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Five independent strains, isolated from clinical samples but probably not responsible for disease,
revealed phenotypic and genotypic features that appeared to exclude their belonging to any of the
recognized Mycobacterium species. The strains, which are non-pigmented rapid growers,
presented a cell-wall lipid pattern resembling those of Mycobacterium brumae and
Mycobacterium fallax. Sequencing of the 16S rRNA, hsp65 and rpoB genes and the 16S-23S
rRNA gene internal transcribed spacer (ITS) revealed that the strains are clearly distinct from
every other Mycobacterium species. While the 16S rRNA and rpoB genes were characterized by
a single sequevar, two sequevars were detected in hsp65 and three in the ITS. The divergence
shown in the latter region was striking, in which only two short regions (less than 150 bp in all)
were comparable with other mycobacteria, apart from Mycobacterium monacense and
Mycobacterium gilvum. The PCR restriction analysis pattern of the novel strains also differs from
any reported to date. The name Mycobacterium insubricum sp. nov. is proposed for the novel

species; the type strain is FI-06250" (=DSM 451327 =CIP 109609").

The continuous evolution of molecular techniques has led,
over the last 15 years, to an extraordinary increase in the
number of described bacterial species. The genus
Mpycobacterium now numbers more than 130 species. This
massive proliferation of novel species is the subject of
debate, with some people considering it inappropriate to
describe novel species that present only minor differences
from those already recognized or that are represented by a
single isolate (Drancourt & Raoult, 2005; Tortoli, 2003).

Abbreviations: ITS, internal transcribed spacer; MIC, minimal inhibitory
concentration; PRA, PCR restriction analysis.

The GenBank/EMBL/DDBJ accession numbers for the sequences of
the 16S rRNA gene and ITS of strains FI-06250" and FI-06215 are
EUB05695 and EU605694; that for the 16S rRNA gene sequence of
FI-05244 is DQ142672; those for the hsp65 gene sequences of strains
FI-06250", FI-06215 and FI-05244 are EF584487-EF584489; those
for the ITS sequences of FI-056244 and NLAOOO701900 are
EFB584486 and EU624330; and those for rpoB gene sequences of
FI-062507, M. fallax DSM 441797, M. brumae CIP 1034657 and M.
triviale IP14033001 are EU022519 and EU999023-EU999025.

Phylogenetic trees based on hsp65 and rpoB gene sequences of
selected mycobacterial species and the fatty acid profiles of strains FI-
062507, FI-06215 and FI-05244 are available as supplementary
material with the online version of this paper.

We report here on a homogeneous cluster of five
independent strains that differ clearly, at both phenotypic
and genotypic levels, from any previously reported
mycobacterium. These strains therefore appear to fulfil
even the most restrictive criteria suggested for the
recognition of novel species.

The mycobacteria characterized here, strains FI-062507, FI-
06215, FI1-05244, FI-03111 and NLA000701900, which are
not pigmented and form visible colonies in less than a
week, were isolated from sputa of patients with various
pulmonary problems (Table 1). For at least three of them,
clinical significance seems unlikely: other causes of disease
could not be excluded, and each patient yielded a single
isolate (Griffith et al., 2007).

Cultural tests and several biochemical investigations,
selected from those used more frequently for description
of novel mycobacteria, were performed on the five strains
according to standard procedures (Kent & Kubica, 1985).
Three different methods were used to investigate the lipid
composition of the cell wall. Two-dimensional TLC of
whole-organism acid methanolysates was conducted fol-
lowing the standard procedure of Minnikin et al (1975).
GLC determination of methyl-branched fatty acids,
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Table 1. Clinical and microbiological data for the five novel strains

I, Ttaly; NL, Netherlands; NA, not available.

Strain Isolation Microbiological data Patient data
Year Location Samples Microscopy (n) Positive Age Disease Underlying disease Treatment  Follow-up
investigated cultures (years)
FI-03111 2003  Busto Arsizio (I) Two sputa Positive (1) 2 59 Respiratory insuf-  Diabetes Levofloxacin  NaA
ficiency, pneumonia (2 weeks)
FI-05244 2005  Busto Arsizio (I)  One induced Negative 2 62  Respiratory insuf-  Lung cancer No Death
sputum, one ficiency, astenia
gastric aspirate
FI-06215 2006  Como (I) Three sputa Negative 1 62 Severe dyspnoea Hodgkin’s lymphoma No Recovery at
3 months
FI-06250" 2006  Varese (1) Two sputa, one Negative 1 (sputum) 62 Pleural effusion Chronic obstructive pul- No Lost
bronchial aspirate, monary disease
one pleural fluid
NLA000701900 2007  Nijmegen (NL) Three sputa Positive (3) 3 23 Cough, dyspnoea  Chronic obstructive pul- No Stable
monary disease, bronch-
iectasis, uncharacterized
immunological deficit
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alcohols and mycolic acid cleavage products was performed
using the Microbial Identification System software package
(Sasser, 1990). Finally, HPLC of cell-wall mycolic acids was
performed after esterification to bromophenacyl esters
(Butler & Kilburn, 1988). While all the strains character-
ized here were submitted to HPLC, only strains FI-062507,
FI-06215 and FI-05244 were analysed with TLC and GLC.

Minimal inhibitory concentrations (MIC) of drugs recom-
mended for rapidly growing mycobacteria were determined
for all five strains according to the reference method of the
NCCLS (2003) (now the CLSI).

Double-strand sequencing was carried out using BigDye
Terminator chemistry and an AB3730 DNA sequencer
(Applied Biosystems) following the standard procedures on
four species-markers of primary importance for taxonomic
and phylogenetic analysis of mycobacteria (Adékambi et al.,
2003; McNabb et al., 2004; Reischl et al., 1998; Roth et al.,
1998). In addition to the 16S rRNA gene, universally
considered the ‘gold standard’ (Bottger, 1996), the
hypervariable region of the gene encoding the 65 kDa
heat-shock protein (hsp65) and the transcribed spacer
interposed between the 16S and the 23S rRNA genes (ITS)
were sequenced. A fragment of the rpoB gene, recently
proposed for phylogenetic analysis of rapidly growing
mycobacteria and characterized by its very high discrim-
inative power (Adékambi & Drancourt, 2004), was also
investigated since our strains showed high growth rates.

Phylogenetic analysis was conducted by including the
sequences of the 25 genotypically most closely related type
strains found in GenBank (sequences retrieved from
GenBank BLAST). When not present among these 25, the
sequences of strains of  Mpycobacterium  brumae,
Mycobacterium fallax and Mycobacterium triviale (the
species most closely related phenotypically) were added.
As the rpoB sequences of the type strains of the latter three
species were not present in GenBank, strains of each species
(M. brumae CIP 103465, M. fallax DSM 44179" and M.
triviale IP14033001) were investigated. After the sequences
had been standardized and aligned with CLUSTAL w, trees
were constructed according to the neighbour-joining
method (Saitou & Nei, 1987) and evaluated by bootstrap
analysis based on 1000 replicates using the MEGA software
version 4 (Tamura et al., 2007). The trees were rooted
using Mycobacterium tuberculosis H37Ra as the outgroup.

The strains, which were acid-fast, grew rapidly (visible
colonies within 3-6 days) on Lowenstein—Jensen medium
at temperatures of 30-37 °C, producing rough colonies
which remained unpigmented after exposure to light; no
growth was observed at 42 °C. Growth was inhibited on
media with p-nitrobenzoic acid and hydroxylamine added,
while all the strains grew in the presence of thiophene
carboxylic acid and isoniazid. Scanty growth was exhibited
on MacConkey agar by two of the five strains. Almost all of
the standard biochemical tests (niacin production, nitrate
reduction, 68 °C catalase activity, semi-quantitative cata-
lase activity, 3-day arylsulfatase activity, [-glucosidase

activity, urease activity and Tween 80 hydrolysis) were
negative; only tellurite reduction was scored as positive.

TLC revealed the presence of only z-mycolates; within the
genus Mycobacterium, very few species (M. brumae, M.
fallax and M. triviale) are characterized by this rare mycolic
acid pattern.

The GLC profile was characterized by hexadecanoic acid
and 9-methyl octadecenoic acids as major compounds and
by the absence of alcohols; the full profile is given in
Supplementary Table S1, available in IJSEM Online. On the
basis of the acid composition obtained by GLC analysis, the
pattern of M. brumae CIP 103465° bore the closest
resemblance to those of the novel strains. High similarity
was also observed for M. fallax DSM 44179" and M. triviale
IP14033001, with only quantitative but not qualitative
differences between the aforesaid species and our strains.

Identical HPLC patterns, characterized by the presence of a
single narrow cluster of peaks eluting after 7 min (Fig. 1),
were displayed by the five strains investigated. A thorough
investigation of our HPLC mycobacterium library (avail-
able at http://www.mycobactoscana.it) revealed that only
M. brumae, M. fallax and M. triviale present profiles that
grossly resemble this pattern.

M. insubricum F1-062507 M. brumae
LMMIS
LMMIS
HMMIS HMMIS
M. fallax M. triviale
LMMIS
HMMIS

Retention time (min}

Fig. 1. HPLC patterns of mycolic acids of Mycobacterium
insubricum sp. nov. FI-06250", M. brumae, M. fallax and M.
triviale. LMMIS, Low-molecular-mass internal standard; HMMIS,
high-molecular-mass internal standard. Patterns for reference
species were taken from http://www.mycobactoscana.it.
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All the strains were characterized by low MICs for most of
the antimicrobials tested, and resistance was not detected
in any strain (Table 2).

The almost-complete 16S rRNA gene sequence was
identical in the five strains and differed by 17 bp (98.9 %
identity) from the type strain of Mycobacterium rhodesiae,
which was the most closely related species. In the variable
region of hsp65 (Telenti et al., 1993), two sequevars were
detected that differed by a single cytosine/thymine
substitution; the variants were present in two (FI-06215
and FI-05244) and three (the remaining strains) strains.
The highest sequence identity was found with the type
strains of M. fallax (13 mismatches in 401 bp; 96 %
identity) followed by M. brumae, reflecting the relatedness
that emerged at the level of cell-wall lipid composition.

The ITS was characterized by three sequevars: FI-03111 and
FI-06215 presented two deletions, of 15 and 18 nucleotides,
respectively, in comparison with FI-05244 and FI-062507,
while NLA000701900 differed from the latter two strains by
a thymine deletion and a thymine/cytosine substitution
(Fig. 2). Alignment of the ITS region was practically
impossible because of the extensive divergence from other
mycobacteria. Overall, the ITS sequences of the isolates had
70 % identity with sequences from the type strains of
Mycobacterium monacense and Mycobacterium  gilvum;
similarity with other mycobacteria was shown only over a
shorter region. In the rpoB gene, where the five strains
shared a unique sequence, the type strains of M. brumae
and M. fallax were the closest relatives, although with
relatively low similarity (51 and 60 mismatches; identity of
92 and 90 %, respectively).

Table 2. MICs of the five novel strains

I, Intermediately susceptible; s, susceptible; —, no interpretation
possible.

Drug MIC range (ug ml™") Interpretation ()
Amikacin <1 S
Azlocillin/CA 2-4 -
Cefoxitin 4-16 S
Ceftriaxone 16-64 -
Ciprofloxacin <0.12-0.25 S
Clarithromycin <0.12 S
Ethambutol <0.5-1 S
Gatifloxacin <0.06 S
Imipenem 2-8 s (4)/1 (1)
Linezolid <1 S
Minocycline <0.5 S
Moxifloxacin <0.06-0.5 S
Rifabutin <0.06-0.5 S
Rifampicin <0.06-4 s (3)/1(2)
Streptomycin 14 s (3)/1(2)
Sulfamethoxazole <5-10 S
Tobramycin <0.5 S

420

1 ACGATGTGGC CGGCACT--- ---------- -- CTTTGEGG -------vn --emnene T6 TTGGTTGETG
2 T..GGC GGGECTATCT CT.....T.. GGGATGETTT TTCGTCAG.. ..........
3 T..GGT GGGGCTGTCT CT.....T.. GGGATGGTTT TTCGTCAG.. ..........

Fig. 2. Divergence in the sequence of the ITS region between
strains FI-03111 (sequevar 1), FI-06250" (sequevar 2) and
NLA000701900 (sequevar 3).

For all four genetic regions investigated in this study, each
strain differed from any other for at least one sequence.

PCR restriction analysis (PRA) inferred on the basis of
restriction sites present in the hsp65 sequences revealed a
single pattern (despite the presence of two sequevars).
BstEIl produced theoretical fragments of 224, 106 and
94 bp, while the major theoretical products of Haelll were
132, 87 and 58 bp long. No similar pattern was detected in
the PRASITE database (http://app.chuv.ch/prasite/).

The phylogenetic tree constructed on the basis of the
longest 16S rRNA gene stretch available in GenBank for all
the species selected for the alignment (corresponding to
positions 108-1467 of the Escherichia coli 16S rRNA gene
sequence) showed Mpycobacterium  farcinogenes,
Mycobacterium houstonense and Mycobacterium senegalense
to be the most closely related species (Fig. 3). A similar
approach was applied to a 401 bp overlapping region
within the hsp65 sequence (starting at position 442 of the
hsp65 gene sequence of M. tuberculosis strain Erdman;
GenBank accession no. M15467) (Takewaki et al., 1994). In
this case, the species characterized by the highest related-
ness to the test strains was M. fallax (Supplementary Fig.
S1). In the analysis of a 723 bp fragement of rpoB (starting
at position 2593 of the sequence of Mycobacterium
smegmatis ATCC 14468; GenBank accession no. U24494),
the closest species were M. brumae and M. fallax
(Supplementary Fig. S2). Our attempts to analyse the ITS
region did not produce significant alignments because of
the unique characteristics of this genetic region in the novel
strains mentioned above.

On the basis of the data presented here, we propose the
name Mycobacterium insubricum sp. nov. to accommodate
strains FI-06250", FI-06215, FI-05244, FI-03111 and
NLA000701900.

Description of Mycobacterium insubricum
Sp. nov.

Mpycobacterium insubricum (in.su'bri.cum. L. neut. adj.
insubricum from Insubria, the Latin name of part of the
Lombardy region of Italy that includes the cities in which
four of the first five strains were isolated, including the type
strain).

Gram-positive-staining, acid-fast and non-motile. Does
not form spores and produces smooth, white, non-
chromogenic colonies within 7 days at 25-37 °C.

http://ijs.sgmjournals.org
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M. houstonense Holas™ (AY012579)

Strain FI-06250T (EU605695)

0.005

M. wolinskyi ATCC 7000107 (AY457083)
M. fallax ATCC 35219" (AF480600)

M. tuberculosis H37Ra (CP000611)

M. senegalense CIP 1049417 (AY457081)

M. brumae ATCC 513847 (AF480576)
M. triviale ATCC 232927 (X88924)

M. chubuense ATCC 27278 (AF480597)
M. chiorophenolicum PCP-IT (X79094)
M. poriferae ATCC 35087 (AF480589)

M. psychrotolerans WA101T (AJ534886)

M. rhodesiac DSM 442237 (AJ429047)

M. aichiense ATCC 272807 (X55598)

74) M. bonickei W59987 (AY012573)

M. neworleansense W6705T (AY012575)

M. porcinum CIP 1053927 (AY457077)

M. peregrinum CIP 1053827 (AY457069)
95L M. septicum ATCC 7007317 (AY457070)

M. conceptionense CIP 1085447 (AY859684)

M. fortuitum CIP 1045347 (AY457066)

M. farcinogenes NCTC 109557 (AY457084)

M. brisbanense W6743" (AY012577)
M. mucogenicum ATCC 496507 (AY457074)

100" M. phocaicum CIP 1085427 (AY859682)

M. gadium CIP 1053887 (DQ473310)

M. barrassiae CIP 108545 (AY859685)

M. goodii ATCC 700504™ (AY457079)

M. mageritense CIP 104973 (AY457076)

Fig. 3. Neighbour-joining phylogenetic tree
based on 16S rRNA gene sequences. M.
tuberculosis H37Ra was used as the out-
group. Bootstrap values >50% are reported
at nodes. Bar, 0.5% sequence difference.

Standard biochemical tests for identification of mycobac-
teria are negative with the exception of tellurite reduction
and cannot be used for differentiation from other
mycobacteria. The result of lipid investigations are
noteworthy, with three approaches (TLC, GLC and
HPLC) revealing a close resemblance to M. brumae, M.
fallax and M. triviale. Susceptible in vitro to all of the most
frequently used antimycobacterial drugs. Substantial diver-
gence from other known mycobacteria is present in the
sequences of the 16S rRNA, hsp65 and rpoB genes; observed
divergence in these sequences generally exceeds the limits
considered acceptable for differentiation of mycobacterial
species (Turenne et al., 2001; Adékambi et al., 2003; Hall et
al., 2003). The structure of the ITS shows low similarity to
any other Mycobacterium species. The PRA pattern differs
from any reported so far. The most closely related species
on the basis of the phylogenetic analysis of the 16S rRNA
gene sequence are M. farcinogenes, M. houstonense and M.
senegalense.

The type strain, FI-06250" (=DSM 451327 =CIP
109609"), was isolated from a sputum sample. Four other
strains of the species, FI-06215, FI-05244, FI-03111 and
NLA000701900, were isolated from sputum samples from
independent patients with lung disease. It seems unlikely
that the isolates were of clinical significance.
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