible for a chronic pulmonary disease in an elderly patient
and for a cutaneous lesion in a kidney transplant subject. In both
cases, treatment with amikacin (combined with ciprofloxacin for
the respiratory infection) produced a clear improvement. Two
new cases were reported immediately after the description of the
species. One case was in the United States, in a woman with bron-
chiectasis who was treated with tetracyclines, to which the strain
was susceptible in vitro (53). The other case was in Iran, involving
a severely immunocompromised HIV-positive man with pulmo-
nary disease, who rapidly improved following a 3-month course of
amikacin and ciprofloxacin treatment (54).

Mycobacterium litorale

M. litorale was described in 2012, on the basis of a single strain
isolated from a soil sample from a seashore in China (55).

Phylogenetically, M. litorale is included among the rapid grow-
ers (Fig. 3) and is most closely related to Mycobacterium mona-
cense.

Light yellow colonies develop in 1 to 2 days at 37°C. The HPLC
mycolic acid pattern grossly resembles that of MAC strains and is
characterized by an early major peak cluster and two late minor
clusters.

It is susceptible in vitro to amikacin, ciprofloxacin, doxycycline,
linezolid, tobramycin, and sulfamethoxazole but resistant to cla-
rithromycin.

M. litorale has never been grown from human or animal speci-
mens.

Mycobacterium llatzerense

M. llatzerense was described in 2008, based on six strains isolated
from water samples (56).

The species harbors the mark of rapid growers in the 16S rRNA
gene (Fig. 3) and is closely related to Mycobacterium aubagnense
and Mycobacterium mucogenicum. The strains investigated are ge-
netically very homogeneous. Unpigmented colonies grow in 3 to 4
days at temperatures ranging from 22 to 30°C; no growth is ob-
served at 37°C.

The species is susceptible to ciprofloxacin, clarithromycin, and
minocycline.

M. llatzerense is misidentified as M. mucogenicum by the Geno-
Type Mycobacterium AS test.

The strains on which the species nova description is based were
isolated from hemodialysis water in a hospital in Majorca, Spain,
and other reports subsequently documented the isolation of M.
llatzerense from tap water (48, 57). Two clinical cases were recently
reported, one in the United States, concerning a liver transplant
recipient with pulmonary disease (58), and one case of abdominal
abscess, in Spain (59).

Mycobacterium monacense

M. monacense was described in 2006, based on four independent
clinical isolates (60).

The species occupies a position clearly divergent from the major
evolutionary branches of rapidly growing mycobacteria (Fig. 3).
The ITS1 genetic region is characterized by a high level of micro-
heterogeneity.

Smooth, yellow, scotochromogenic colonies develop in a week
at temperatures ranging from 25 to 45°C. The mycolic acids are
characterized by an HPLC pattern grossly resembling that of the
M. terrae complex. The species is susceptible in vitro to amikacin,
clarithromycin, doxycycline, and ciprofloxacin.

Three of the four strains on which the description of the species
is based were isolated from respiratory specimens from unrelated
patients; one of the patients underwent a tuberculosis-specific
treatment, without any improvement. One case concerned a
young boy presenting a fistula consequent to the accidental deep
penetration of a screwdriver into the thigh; an in-depth surgical
intervention was needed to resolve the problem. A number of
cases were reported subsequently: one concerning a hand infec-
tion, which was cured with a 6-week course of treatment with
clarithromycin and levofloxacin (61), and three related to pulmo-
nary diseases (62–64). Follow-up information is available for only
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one of the patients, who was treated successfully with amikacin
and ciprofloxacin for 12 months.

Mycobacterium pallens

M. pallens was described in 2009, along with four other new spe-
cies degrading polycyclic aromatic hydrocarbons (43), on the
basis of a single strain isolated from the soil on the island of
Oahu, HI.

The phylogenetic position of the species is unclear, as it is
closely related to different rapidly growing mycobacteria depend-
ing on which genes are investigated.

The colonies grow in less than a week, are flat and dry with an
undulated border, and turn pale orange once exposed to light.

M. pallens has never been grown from human or animal speci-
mens; the only isolation reported so far is the one on which the
description of the species is based.

Mycobacterium rufum

M. rufum was described in 2009, along with four other new species
degrading polycyclic aromatic hydrocarbons (43). The single
strain on which the species nova description is based was isolated
from the contaminated soil of an oil-gasification company in
Hawaii.

The phylogenetic position of the species is unclear, as it is most
closely related to different rapidly growing mycobacteria depend-
ing on which genes are investigated.

The colonies grow within 7 days and are large, raised, and dry,
with an orange pigmentation in light or darkness. The optimum
growth is obtained at 28°C.

M. rufum has never been grown from human or animal speci-
mens; the only isolation reported so far is the one on which the
description of the species is based.

Mycobacterium rutilum

M. rutilum was described in 2009, along with four other new spe-
cies degrading polycyclic aromatic hydrocarbons (43). The three
strains on which the species nova description is based were isolated
from the soil of an urban park in Honolulu, HI.

The phylogenetic position of the species, which is characterized
by wide microheterogeneity in all the investigated housekeeping
genes, is unclear, as it is most closely related to different rapidly
growing mycobacteria depending on the considered gene.

The colonies are pigmented deeply orange after exposure to
light, have an undulated transparent border, and may be mucoid
or dry. Their growth takes less than a week at temperatures rang-
ing from 28 to 45°C.

M. rutilum has never been grown from human or animal spec-
imens; the only isolations reported so far are the ones on which the
description of the species is based.

Mycobacterium salmoniphilum

M. salmoniphilum was first described in 1960 (65), but the new
species was not validated. It was revived in 2007, on the basis of 11
strains isolated from salmonid fish (66).

The species is phylogenetically located among rapid growers
within the M. chelonae complex (Fig. 3). Very high levels of genetic
microheterogeneity are present.

Smooth, cream-colored, shiny colonies grow after 4 to 6 days at
temperatures ranging from 20 to 30°C, but not at 37°C. The HPLC

mycolic acid profile, characterized by two late-emerging peak
clusters, is similar to that of M. chelonae.

M. salmoniphilum is pathogenic for salmonid fish (67–71), with
the disease affecting predominantly the kidneys. It has also been
isolated from tap water (48) but never from human specimens.

Mycobacterium sediminis

M. sediminis was described in 2014 (42), on the basis of a single
strain isolated from a sediment sample collected in the South
China Sea.

The phylogenetic position is controversial, and the present
structure of the genome has been hypothesized to originate from a
large lateral gene transfer event.

The colonies develop in about 1 week at 25 to 37°C, but they can
grow more slowly at temperatures as low as 5°C. They are orange-
red, rough, and not photochromogenic.

No isolation from human or animal specimens has been re-
ported so far.

Mycobacterium setense

M. setense was described in 2008, on the basis of a single clinical
isolate (72).

The species occupies a phylogenetic position among the rapid
growers within the Mycobacterium fortuitum complex (Fig. 3) and
is more closely related, in the 16S rRNA gene, to Mycobacterium
houstonense and Mycobacterium senegalense.

The colonies are smooth and nonpigmented, do not produce
aerial hyphae, and grow in 2 to 4 days at 25 to 37°C. The HPLC
mycolic acid pattern presents similarities to those of M. fortuitum
and other related species.

The strain is susceptible in vitro to quinolones, cefoxitin, and
amikacin.

M. setense is misidentified as M. fortuitum by the INNO-LiPA
Mycobacteria test.

The strain from which the description of the new species origi-
nated was isolated from a patient with a posttraumatic lesion of
the foot complicated by osteitis and tenosynovitis. The initial
treatment with clarithromycin for 1 month was ineffective; the
patient was subsequently cured with a 1-month course of treat-
ment with amikacin and levofloxacin. A further case of bone in-
fection was reported for a recipient of an osseous graft (73), which
was cured with a 4-month treatment with ciprofloxacin. More
recently, three infections due to M. setense were reported in Iran
(74): in a man with fever and inflammation following a knee joint
replacement, an HIV-positive young woman with a subcutaneous
abscess consequent to an accidental injury, and a renal transplant
recipient under immunosuppressive therapy and with chronic
bronchitis. The first two patients were successfully treated with
amikacin, and the outcome for the third is unknown.

SLOWLY GROWING NTM

Mycobacterium algericum

M. algericum was described in 2011, based on a single strain iso-
lated from the lung lesion of a goat (75).

The species belongs to the Mycobacterium terrae complex (Fig.
4), as demonstrated by the 14-nucleotide insertion in helix 18 of
the 16S rRNA gene.

The colonies, which are smooth and unpigmented, develop in
more than a week at temperatures between 25 and 40°C. The
HPLC profile of mycolic acids is characterized by two separate
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peak clusters and does not allow for discrimination between the
species within the complex (76).

Only one other strain, isolated from a fish (77), has been re-
ported so far.

“Mycobacterium alsiense”

“M. alsiense” was described in 2007 (78), on the basis of two clin-
ical strains isolated from unrelated patients.

The phylogenetic position of “M. alsiense” is not clear, as it
groups with Mycobacterium gordonae and Mycobacterium asiati-
cum based on the 16S rRNA gene but shows similarities with other
Mycobacterium species in various genetic regions.

Yellowish scotochromogenic and smooth colonies grow slowly
at 25 to 36°C. The mycolic acid HPLC profile is characterized by a
single, late-emerging peak cluster that is different enough from
other species presenting a comparable peak arrangement.

The only strain tested so far proved to be susceptible to clari-
thromycin, ethambutol, rifampin, and streptomycin.

In the GenoType Mycobacterium CM commercial assay, “M.
alsiense” presents the same hybridization pattern as that shown by
the species M. scrofulaceum, M. parascrofulaceum, and M. paraf-
finicum.

The only two strains reported so far (78) were isolated from
respiratory specimens from elderly immunocompetent subjects.
Both strains were considered responsible for pulmonary disease,
and the patients were treated with rifampin (combined with
ethambutol in one case and with clarithromycin in the other),
with a clear improvement of the radiological picture.

Mycobacterium arosiense

M. arosiense was described in 2008 (79), on the basis of a single
clinical strain.

The species belongs to the MAC and is genetically most closely
related to M. intracellulare (Fig. 5).

The colonies are scotochromogenic, yellow, and smooth; they
grow in two or more weeks at temperatures ranging from 36 to
42°C, with the latter being the optimum. This species shares the

typical HPLC profile of mycolic acids with the other species of the
MAC, presenting an early major peak cluster and two late minor
ones.

All the strains isolated so far were susceptible in vitro to clari-
thromycin and amikacin.

The observation that M. arosiense belongs to the MAC is con-
firmed by the hybridization patterns presented with commercial
DNA probes. All of them assign M. arosiense to the MAC: the
AccuProbe and GenoType Mycobacterium CM tests misidentify
it as M. intracellulare, while the INNO-LiPA Mycobacteria test
includes it in the M. avium-intracellulare-scrofulaceum (MAIS)
group and recognizes it as being different from M. avium, M.
intracellulare, and Mycobacterium scrofulaceum (18).

The strain from which the description of the new species origi-
nated was responsible for disseminated osteomyelitis in a 7-year-
old child with underlying gamma interferon receptor alpha-1 de-
ficiency (79). Other clinical strains have been reported, including
five from respiratory specimens and two from urine (80). At least
one of the cases fulfilled the American Thoracic Society (ATS)
criteria for clinical significance (81); this case concerned an elderly
patient presenting with pulmonary infection and a history of
Hodgkin’s lymphoma, splenectomy, and gastrectomy, who was
successfully treated with clarithromycin, rifampin, and ethambu-
tol. The involvement of M. arosiense in human infections is prob-
ably underestimated because of the large use of DNA probe iden-
tification systems which systematically misidentify this species as
M. intracellulare.

Mycobacterium bouchedurhonense

M. bouchedurhonense was described in 2009, along with two other
new species belonging to the MAC, on the basis of a single strain
isolated from a sputum specimen (82).

Its inclusion in the MAC (Fig. 5) is supported by the close ge-
netic similarity restricted to species belonging to the complex.

The colonies are rough and unpigmented and grow on solid
media in about 2 weeks at temperatures between 30 and 45°C.

FIG 4 Phylogenetic tree, based on the 16S rRNA gene, for the species belonging to the M. terrae complex.
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M. bouchedurhonense is misidentified as M. intracellulare by the
GenoType Mycobacterium CM test; hybridization with other
commercial DNA probes has not been determined.

No clinical information is available regarding the patient from
whom the only reported strain so far was isolated.

Mycobacterium engbaekii

The M. engbaekii species was first proposed in 1972 (83), but it was
only officially described in 2013 (76), based on seven clinical iso-
lates.

The species presents the typical signature of the M. terrae com-
plex (Fig. 4) in the 16S rRNA gene: a 14-nucleotide insertion in
helix 18. Microheterogeneity is present in the hsp65 and rpoB
genes but not in the 16S rRNA gene. The colonies grow on solid
media in about 10 days at 25 to 37°C, are rough, and develop pink
pigmentation following exposure to light. The HPLC profile of
mycolic acids supports the phylogenetic position, in that M. eng-
baekii is characterized by the traits common to all of the species
belonging to the M. terrae complex.

M. engbaekii is susceptible in vitro to amikacin, clarithromycin,
ethambutol, linezolid, and rifabutin and is resistant to doxycycline
and sulfamethoxazole.

About 50 strains of M. engbaekii have been characterized so far,
most of which were isolated from human specimens. No case
meeting the ATS criteria for clinical relevance has been reported.

Mycobacterium europaeum

M. europaeum was described in 2011, on the basis of five indepen-
dent strains isolated in different European countries (84).

The species belongs to the Mycobacterium simiae complex (Fig.
6), as shown by the short helix 18 characterized by the specific
sequence.

The colonies are smooth and deep yellow in both dark and light
and grow in 2 to 3 weeks at temperatures between 30 and 37°C. By
HPLC, the mycolic acid profile grossly resembles that of the spe-
cies belonging to the MAC. The sequences of housekeeping genes

other than the 16S rRNA gene are characterized by microhetero-
geneity with multiple sequevars.

M. europaeum is resistant in vitro to quinolones and is suscep-
tible to the other drugs included in the panel designed for slowly
growing mycobacteria.

Four clinically significant cases due to M. europaeum have been
documented. Two of the strains characterized on the occasion of
the description of this new species were responsible for cavitary
pneumonia or cervical lymphadenitis. Two further cases of lung
disease have been reported, concerning an HIV-positive subject
and a patient with cystic fibrosis. The former was cured with ami-
kacin, while the latter underwent an antituberculosis regimen
(85).

Mycobacterium fragae

M. fragae was described in 2013, on the basis of a single clinical
strain (86).

The species is part of the phylogenetic branch occupied by the
slowly growing species Mycobacterium branderi, Mycobacterium
celatum, and Mycobacterium kyorinense (Fig. 7).

The colonies are smooth and unpigmented and grow in 3 to 4
weeks at temperatures ranging from 30 to 37°C. M. fragae pos-
sesses a unique HPLC pattern of mycolic acids and is susceptible in
vitro to the whole panel of antimicrobials potentially active against
slowly growing species.

The only strain of M. fragae isolated so far was grown repeatedly
from a patient with pulmonary disease. The patient underwent
three pharmacological cycles, two based on antituberculosis drugs
and the third, which was effective, with amikacin, clarithromycin,
and ethambutol (unpublished data).

Mycobacterium heraklionense

M. heraklionense was described in 2013, on the basis of 23 strains
isolated from clinical specimens in Greece, Italy, and India (76).

The species presents the typical 14-nucleotide insertion in the
16S rRNA gene, considered the signature of the species included in

FIG 5 Phylogenetic tree, based on the 16S rRNA gene, for the species belonging to the M. avium complex.
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the M. terrae complex (Fig. 4). Wide heterogeneity is present in the
sequences of the hsp65 and rpoB genes.

The colonies develop on solid media in 5 to 12 days at 25 to 37°C
and are smooth and unpigmented. The HPLC profile of mycolic
acids supports the phylogenetic location. It is in fact not substan-
tially different from that of the other species belonging to the M.
terrae complex.

M. heraklionense is susceptible in vitro to clarithromycin and is
resistant to quinolones, rifampin, sulfamethoxazole, and doxycy-
cline.

Around 20 strains of M. heraklionense have been investigated so
far and were isolated from various clinical specimens. The only
infection meeting the criteria for clinical relevance concerns a case
of tenosynovitis in an immunocompetent patient (87).

“Mycobacterium indicus pranii”

“M. indicus pranii” (sic), although known since the 1970s, was
described in 2009 (88). It includes a single strain, originally named
“Mycobacterium W,” which was chosen from a collection of NTM
for its ability to evoke cell-mediated immune responses against M.
leprae (89).

The strain presents, in the large majority of housekeeping genes,
complete identity with M. intracellulare (Fig. 5), of which it should
probably be considered a subspecies. Surprisingly, M. intracellu-

lare is not included among the species with which the recently
determined complete genome of “M. indicus pranii” has been
compared (90).

The colonies are unpigmented and smooth and develop on solid
media in 6 to 8 days at temperatures between 25 and 45°C. The strain
shares antigens with M. tuberculosis and M. leprae.

Because of its immunomodulatory activity, it has been used to treat
various human diseases, including tuberculosis (91), either alone or
in combination with chemotherapy. “M. indicus pranii” is also used
as an immunotherapeutic vaccine against leprosy (92).

Mycobacterium koreense

M. koreense was described in 2012, on the basis of three strains: a
clinical isolate and two reference strains (ATCC 23290 and ATCC
23291) previously assigned to the species M. triviale (93).

M. koreense presents the short helix 18 in the 16S rRNA gene
that is typical of rapid growers (Fig. 3). It is therefore not part of
the M. terrae complex as stated in the species nova description.
None of the housekeeping genes investigated is exempt from mi-
croheterogeneity.

Nonchromogenic colonies, which may be rough or smooth,
grow in 1 to 2 weeks at temperatures ranging from 25 to 37°C. The
HPLC profile is distinguishable from that of M. triviale only be-
cause of the presence of a minor early peak cluster.

FIG 6 Phylogenetic tree, based on the 16S rRNA gene, for the species belonging to the M. simiae complex.
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Among the main antimycobacterial drugs, only quinolones are
fully active in vitro.

No clinical information is available about the patient from
whose sputum M. koreense was isolated.

Mycobacterium kumamotonense

M. kumamotonense was described in 2006, on the basis of a single
strain isolated from a sputum sample (94).

M. kumamotonense presents the 14-nucleotide insertion dis-
tinctive of the M. terrae complex in the 16S rRNA gene (Fig. 4) and
is most closely related to the M. terrae species. A large degree of
sequence variability is present in all of the investigated housekeep-
ing genes (76).

Colonies become visible after 7 to 14 days of incubation at 25 to
42°C. The mycolic acid profile in HPLC is similar to that of other
members of the M. terrae complex but often presents with the
peaks of the first cluster arranged in an unusual rising order (76).

The species is susceptible in vitro to amikacin, clarithromycin,
rifampin, and quinolones.

No clinical information is available about the patient from
whose sputum the original strain of M. kumamotonense was
isolated. One case of generalized lymphadenopathy in an HIV-
positive patient has been reported (95); the patient was treated
with an antituberculosis regimen for 18 months. The same paper
also reported the misidentification of the strain as a member of the
M. tuberculosis complex by commercial probes (AccuProbe and
INNO-LiPA Mycobacteria); such a finding has not been con-
firmed with other strains. One isolate from fish has also been re-
ported (77).

M. kumamotonense, although described on the basis of a single
strain, has proven to be very common. Within the M. terrae com-
plex, it is, along with M. arupense, the species most frequently
isolated, while M. terrae, with which it was confused before the
description of the new species, is very rare (76).

Mycobacterium kyorinense

M. kyorinense was described in 2009, on the basis of three strains
isolated from independent patients (96).

FIG 7 Phylogenetic tree, based on the 16S rRNA gene, including representative slow-growing Mycobacterium species (A, M. marinum group; B, M. leprae group;
C, M. scrofulaceum group; and D, M. celatum group).
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M. kyorinense occupies a position in the same phylogenetic
branch as M. branderi, M. celatum, and M. fragae (Fig. 7). In var-
ious genetic regions, an unexpected identity of its sequence was
reported with M. celatum type 2, one of the three subtypes of this
species (97, 98). Subsequent studies demonstrated, however, that
M. celatum type 2 and M. kyorinense are the same species (99). Like
M. celatum, M. kyorinense is characterized by two copies of the 16S
rRNA gene (100), which is an exceptional condition among the
slow growers, as they typically harbor only one copy. Microhet-
erogeneity is absent in M. kyorinense sequences.

The colonies, which are smooth and nonchromogenic, grow at
28 to 42°C in more than 4 weeks.

The species is susceptible in vitro to amikacin, clarithromycin,
streptomycin, and quinolones but is resistant to rifampin.

The three strains of M. kyorinense characterized for the species
nova description were responsible for pneumonia in nonimmu-
nocompromised patients. A review of seven Japanese cases (100),
in five patients with lung disease and the others with lymph nodal
and joint infection, reports satisfactory outcomes for five of six
patients treated with a combination of clarithromycin and quin-
olones; in some of them, this treatment had been preceded by a
standard antituberculosis regimen which proved ineffective. Fur-
ther cases, again in Japan (101–104), concerned two elderly pa-
tients who died of respiratory failure and a case of pulmonary
infection successfully treated with clarithromycin and levofloxa-
cin. In Brazil, M. kyorinense was isolated from a subject with ex-
tensive fibrotic lesions of the lung, who died despite antitubercu-
lar treatment (105). The cases imputed to M. celatum (type 2)
before the recognition of M. kyorinense should be added to these.

“Mycobacterium lepromatosis”

“M. lepromatosis” was described in 2008 (106), on the basis of
molecular investigations conducted on human tissues from pa-
tients with leprosy.

Although most closely related to Mycobacterium leprae, it is
clearly distinct from it. The two species, in fact, present similarities
of �98% in the 16S rRNA gene and close to 94% and 93% in rpoB
and hsp65, respectively (Fig. 7). The phylogenetic relatedness be-
tween the two species is confirmed by the C�G content, which is
lower than that in other mycobacteria, by a unique insertion (19
bp long in “M. lepromatosis” and 16 bp in M. leprae) in the 16S
rRNA gene, and by genomic reduction and degradation.

Like M. leprae, it is uncultivable on artificial media.
“M. lepromatosis” is responsible for a form of diffuse leproma-

tous leprosy predominantly seen in Mexico (107) and causing
substantial mortality when not treated. The disease is character-
ized by massive mycobacterial invasion and proliferation into the
endothelium, with vascular occlusion. Following the recognition
of the novel species, other cases have been reported in Singapore
(108) and Canada (109).

“Mycobacterium liflandii”

“M. liflandii” was characterized in 2004, on the basis of multiple
isolates (110), and the current name was introduced 1 year later
(111). Recent data based on whole-genome sequencing suggest
that “M. liflandii” may be an ecotype of M. ulcerans, the causative
agent of Buruli ulcer (112).

The species belongs to the same phylogenetic branch as Myco-
bacterium marinum and Mycobacterium ulcerans (Fig. 7). M. ma-
rinum is considered the progenitor from which M. ulcerans and

“M. liflandii” evolved, following the loss of multiple genomic re-
gions (113).

The growth of this species is fastidious, and colonies, which are
rough and unpigmented, take more than 1 month to become vis-
ible at 28°C. Like M. ulcerans, “M. liflandii” possesses one plasmid
coding for a cytopathogenic toxin (mycolactone).

“M. liflandii” was responsible for cutaneous lesions with a high
death rate in amphibians. Epidemics in colonies of laboratory
frogs have been reported (114, 115), while there is no report of
human infections.

Mycobacterium longobardum

M. longobardum was described in 2013, on the basis of seven in-
dependent strains isolated from clinical specimens in Italy (76).

The species harbors the 14-nucleotide insertion in helix 18 of
the 16S rRNA gene that is typical of the species included in the M.
terrae complex (Fig. 4). A moderate level of microheterogeneity is
reported only for the rpoB gene.

Rough and unpigmented colonies develop on solid media in 7
to 14 days at 25 to 37°C. The mycolic acid profile by HPLC is
indistinguishable from that of other species belonging to the M.
terrae complex.

The species is susceptible in vitro to sulfamethoxazole and cla-
rithromycin and is resistant to quinolones, linezolid, and strepto-
mycin.

The seven strains of M. longobardum characterized for the de-
scription of the species were isolated from various types of clinical
specimens, but none of the strains were clinically relevant. Very
recently, a case of elbow osteomyelitis was reported in which M.
longobardum was isolated from a biopsy specimen; the patient was
cured with clarithromycin and ethambutol (116).

Mycobacterium mantenii

M. mantenii was described in 2009, based on four independent
clinical strains plus one strain of environmental origin (117).

M. mantenii shares an intermediate-length helix 18 in the 16S
rRNA gene (3-bp deletion in comparison to other slow growers)
with M. scrofulaceum (Fig. 7). The clinical strains present homo-
geneous sequences in the 16S rRNA gene, ITS1, hsp65, and rpoB,
while the environmental one bears minor differences in those se-
quences.

Colonies, which are smooth and yellow (scotochromogenic),
grow on solid media in 4 weeks at 25 to 37°C. The HPLC mycolic
acid pattern is not distinguishable from that of M. scrofulaceum
and the MAC.

The species is susceptible in vitro to rifamycins and clarithro-
mycin only.

M. mantenii is identified by the INNO-LiPA Mycobacteria test
as a member of the MAIS group but different from M. avium, M.
intracellulare, and M. scrofulaceum, while it is misidentified as M.
intracellulare by the GenoType Mycobacterium CM test (18).

M. mantenii has been isolated from cervical lymph nodes of two
otherwise healthy children: one was successfully treated with ri-
fampin and clarithromycin for 3 months, and the other was cured
without antibiotic therapy following lymph node drainage. Two
other strains, both considered clinically nonsignificant, were iso-
lated from respiratory specimens. The environmental strain was
grown from a water sample of the Zambesi River. One isolation
from a fish has also been reported (118).
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Mycobacterium marseillense

M. marseillense was described in 2009, along with two other new
species belonging to the MAC, based on two strains isolated from
respiratory specimens from unrelated patients (82).

It is a member of the MAC (Fig. 5) and is closely related to other
species of the complex. The 16S rRNA gene sequence does not
allow an unequivocal identification of the species because of its
identity with M. yongonense; in other housekeeping genes, some
microheterogeneity is present.

The colonies are rough and unpigmented and grow on solid
media in about 2 weeks at temperatures between 30 and 45°C.

M. marseillense is misidentified as M. intracellulare by the Geno-
Type Mycobacterium CM test; its hybridization with other com-
mercial DNA probes has not been determined.

No information is available about the patients from whose clin-
ical specimens the two strains characterized on occasion of the
species nova description were isolated. One case of pulmonary dis-
ease, characterized by bilateral bronchiectasis and multiple nod-
ules, was recently reported. The patient remained intermittently
culture positive for M. marseillense for over 5 years, and in this
period, he underwent three therapeutic cycles, initially with anti-
tuberculosis drugs and finally with ethambutol, rifampin, and azi-
thromycin. Despite the negativization of the cultures, the progres-
sion of pulmonary involvement was radiologically evident at
follow-up (119). Another case of pulmonary disease with multiple
isolations of M. marseillense has been reported for a patient with
lupus erythematosus (120). Two strains have been isolated from
respiratory specimens of cystic fibrosis patients (121).

Mycobacterium minnesotense

M. minnesotense was described in 2013, on the basis of 13 strains
isolated from a sphagnum peat (122).

The species bears the signature of members of the M. terrae
complex (Fig. 4) in helix 18 of the 16S rRNA gene; the most closely
related species is M. arupense, with which it shares an identical
hsp65 PRA pattern. Extensive sequence heterogeneity is present in
various housekeeping genes, including the 16S rRNA gene.

Smooth, pink-orange, photochromogenic colonies develop on
solid media in 7 to 10 days at 27 to 34°C but not at 37°C. The
mycolic acid pattern determined by HPLC does not differ signif-
icantly from that of other species included in the M. terrae com-
plex.

M. minnesotense has never been grown from human or animal
specimens.

Mycobacterium noviomagense

M. noviomagense was described in 2009, on the basis of 17 strains
isolated in the Netherlands (123).

The phylogenetic position of this very homogeneous species is
unclear, because the most closely related species vary according to
different genetic regions (Fig. 7).

Nonchromogenic colonies grow at 37°C but not at 45°C, in
about 4 weeks. The HPLC mycolic acid pattern is not distinguish-
able from that of M. xenopi.

In vitro antimicrobial testing revealed susceptibility to strepto-
mycin, amikacin, ciprofloxacin, and clarithromycin and resis-
tance to rifampin.

All the strains investigated so far were isolated from respiratory
specimens in a circumscribed geographic area of the Netherlands;
none of them fulfilled the criteria for clinical significance.

Mycobacterium paraffinicum

M. paraffinicum was first described in 1956 (124), but subse-
quently, its species status was considered illegitimate. The species
was definitively revived in 2009 (125), on the basis of six strains.

M. paraffinicum is most closely related to M. scrofulaceum (Fig.
7), with which it shares a helix 18 in the 16S rRNA gene which is
three nucleotides shorter than that of other slow growers.

The colonies are yellow and waxy, may be smooth or wrinkled,
and grow in more than a week at 22 to 35°C. HPLC of mycolic
acids reveals a pattern that is not distinguishable from those of M.
scrofulaceum and MAC members.

The strains are susceptible in vitro to rifabutin, linezolid, clari-
thromycin, and amikacin.

The INNO-LiPA Mycobacteria test misidentifies the species as
M. intracellulare type 2 (corresponding to Mycobacterium chi-
maera), while it is misassigned to the MAC by the AccuProbe test.

The original strain was isolated from samples of oil-field soil.
Other strains were grown from respiratory specimens, but no clin-
ical information is available regarding the patients. One pseudo-
outbreak involving 21 patients was reported in a hospital where
the ice machine was then detected as the source (126). Very re-
cently, a case of symptomatic pulmonary infection was described
(127).

Mycobacterium paragordonae

M. paragordonae was described in 2014, on the basis of a single
strain (128).

The species is related to M. gordonae (Fig. 7), with which it
shares 99% similarity in the 16S rRNA gene.

The colonies, which are orange (scotochromogenic) and
smooth, grow at 25 to 30°C but not at 37°C, in more than a week.

The strain was isolated from the sputum of a patient with an
unspecified symptomatic pulmonary infection.

Mycobacterium parakoreense

M. parakoreense was described in 2013, based on a single strain
(129).

M. parakoreense harbors the signature of rapid growers in helix
18 of the 16S rRNA gene and occupies a phylogenetic position
close to that of M. triviale (Fig. 3).

The colonies are rough, are yellow or unpigmented in both dark
and light, and grow at 37°C in four or more weeks. The HPLC
profile of mycolic acids is hardly distinguishable from that of M.
triviale.

The strain is susceptible in vitro to amikacin, clarithromycin,
and rifampin.

The only strain isolated so far was grown from the sputum of a
patient with an unspecified symptomatic pulmonary infection.

Mycobacterium paraseoulense

M. paraseoulense was described in 2010, based on a single strain
(130).

Like Mycobacterium seoulense, with which M. paraseoulense
shares an identical 16S rRNA gene sequence, the species occupies
a phylogenetic position close to that of M. scrofulaceum (Fig. 7),
from which it differs, however, by a two-nucleotide insertion in
helix 18.

Orange scotochromogenic colonies, which are smooth and oc-
casionally rough, grow in three or more weeks at 25 to 37°C. The
profile of mycolic acids is characterized by two major peak clus-
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ters, similar to the HPLC profile of M. gordonae chromatotype 2
(131).

The GenoType Mycobacterium CM test misidentifies M. para-
seoulense as M. scrofulaceum (unpublished data).

The sputum of a patient with an unspecified symptomatic pul-
monary infection was the source of the only strain isolated so far.

“Mycobacterium paraterrae”

“M. paraterrae” was described in 2010, based on a single strain
(132).

The phylogenetic position of “M. paraterrae” is unclear: in the
16S rRNA gene, it shows the genetic signature of M. terrae com-
plex members (Fig. 4), but it is located on distant branches in the
trees built from the sequences of other housekeeping genes.

Mature colonies develop in 4 weeks at 25 to 37°C on solid me-
dia; they are orange, scotochromogenic, and prevalently smooth.
The HPLC pattern of mycolic acids is clearly different from the
peak arrangement typical of the species of the M. terrae complex.

The only strain isolated was obtained from the sputum of a
patient with an unspecified symptomatic pulmonary infection.

Mycobacterium riyadhense

M. riyadhense was described in 2009, on the basis of a single clin-
ical strain (133).

M. riyadhense is closely related to Mycobacterium szulgai (Fig. 7)
in the 16S rRNA gene and ITS1, while it is distant from every other
known species when additional genetic regions are considered.
Like M. tuberculosis, it possesses the region of difference 1.

The colonies, which are rough and unpigmented, develop on
solid media in more than 3 weeks at temperatures ranging from 25
to 36°C. The HPLC profile of mycolic acids grossly resembles that
of M. tuberculosis.

The strain is susceptible in vitro to ciprofloxacin, clarithromy-
cin, ethambutol, rifampin, and streptomycin.

M. riyadhense is misidentified as a member of the M. tuberculo-
sis complex by the GenoType Mycobacterium CM test.

The strain on which the description of the new species is based
was responsible for posttraumatic infection at the level of the left
maxillary sinus. The patient improved clinically and radiologically
following a 9-month course of antituberculosis treatment. Re-
cently, two cases of cavitary pulmonary disease were reported
(134): the first patient was cured with a 10-month antituberculosis
regimen; the second, despite a 1-year treatment with a combina-
tion of clarithromycin and ciprofloxacin, had a relapse which was
resolved by the addition of antituberculosis drugs to the treat-
ment. A further case of tuberculosis-like pneumonia has been re-
ported in Korea (135) and was cured with a standard antituber-
culosis regimen. The large number of case reports, probably
underestimated due to the misidentification as M. tuberculosis,
clearly supports the pathogenic role of M. riyadhense.

Mycobacterium senuense

M. senuense was described in 2008, on the basis of a single strain
(136).

The species is located within the M. terrae complex (Fig. 4) and
is more closely related in the 16S rRNA gene to Mycobacterium
arupense.

Tiny, nonchromogenic colonies develop in 4 weeks at both 25
and 37°C. The HPLC profile of mycolic acids is not different from
that of other members of the M. terrae complex.

The only known strain was isolated from the sputum of a pa-
tient with an unspecified symptomatic pulmonary infection.

Mycobacterium seoulense

M. seoulense was described in 2007, on the basis of a single strain
(137).

Like M. paraseoulense, with which M. seoulense shares an iden-
tical 16S rRNA gene sequence, the species occupies a phylogenetic
position close to that of M. scrofulaceum (Fig. 7), from which it
differs, however, by a two-nucleotide insertion in helix 18.

Smooth, scotochromogenic, orange colonies grow on solid me-
dia in three or more weeks at temperatures ranging from 25 to
37°C. The HPLC mycolic acid pattern grossly resembles that of
MAC species.

The only strain isolated so far was grown repeatedly from the
sputum of a patient with an unspecified symptomatic pulmonary
infection.

Mycobacterium sherrisii

Although a number of clinical cases involving M. sherrisii have
been reported since 2004, this new species was described in 2011
(138), on the basis of 11 strains collected in different countries.

M. sherrisii is characterized in the 16S rRNA gene by a short
helix 18 bearing the specific sequence unique to the members of
the M. simiae complex (Fig. 6). Moderate levels of microhetero-
geneity are present in the hsp65 and rpoB genes.

Mature colonies develop after 2 to 3 weeks of incubation on
solid media at 25 to 37°C; different strains display either nonchro-
mogenic or photochromogenic (yellow) colonies. HPLC of the
cell wall mycolic acids presents a profile with three late peak clus-
ters also shared by other species belonging to the M. simiae com-
plex.

The strains are resistant to the majority of antimycobacterial
drugs recommended against slowly growing mycobacteria, with
the exception of clarithromycin and rifabutin.

The GenoType Mycobacterium AS and INNO-LiPA Mycobac-
teria commercial identification methods misidentify M. sherrisii
as M. simiae.

A large number of infections due to M. sherrisii have been re-
ported in the literature, most of them concerning patients from
various African countries (139–145). The proportion of HIV-pos-
itive subjects (139–147) is also large. The clinical pictures differ in
that the species is prevalently disseminated, or both pulmonary
and disseminated, in HIV-infected patients, whereas it is mainly
pulmonary in other patients. The majority of patients were treated
with a combination of one macrolide, one rifamycin, and etham-
butol, which in most cases proved to be effective.

“Mycobacterium shigaense”

“M. shigaense” was described in 2012, on the basis of a single
clinical strain (148).

From a phylogenetic point of view, the species is included in the
M. simiae complex (Fig. 6) due to the presence of the pathogno-
monic signature consisting of a specific sequence within the short
helix 18 of the 16S rRNA gene.

Scotochromogenic yellow colonies grow in culture at 25 to 37°C
in around 2 weeks. HPLC of cell wall mycolic acids reveals a profile
with the three late peak clusters presented by most species of the
M. simiae complex.
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The strain was susceptible in vitro to amikacin, clarithromycin,
moxifloxacin, and rifampin.

The GenoType Mycobacterium AS test produces a pattern (hy-
bridization bands 6, 8, and 16) not included with those provided
by the system (unpublished data).

“M. shigaense” was isolated from a skin biopsy specimen from a
patient treated for Hodgkin’s disease and presenting disseminated
cutaneous nodules. The patient died of a non-Hodgkin’s T-cell
lymphoma with severe immunodeficiency. A new case of cutane-
ous infection was subsequently reported for an immunocompe-
tent woman (149). The patient was cured following a 6-month
course of treatment with rifampin, moxifloxacin, and clarithro-
mycin.

Mycobacterium shinjukuense

M. shinjukuense was described in 2011, on the basis of seven inde-
pendent strains (150).

The species is very homogeneous, but its phylogenetic position
is unclear, since the relatedness with the M. tuberculosis complex
displayed in the 16S rRNA gene (Fig. 7) is not confirmed in other
genetic targets.

The colonies are unpigmented and develop in around 3 weeks at
30 to 37°C. The mycolic acid HPLC pattern is characterized by a
large cluster of late-eluting peaks grossly resembling those of M.
malmoense. M. shinjukuense produces false-positive results with
the Amplified Mycobacterium Tuberculosis Direct commercial
amplification system (Gen-Probe), which is specific for M. tuber-
culosis. With the GenoType Mycobacterium CM and AS tests, it is
misidentified as Mycobacterium kansasii (AS pattern 10-12).

The strains on which the description of the new species is based
and, more recently, two others (151, 152) were isolated in Japan
from respiratory specimens from independent patients. Three of
the described cases fulfilled the ATS diagnostic criteria for clinical
significance; one of the patients was cured with antituberculosis
treatment.

“Mycobacterium simulans”

Only one report exists about “M. simulans” (153), and the species
has not been officially described.

The strain presents the closest similarity to M. riyadhense (Fig.
7), and likewise, it is misidentified as a member of the M. tubercu-
losis complex by the GenoType Mycobacterium CM test.

Rough, nonpigmented colonies grow at 37°C in two or more
weeks. By HPLC, the cell wall mycolic acids give a pattern charac-
terized by a single, late-emerging peak cluster grossly resembling
that specific for M. tuberculosis.

The strain was susceptible in vitro to amikacin, clarithromycin,
linezolid, rifabutin, and quinolones.

The only strain of “M. simulans” isolated so far was responsible
for severe cavitary pulmonary disease, which was successfully
treated with the combination of amikacin, clarithromycin, moxi-
floxacin, and ethionamide.

“Mycobacterium sinense”

“M. sinense” was described in 2013, on the basis of a single strain
(154).

The strain carries the 14-nucleotide insertion in helix 18 of the
16S rRNA gene that is characteristic of the M. terrae complex
(Fig. 4).

The colonies, which are unpigmented and smooth, develop in

three or more weeks at 28 to 37°C. The paper describing “M.
sinense” emphasizes its multidrug resistance; it was actually only
tested for drugs specific to M. tuberculosis and showed resistance
in vitro to amikacin, ethambutol, rifampin, quinolones, and strep-
tomycin.

The strain was isolated repeatedly from the sputum of a patient
with severe lung infiltrates; the infection was resolved after pro-
longed treatment with second-line antituberculosis drugs.

Mycobacterium stomatepiae

M. stomatepiae was described in 2007, on the basis of three strains
isolated from fish (155).

The strains carry the M. simiae complex signature in the 16S
rRNA gene, i.e., a short helix 18 presenting the complex-specific
sequence (Fig. 6).

Smooth and nonchromogenic colonies grow in 3 weeks at 30°C
and more slowly at 25°C; no growth is obtained at 37°C. The
HPLC pattern is characterized by three peak clusters shared by
various species belonging to the M. simiae complex.

No isolation from human specimens has been reported so far.

Mycobacterium timonense

M. timonense was described in 2009, along with two other new
species belonging to the MAC, based on two strains isolated from
respiratory specimens from unrelated patients (82).

M. timonense clusters with other species of the MAC (Fig. 5) and
displays genetic microheterogeneity.

The colonies are rough and unpigmented and grow on solid
media in about 2 weeks at temperatures between 30 and 45°C.

The hybridization pattern with commercial DNA probes is not
known.

No clinical information is available on the patients from whose
specimens the two isolates characterized for the species nova de-
scription were isolated. Very recently, two isolations were re-
ported in Latin America: one, in Brazil, from a pulmonary speci-
men from a cystic fibrosis patient (121), and the other, in Ecuador,
from an HIV patient (156).

Mycobacterium vulneris

M. vulneris was described in 2009, based on two independent clin-
ical strains (157).

The species is a member of the MAC (Fig. 5).
Smooth, bright yellow, scotochromogenic colonies develop in

more than 3 weeks on solid media. The HPLC pattern of mycolic
acids is characterized by a profile with three peak clusters, consis-
tent with that of the other strains included in the MAC.

Among the drugs considered potentially active against slowly
growing mycobacteria, only rifamycins and clarithromycin are
active in vitro.

The INNO-LiPA Mycobacteria test identifies M. vulneris as a
member of the MAIS group that is different from M. avium, M.
intracellulare, and M. scrofulaceum. The GenoType Mycobacte-
rium CM test misidentifies the strain as M. intracellulare, while the
AccuProbe test correctly includes the species in the MAC.

Of the two strains on which the description of the species is
based, the first was isolated from a suppurative wound consequent
to a dog bite and treated surgically with repeated debridement; the
second was responsible for cervical lymphadenitis in a child,
which was successfully excised.
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Mycobacterium yongonense

M. yongonense was described in 2013, on the basis of a single clin-
ical strain (158).

M. yongonense is characterized by a 16S rRNA gene sequence
that is 100% identical to that of M. marseillense. Both species are
members of the MAC (Fig. 5). Interestingly, the rpoB gene se-
quence is closely related to that of M. parascrofulaceum and is
distant from those of the MAC species. To explain such a finding,
a lateral gene transfer event has been hypothesized (159). In con-
trast, a clearly different rpoB sequence that is fully compatible with
belonging to the MAC was detected in two strains isolated in Italy.
They were identified as M. yongonense on the basis of the consis-
tency of the sequences of seven housekeeping genes (160).

The colonies are mostly nonchromogenic, although some yel-
low pigmentation may be observed; they develop at 37°C in more
than a week. The strain is susceptible in vitro to the majority of the
antimicrobials usually tested against slow growers, with the excep-
tion of amikacin.

M. yongonense is misidentified as M. intracellulare by the Geno-
Type Mycobacterium CM test.

The strain on which the species nova description is based was
isolated from a patient with a pulmonary infection, for which,
unfortunately, no clinical information is available. Very recently,
two further strains were isolated from respiratory specimens
(160). The isolation was considered nonsignificant in one of the
patients, while in the other it was responsible for a cavitary disease
that improved with a treatment combination of clarithromycin,
rifampin, and ethambutol.

NEW MEMBERS OF THE M. TUBERCULOSIS COMPLEX

“Mycobacterium mungi”

“M. mungi” was described in 2010, when it was detected as the
cause of an epidemic in mongooses (161).

“M. mungi” is characterized by the identity of more than 99% of
its genome with that of M. tuberculosis; in both species, the inser-
tion element IS6110 is present. The identification of the species is
possible by spoligotyping of the direct repeat (DR) locus, which is
characterized by a unique pattern, with the presence of spacers 1,
2, 4 to 6, 8, 10, 11, 37, 38, and 40 to 43.

Scanty growth of colonies is obtained in 5 to 6 weeks on solid
media at 37°C (162).

“M. mungi” is responsible for granulomatous lesions at the level of
the nose in mongooses; a few cases of disseminated disease have also
been reported. No information is available about its potential patho-
genicity in other animals or humans. The organism is probably pres-
ent in the environment and enters the host through nasal erosions;
systemic dissemination is possible via hematogenous and lymphatic
spread, and no evidence of aerosol transmission exists.

“Mycobacterium orygis”

“M. orygis” was described as a species or subspecies within the M.
tuberculosis complex in 2012, based on 22 isolates selected for the
similarity of their IS6110 restriction fragment length polymor-
phism (RFLP) patterns (163–165).

“M. orygis” is defined by the presence of genomic regions of
difference RD1, RD2, RD4, RD5a, RD6, RD13 to RD16, RD701,
and RD702; by a C-to-G single nucleotide polymorphism (SNP)
at position 551 in mmpL6; and by the deletion of regions RD3,
RD5b, RD7 to RD12, RDoryx_1, RDoryx_4, and RDoryx_wag22.

The large number of IS6110 elements (from 16 to 22) produces a
unique RFLP pattern; the pattern of mycobacterial interspersed
repetitive-unit–variable-number tandem repeats (MIRU-VNTR)
is equally distinctive. Specific spoligotypes of “M. orygis” do exist
and are included in the “Africanum” clade.

The colonies of “M. orygis” are smooth to greasy, domed, and
nonchromogenic.

The species is susceptible in vitro to first-line antituberculosis
drugs, including pyrazinamide.

The strains are misidentified as M. africanum by the GenoType
Mycobacterium MTBC commercial system. The range of hosts
includes antelopes in eastern Africa and the Arabian Peninsula,
cows and rhesus monkeys in South Asia, and humans (11 of the
strains on which the species nova description is based had a human
origin). The disease produced in humans is indistinguishable
from tuberculosis; also, a case of transmission from a man to a cow
has been reported (166).

“Mycobacterium suricattae”

“M. suricattae” was described in 2013, based on three strains iso-
lated from free-living meerkats (167).

From the phylogenetic point of view, the species shares a com-
mon ancestor with M. africanum. It is defined by the presence of
genomic regions of difference RD1, RD4, and RD12 and by the
deletion of RD9. The 16S rRNA gene of “M. suricattae” differs by
a SNP from those of all other M. tuberculosis complex members.
Twenty-one copies of IS6110 are present in the genome. Spoligo-
typing does not produce any interpretable pattern because of a
wide deletion of the DR locus.

“M. suricattae” has been isolated only from meerkats, in which
it is responsible for granulomatous lesions (162).

DISCUSSION OF NEW SPECIES

NTM are found ubiquitously in the environment, where they can
be isolated from water and soil; occasionally, they infect humans
and animals through aerosols (168) and by contact. In humans,
they can be responsible mainly for respiratory diseases but can also
have lymph nodal, cutaneous, bone, and joint involvement (169).
Disseminated diseases are also possible, especially in immunocom-
promised patients. The person-to-person transmission of NTM is
traditionally excluded, and outbreaks have been reported only for
people sharing contact with the same reservoir (170). However, re-
cently, several clusters of cases of respiratory disease due to M. absces-
sus subsp. massiliense in cystic fibrosis patients suggested the pos-
sibility of indirect interhuman transmission (38, 171).

Clinical Significance of NTM

While the isolation of NTM from sterile body sites (tissues or
blood) is diagnostic of disease, their isolation from respiratory
specimens may also be due to specimen contamination or tran-
sient colonization. The diagnostic criteria recommended by the
ATS (81) are universally considered the litmus test for clinical
significance. Such criteria apply to symptomatic patients with
nodular or cavitary disease and with evidence of bronchiectasis
and/or multiple small nodules. Nontuberculous pulmonary dis-
ease can be diagnosed, following exclusion of other diseases, by the
presence of at least two positive sputum cultures or one positive
bronchial wash culture.
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Geographic Distribution of NTM

Although most NTM species are widespread worldwide (172), for
particular species peculiar geographic distributions have been re-
ported (173). It has long been believed that the incidence of NTM
in different geographic areas has an inverse relationship with the
local burden of tuberculosis. In the last few years, however, the
implementation of liquid cultures and the use of molecular probes
for NTM differentiation in many countries with a high prevalence
of tuberculosis (174) revealed unexpectedly high rates of such or-
ganisms in these settings as well.

Description of New Species

In this paper, both validly published and nonofficial species are
reviewed. The “validly published” term may lead readers who are
not well acquainted with taxonomy to believe that the fulfilment
of strict standards is needed to achieve the official recognition of a
species. Actually, only recommendations exist, to which a number
of consolidated customs are added. Typically, a species nova de-
scription consists of the characterization of a combination of phe-
notypic and genotypic traits followed by a final “description” in-
cluding the philology of the name of the species and the summary
of distinctive features. In the case of mycobacteria, at the phenotypic
level, a minimal characterization includes the investigation of bio-
chemical and cultural features and the chemical analysis of cell wall
lipids. The genotypic study includes the sequencing of several (usually
at least three) housekeeping genes, among which the almost complete
16S rRNA gene is mandatory; their comparison, via alignment, with
the sequences of the type strains of the species presenting the highest
similarities; and a phylogenetic analysis, preferably based on the con-
catenation of the determined sequences.

Medical information, in the case of isolation from clinical spec-
imens, and in vitro antimicrobial susceptibility data are optional.
No instruction exists concerning the minimal number of strains to
be characterized for the description of a new species. It is my firm
conviction that some change is needed. Unquestionably, cultural
tests remain crucial for the determination of basic characteristics,
such as the growth rate, temperature, and pigmentation of colo-
nies. Biochemical tests, in contrast, represent only a historical her-
itage and are obsolete. Lipid analyses, carried out by multiple ap-
proaches, including MALDI-TOF mass spectrometry (94), are
sometimes useful. MALDI-TOF analysis of ribosomal proteins
should be encouraged as well, in consideration of the increasing
diffusion of such approaches among clinical laboratories. Any ef-
fort should be made to collect clinical information in cases of
strains isolated from humans or animals. Antimicrobial suscepti-
bility testing by determination of MICs of relevant drugs (for slow
or rapid growers, and not including unsuited molecules) (27)
should be included at least for clinical isolates. The value of DNA-
DNA hybridization (DDH) is controversial, although it is still the
gold standard for establishing whether or not two closely related
strains belong to the same species (175). A robust measure of
genomic relatedness, very recently acknowledged by the Commit-
tee of Systematic Bacteriology, is now available: average nucleo-
tide identity (ANI). Two strains definitely belong to different spe-
cies when the ANI between their genomes is lower than 95 to 96%
(180). Whole-genome sequencing, a prerequisite for ANI calcula-
tion, is becoming widely accessible and handy; DDH, in contrast,
still is cumbersome and poorly reproducible.

Does every previously unknown strain represent a new species?

This question is very difficult to answer. About half of the species
reviewed here were described on the basis of a single strain; statisti-
cally, the majority of them have a very low probability of being en-
countered again. It is the conviction of many taxonomists, including
me, that the description of every new bacterial species should be based
on “multiple, independent” strains. The meaning of “multiple” is
clear: as many as possible and, in any case, at least two. The definition
of “independent” is more complex; it seems honest, even if not abso-
lutely true, to consider independent those strains isolated from living
organisms or environments without known relatedness.

It is nevertheless clear that reports of single unusual isolates, not
aiming for the description of new species, remain welcome. Such
publications, as well as the relevant sequences deposited in public
databases, may represent opportunities for researchers to become
aware that strains with features compatible with those observed by
them have been found also elsewhere, thus stimulating collabor-
ative descriptions of “real” new species.

Definitive Identification

Currently, NTM identification relies mostly on the use of com-
mercial DNA probe systems, which give excellent identification
results only for a limited number of species. Strains either identi-
fied only at the genus Mycobacterium level or incorrectly identified
because of cross-reactions of particular probes (Table 2) should be
identified by genetic sequencing. The 16S rRNA gene, with few
exceptions (Table 3), allows unambiguous identification of the
large majority of species and is characterized, in contrast with
other genetic targets, by very limited microheterogeneity
(Table 4). The sequence of the first 500 bp is generally sufficient; in
fact, hypervariable regions A and B, harboring nucleotide poly-

TABLE 2 Hybridization results obtained with commercial DNA probes

Species

Test resulta

AccuProbe INNO-LiPA GenoType

“M. alsiense” Not identifiedb Mycobacterium
genusb

SPsP

M. arosiense M. intracellulare MAIS M. intracellulare
M. bouchedurhonense NT NT M. intracellulare
M. llatzerense NT Mycobacterium

genusb

M. mucogenicum

M. mantenii Not identifiedb MAIS M. intracellulare
M. paraffinicum MAC M. scrofulaceum SPsPb

M. paraseoulense NT NT M. scrofulaceum
M. riyadhense NT Mycobacterium

genusb

M. tuberculosis
complex

M. sherrisii NT M. simiae M. simiae
“M. shigaense” NT NT Bands 6, 8, and

16c

M. shinjukuense NT NT M. kansasii
“M. simulans” Not identifiedb Mycobacterium

genusb

M. tuberculosis
complex

M. vulneris MACb MAC� MAC�
M. yongonense NT NT M. intracellulare
a MAIS, belonging to the M. avium-intracellulare-scrofulaceum group but different from
M. avium, M. intracellulare, M. chimaera, and M. scrofulaceum; MAC, belonging to the
MAC but different from M. avium and M. intracellulare; MAC�, not belonging to the
MAC; NT, not tested; SPsP, positive with a probe aiming for M. scrofulaceum, M.
parascrofulaceum, and M. paraffinicum.
b Correct identification.
c The GenoType AS test produces a pattern including bands 6, 8, and 16, which is not
interpreted by the system.
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morphisms suitable for differentiating the large majority of spe-
cies, are actually included in this region (7).

A good-quality sequence is only the starting point toward a
careful identification: major hindrances are represented by the
high level of similarity characterizing the genus Mycobacterium (3)
and by the suboptimal quality of available databases. The skill of
the microbiologist plays a pivotal role in deciding whether similar
sequences represent sequevars (176) of the same species or dis-
tinctive markers of closely related species. Furthermore, the
choice of the definitive identification among the entries present in
the databases is a real challenge. Strictly controlled databases, both
commercial and open access, do exist, but they cover an insuffi-
cient number of Mycobacterium species, and this problem may
lead to misidentification of strains of novel species not included in
the database. This limitation is not present in GenBank and its
equivalents (European Molecular Biology Laboratory and DNA
Data Bank of Japan), but these are poorly controlled and include
large numbers of mislabeled sequences (177), in addition to a
huge quantity of duplicates. The latter database, however, remains
the best choice because experienced users can select the proper
sequence among many incorrect ones in a thorough database but
may not be so successful with a database that, although accurate,
lacks the appropriate sequence.

A possible identification algorithm combining the use of com-
mercial DNA probes and genetic sequencing is reported in Fig. 8.
In this scheme, for identifications emerging from hybridization
with DNA probes known to present cross-reactions, confirmation
by genetic sequencing is recommended. The most appropriate
target is recommended according to different groups of species.

Epidemiologic Remarks

For the species reviewed here, a clear distinction must be made
between the members of the M. tuberculosis complex, and M. lep-
romatosis as well, and the NTM. “M. mungi,” “M. orygis,” and “M.
suricattae,” although isolated from animals, have the potential,
like other members of the M. tuberculosis complex that are
adapted to nonhuman mammals, of causing tuberculosis in hu-
mans, and in the case of “M. orygis,” the organism does indeed

cause this disease. In addition, M. lepromatosis is responsible for
the most severe forms of leprosy.

The NTM can be classified into three major epidemiologic
groups (Table 1). Eight species are merely environmental, and it is
very unlikely that they will ever be isolated from humans. Five
have been isolated so far only from animals (fish and ruminants);
however, the occupational risk for workers exposed to such animals
cannot be excluded. All of the species remaining have been isolated,
prevalently or exclusively, from patients. It is now accepted that dif-
ferent NTM species differ in their pathogenic power (3, 178). Esti-
mates of the pathogenic potentials of the species that are the object of
this review is possible only for those for which multiple isolations
have been reported. M. engbaekii, M. insubricum, and M. novioma-
gense have not yet been proven to be pathogenic. The seven new
species of the MAC appear to be characterized by the ability to
cause disease comparable to that with M. avium or M. intracellu-
lare. Among the four new species of the M. simiae complex, M.
sherrisii is often responsible for disease in immunocompromised
patients. M. iranicum has frequently been associated with pulmo-
nary disease. M. mantenii, M. monacense, and M. shinjukuense are
potential pathogens that are prevalently involved in pulmonary

TABLE 4 Genetic microheterogeneity of Mycobacterium speciesa

Species

No. of sequevars

No. of
strains
investigated

16S
rRNA
gene hsp65 rpoB ITS1

“M. alsiense” 1 ND 1 1 4
M. arosiense 1 1 1 1 8
M. bacteremicum 1 3 7 ND 10
M. bourgelatii 1 2 3 ND 3
M. crocinum 2 1 2 ND 3
M. celeriflavum 3 3 3 ND 6
M. engbaekii 1 4 4 ND 7
M. europaeum 1 2 3 3 4
“M. franklinii” 1 2 2 2 26
M. heraklionense 1 3 7 ND 23
M. insubricum 2 2 1 3 5
M. iranicum 2 5 4 3 8
M. koreense 2 3 1 ND 3
M. kumamotonense 4 2 8 ND 36
M. kyorinense 1 1 1 ND 3
M. llatzerense 1 1 1 1 6
M. longobardum 1 1 2 ND 7
M. mantenii 1 2 2 2 5
M. marseillense 1 2 2 2 2
M. minnesotense 11 5 ND ND 13
M. monacense 1 2 ND 7 4
“M. mungi” 1 1 1 1 8
M. noviomagense 1 1 1 2 18
“M. orygis” 1 1 1 1 22
M. paraffinicum 1 1 1 ND 6
M. rutilum 3 2 2 ND 3
M. salmoniphilum 8 6 9 ND 9
M. sherrisii 1 2 1 2 11
M. shinjukuense 7 1 1 1 7
M. stomatepiae 1 1 1 1 3
M. timonense 1 2 1 2 2
M. vulneris 1 1 1 1 2
M. yongonense 1 1 2 1 3
a ND, not investigated.

TABLE 3 Species presenting identical sequences in the first 500 bp of
the 16S rRNA gene

Species

M. tuberculosis complex, except for “M. suricattae”
M. abscessus, M. chelonae, “M. franklinii”
M. alvei, M. setensea

“M. barrassiae,” M. moriokaensea

M. conceptionense, M. farcinogenes, M. fortuitum, M. houstonense, M.
senegalenseb

M. gastri, M. kansasii
M. marinum, M. ulceransa

M. mucogenicum, M. phocaicum
M. marseillense, M. yongonense
M. murale, M. tokaiense
M. paraseoulense, M. seoulense
M. peregrinum, M. septicuma

M. vaccae, M. vanbaaleniia

a The species can be differentiated by sequencing the whole 16S rRNA gene.
b In this group, some species can be differentiated by sequencing the whole gene; M.
farcinogenes can be differentiated from the other species because it grows slowly.
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infections. M. bacteremicum, like M. neoaurum, has frequently
been detected in catheter-related sepsis. The pathogenic potential
of M. kyorinense scores higher than the average for NTM. M.
llatzerense is an oligotrophic species fit for survival in waters.

Despite being present in large numbers, the species of the My-
cobacterium genus are destined to increase further in the coming
years; in fact, isolates not fitting any known species are frequently
encountered in reference laboratories.
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