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Abstract

Members of the Mycobacterium abscessus complex are rapidly growing mycobacteria that are emerging as human
pathogens. The M. abscessus complex was previously composed of three species, namely M. abscessus sensu
stricto, ‘M. massiliense’, and ‘M. bolletii’. In 2011, ‘M. massiliense’ and ‘M. bolleti’ were united and reclassified as a
single subspecies within M. abscessus: M. abscessus subsp. bolletii. However, the placement of ‘M. massiliense’
within the boundary of M. abscessus subsp. bolletii remains highly controversial with regard to clinical aspects. In this
study, we revisited the taxonomic status of members of the M. abscessus complex based on comparative analysis of
the whole-genome sequences of 53 strains. The genome sequence of the previous type strain of ‘Mycobacterium
massiliense’ (CIP 108297) was determined using next-generation sequencing. The genome tree based on average
nucleotide identity (ANI) values supported the differentiation of ‘M. bolleti’ and ‘M. massiliense’ at the subspecies
level. The genome tree also clearly illustrated that ‘M. bolletii’ and ‘M. massiliense’ form a distinct phylogenetic clade
within the radiation of the M. abscessus complex. The genomic distances observed in this study suggest that the
current M. abscessus subsp. bolletii taxon should be divided into two subspecies, M. abscessus subsp. massiliense
subsp. nov. and M. abscessus subsp. bolletii, to correspondingly accommodate the previously known ‘M.
massiliense’ and ‘M. bolleti’ strains.
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Introduction (amikacin, cefoxitin, and imipenem) and macrolides

Rapidly growing mycobacteria (RGM) are nontuberculous
mycobacteria that cause a wide spectrum of human infections;
the Mycobacterium abscessus complex is the most frequent
group associated with pulmonary, skin, soft tissue, and bone
diseases [1,2]. The M. abscessus complex is the most drug-
resistant mycobacterial species known, and isolates are
typically only susceptible in vitro to some parenteral agents
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(clarithromycin and azithromycin) [1,2], resulting in less than
satisfactory treatment response rates [3,4]. Moreover, the
number of cases of M. abscessus complex diseases has been
reported to be increasing and have become emerging
infectious diseases [3-9].

The M. abscessus complex has undergone many taxonomic
changes since its first description in 1953 [10,11]. Because of
the heterogeneity within the group, the M. abscessus complex
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(M. abscessus sensu lato) was divided into three species in
2006, namely M. abscessus sensu stricto, ‘M. massiliense’
[12], and ‘M. bolletii [13]. The three independent species were
proposed primarily based on differences in the rpoB sequences
and phenotypic patterns of the type strains [12,14]. However,
the intraspecies-level phenotypic variation subsequently
identified in clinical isolates rendered the three species
phenotypically indistinguishable [15]. Thus, the differentiation of
these three species has relied upon the sequencing of one or
more housekeeping genes, such as rpoB, hsp65, and secA,
although the emergence of isolates with interspecific composite
patterns has led to conflicting identification results [16]. For
example, isolates from recent Brazilian outbreaks display
genetic characteristics consistent with either ‘M. massiliense’ or
‘M. bolletii’, depending on the housekeeping genes selected for
the identification [15].

In 2011, M. abscessus, ‘M. massiliense’, and ‘M. bolletii
were eventually united as a single species, M. abscessus,
based on their overlapping phenotypic patterns, 100% 16S
rRNA gene sequence identity, and >70% DNA-DNA
hybridization values [17]. Simultaneously, two subspecies were
proposed within this taxon based on the internal variability of
the genotypes. The name M. abscessus subsp. abscessus was
proposed to accommodate the M. abscessus sensu stricto
strains, whereas the name M. abscessus subsp. bolletii was
proposed to accommodate the previously known ‘M.
massiliense’ and ‘M. bolletii strains [17]. The two subspecies
can be distinguished genotypically by a single Haelll band
difference in a PCR restriction analysis (PRA)-hsp65 pattern
[15]. In addition, the two subspecies share less than 96.6 and
98.7% sequence similarities in the 711-bp rpoB and 401-bp
hsp65 gene sequences, respectively [15].

However, the suitability of combining the ‘M. massiliense’
and ‘M. bolletii strains as a single subspecies, M. abscessus
subsp. bolletii, remains a matter of debate [18], mainly because
they are clinically different in terms of antibiotic susceptibility
and treatment [14,19-22]. In fact, M. abscessus subsp.
abscessus harbors an erythromycin ribosomal methylase gene,
erm (41), and the presence of this gene is associated with
inducible resistance to macrolides [23]. Indeed, inducible
resistance to clarithromycin has been suggested as an
explanation for the lack of efficacy of clarithromycin-based
treatments against M. abscessus subsp. abscessus infection.
By contrast, the ‘M. massiliense’ group exhibits marked
susceptibility to clarithromycin, and inducible resistance to
clarithromycin has not been observed during prolonged
incubation [20]. Therefore, treatment response rates to
clarithromycin-based antibiotic therapy are higher in patients
with ‘M. massiliense’ group lung disease than those infected
with M. abscessus subsp. abscessus [20]. However, unlike
other RGM, the ‘M. bolletii group, a relatively rare pathogen at
present [5,24-26], has proven to be highly resistant to
clarithromycin [5,13,14,19].

Differential diagnosis of the subtypes within the M.
abscessus complex has been strongly recommended to
determine clinical significance and assist patient management
[1]. However, the traditional molecular methods (e.g. PRA or
rpoB and hsp65 sequence analysis) occasionally results in the
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inaccurate discrimination of the complex [15,16]. In addition,
the M. abscessus complex has undergone the taxonomic
changes [11,15,17] and there appears to be a lack of
consensus for the nomenclature of these taxa. Thus, the valid
and acceptable taxonomic-designation of the M. abscessus
complex is needed to be proposed.

With the advent of next-generation sequencing, which
permits the analysis of high-quality genome sequences and
their comparison with other genomes in public databases,
taxonomic studies are increasingly using average nucleotide
identity (ANI) as a method of re-classification [27]. Accordingly,
in this study, we sequenced the genome of ‘Mycobacterium
massiliense’ strain CIP 108297 and revisited the taxonomic
status of ‘M. massiliense’ and ‘M. bolletii’ based on the analysis
of their whole-genome sequences to ascertain whether the two
tested strains comprise a single subspecies status at the
genomic level.

Materials and Methods

Genome sequencing

For the genome sequencing, strain CIP 108297, the previous
type strain of ‘M. massiliense’, was obtained from CIP
(Collection of Institut Pasteur, Paris, France), and genomic
DNA was extracted with a Wizard genomic DNA purification kit
(Promega, WI). The draft genome sequence of strain CIP
108297 was determined by 100 base-paired end sequencing
reads using the Genome Analyzer lIx (lllumina, CA), which
generated 20,301,763 reads that have Q30 over 79.9%. The
mapped reads covered whole genome over 364-fold and 1.6%
of total reads remained only as unmapped to the genome. The
sequencing reads were assembled using the CLC genomics
workbench 4.5 (CLCbio, Denmark) and CodonCode Aligner
(CodonCode Co., MA).

Annotation and comparative genomics

Gene identification and annotation were achieved using the
RAST server [28]. Orthologous gene prediction and
comparative genomic analyses were conducted at the
nucleotide and amino acid levels, as described previously [29].
In brief, a segment on a target contig homologous to a query
ORF was identified using the BLASTN program, and this
potentially homologous region was expanded in both directions
by 1,000 bp. The nucleotide sequences of the query ORF and
the selected target homologous region were then aligned using
a pairwise global alignment algorithm [30], and the resulting
matched region in the subject contig was extracted and saved
as a homolog. For amino acid comparison, BLASTP
comparison of query ORFs to subject ORFs was performed
using only annotated genomes. Orthologs and paralogs were
differentiated by reciprocal comparison. All genome sequences
belonging to the genus Mycobacterium which compared each
other in this study were obtained from NCBI microbial genome
resources (http://www.ncbi.nlm.nih.gov/genome).
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M. abscessus subsp. abscessus ATCC 199777

96.7 %

96.4 %

M. abscessus subsp. bolletii BDT <€

> ‘M. massiliense’ CIP 108297

96.6 %

Figure 1. Genomic relatedness among the three representative strains based on genome sequences. The percent values
represent the average nucleotide identity (ANI) values by pairwise alignment of genome stretches based on BLAST. The numbers
shown are the average of the ANI value calculated in both directions.

doi: 10.1371/journal.pone.0081560.g001

ANI calculation & tree construction

The inter-genomic distances between two genome
sequences were determined from fully or partially sequenced
genomes using the average nucleotide identity (ANI) [31]. For a
given pair of genomes, the query genome was cut into small
pieces in silico (1020 bp), and the high-scoring segment pairs
(HSPs) between the two genome comparison were determined
using the BLAST algorithm [32,33]. The ANI was then
calculated from the sets of HSPs, and its complement to 1 was
considered for converting ANI into a distance. From this
pairwise distance matrix, an ANI tree was constructed using
the UPGMA (Unweighted Pair Group Method with Arithmetic
Mean) clustering method.

Orthologous gene tree construction

Using the calculated gene-by-gene similarity, orthologous
genes above a defined level of similarity were selected and
then aligned using CLUSTALW [34]. The resulting multiple
alignments were concatenated and used to construct a
genome tree by the neighbor-joining method [35], as
implemented in the MEGA program [36]. An evolutionary
distance matrix for the neighbor-joining tree was generated
according to the model of Jukes & Cantor [37]. The resultant
tree topologies were evaluated by bootstrap analyses [38].

Results

Genome sequence

The genome sequence of strain CIP 108297 was assembled
into 18 contigs (>1 kb long) and deposited into GenBank under
the project number PRIJNA80701. The genome size was 4.97
Mb (excluding the gaps), with a G+C content of 64.1% and
4,828 predicted CDSs. M. abscessus subsp. abscessus ATCC
199777 (PRINA61613) [39] and M. abscessus subsp. bolletii
BDT (PRJNA73695) [40] were selected as representative
strains, and their genomes were compared with the newly
sequenced genome. The overall genomic characteristics of the
representative strains were well positioned within the range of
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Table 1. Genomic characteristics of representative strains
belonging to the Mycobacterium abscessus complex.

Genome GenBank

size (bp) %G+CContigsCDSs number Reference
M. abscessus
subsp.

5,090,491 64.1 2 4,941 PRJNA61613 (38)
abscessus

ATCC 199777

M. abscessus

subsp. bolletii

BDT

‘M. massiliense’
4,969,787 64.1 18 4,828 PRJNA80701

CIP 108297

doi: 10.1371/journal.pone.0081560.t001

5,048,007 64.1 22 4,923 PRJNA73695 (39)

This study

the genomes of the M. abscessus complex (Figure 1 and Table

1).

Genome tree

The ANI genome tree, a dendrogram based on ANI values
showing evolutionary relationships, was generated using 53 M.
abscessus genomes available in NCBI microbial genome
resources (http://www.ncbi.nim.nih.gov/genome) (Figure 2).
The three representative strains, M. abscessus subsp.
abscessus ATCC 199777, M. abscessus subsp. bolletii BDT
and ‘Mycobacterium massiliense’ strain CIP 108297, are
located at three distinct M. abscessus clusters, indicating the
clear grouping at the M. abscessus species level.

Comparative analysis of Mycobacterium abscessus
genomes and orthologous gene trees

A comparative analysis at genus level from 81 annotated
Mycobacterium genomes available in NCBI microbial genome
resources (http://www.ncbi.nlm.nih.gov/genome) was
performed. All ORFs from one genome was compared to those
from other genome, and bidirectional best hits (BBHs) were
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o=
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0.005

Figure 2. The genome tree based on ANI values showing the evolutionary relationships among 53 Mycobacterium
abscessus genomes available in NCBI microbial genome resources (http://www.ncbi.nim.nih.gov/genome). To convert the ANI
into a distance, its complement to 1 was taken. From this pairwise distance matrix, an ANI tree was constructed using the UPGMA
clustering method.

doi: 10.1371/journal.pone.0081560.g002

made for each pair of 81 strains using BLASTP to find (262 genes in total, 237,940 bp) showing greater than 50%
orthologs [41,42]. A set of highly conserved orthologous ORFs amino acid sequence similarity to Mycobacterium abscessus
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M. abscessus subsp. bolletii BDT (PRIJNA73695)
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ATCC BAA-614T (PRINA48977)
M. xenopi RIVM700367 (PRINA84345)

The genome tree based on 262 highly conserved orthologous genes of 81 annotated genomes of

Mycobacterium. The evolutionary distance matrix was calculated using the Jukes & Cantor model, and the tree was constructed
using the neighbor-joining method. Each node number represents the percentage of bootstrap support (>70%) from 1,000

resampled datasets. The bar represents 0.02 substitutions per site.

doi: 10.1371/journal.pone.0081560.g003

subsp. abscessus ATCC 199777 (PRINA61613) was selected
to represent highly conserved proteins of the genus
Mycobacterium [43]. An orthologous gene tree was built using
aligned amino acid sequences, demonstrating that the three
representative  strains  clustered among the other
Mycobacterium strains (Figure 3). In addition, 11 housekeeping
genes (argH, cya, gdhA, glpK, gnd, murC, pgm, pknA, pta,
purH, and rpoB, 18,893 bp) were selected for the species-level
comparison from a previous study [44] of 53 Mycobacterium
abscessus genomes (Figure 4). Their nucleotide sequences
were aligned using CLUSTALW and the phylogenetic tree was
drawn. Finally, phylogenetic tree was built using the rpoB
single-gene nucleotide sequence (Figure 5) because the rpoB
sequence has been widely used as a taxonomic-classification
marker [45,46]. The overall tree structure was similar, with the
representative strains forming their own clusters (Figures 4 and
5). In addition, a comparative BLASTP analysis based on the
three representative strains revealed group-specific genes
among the representative strains (see Information S1).
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Discussion

In this study, we evaluated the current taxonomic status of
M. abscessus and its subspecies using a similarity analysis
based on the single gene, multilocus gene, several hundreds of
orthologous gene, and whole-genome levels. This species has
recently been regrouped as follows: M. abscessus subspecies
bolletii by uniting M. bolletii and M. massiliense, and M.
abscessus subspecies abscessus [17]. The classification of
these bacteria has been based on polymorphisms in various
target genes [47]; however, the introduction of whole-genome
sequencing has increased the availability of genetic information
to facilitate the identification of organisms.

The ANI value between a given pair of genomes has been
recognized as a simple and effective method to reflect the
degree of evolutionary distance between the compared
genomes [31,32]. Comparative studies have reported that a
value of 94-96% identity represents a DNA-DNA hybridization
boundary of 70%, the gold standard for categorizing a bacterial
species under the current prokaryotic species concept
[31,32,48,49]. The ANI values among the three genomes
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Figure 4. The phylogenetic tree based on 11 concatenated housekeeping genes conserved in the Mycobacterium
abscessus group. Each node number represents the percentage of bootstrap support (>70%) from 1,000 resampled datasets.
The gene sequences of the argH, cya, gdhA, glpK, gnd, murC, pgm, pknA, pta, purH, and rpoB genes were obtained from 53
genome-sequenced Mycobacterium abscessus strains, and the sequences were aligned and concatenated (18,893 bp in length).

The bar represents 0.002 substitutions per site.
doi: 10.1371/journal.pone.0081560.g004
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M. abscessus 4S-0726-RA (PRINA65181)
M. abscessus 4S-0726-RB (PRJNA65183)
M. abscessus 6G-0125-R (PRINAB5211)
M. abscessus 6G-0125-S (PRINA65213)
M. abscessus 6G-0212 (PRINA65209)

M. abscessus 6G-0728-R (PRINA65205)
M. abscessus 6G-0728-S (PRINA65203)
M. abscessus 6G-1108 (PRINA65207)

The rpoB gene-based neighbor-joining tree showing the relationships among 53 genome-sequenced
Each node number represents the percentage of bootstrap support (>70%) from 1,000
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representing the three groups of the M. abscessus complex
were all above the cut-off value for species demarcation,
clearly indicating that the three strains belong to the same
species (see Information S2). Within this species boundary, the
genomic distances of the three strains from one another were
equivalent (Figure 1). Moreover, a greater difference between
strain CIP 108297 and M. abscessus subsp. abscessus ATCC
199777 (3.5% of difference) was observed than between the
two type strains of the two established subspecies (3.3%). This
relatively high genomic distance strongly suggests the
independence of the ‘M. massiliense’ group from the ‘M.
bolletii’ group at the subspecies level.

This degree of genetic difference between the ‘M.
massiliense’ and ‘M. bolletii’ strains is also supported by an
ANI-based genome tree and a phylogenetic tree using
orthologous gene alignment. The three representative strains
form three distinct phylogenetic clades within the radiation of
M. abscessus, indicating the existence of three independent
subspecies within the species (Figures 2 and 3). Of note, many
strains in public databases that are named M. massiliense and
M. abscessus are mixed in the same cluster of the genome
tree, obviously reflecting the need to clarify the M. abscessus
subsp. abscessus clade and revise the current taxonomic
status (Figure 2).

Previous studies using single or multilocus sequencing
approaches (MLSAs) have yielded inconsistent results
[5,15,44]. Indeed, discrepancies between an rpoB-based gene
tree and MLSA sequence identification results have been
reported, with results indicating low divergence values among
these groups [44]. In the present study, phylogenetic trees
based on single or several genes appeared to be less powerful
for the discrimination of the boundary strains (Figures 4 and 5).
M. abscessus M139 belonged to the ‘M. massiliense’ group in
the rpoB single-gene tree (Figure 5) yet was not clustered with
any representative group in the MLSA sequence tree (Figure
4). It has been proposed that horizontal gene transfer between
the M. abscessus, M. massiliense, and M. bolletii groups
causes inconsistency in subspecies clustering [44], and our
ANI-based genome tree definitely included M. abscessus M139
in the ‘M. massiliense’ group (Figure 2). In addition, the single-
gene and MLSA sequence trees in this study showed three
distinct, well-clustered groups, but the currently available M.
abscessus whole-genome sequences are biased toward
specific sampling sites. Indeed, if the sequences from various
clinical strains are added, the single-gene or MLSA sequence
tree would show an ambiguous shape, as reported previously.
To identify other classification criteria, 25 representative group-
specific genes were selected as molecular identification
candidates by a comparative genome analysis (see Information

References

1. Griffith DE, Aksamit T, Brown-Elliott BA, Catanzaro A, Daley C et al.
(2007) An official ATS/IDSA statement: diagnosis, treatment, and
prevention of nontuberculous mycobacterial diseases. Am J Respir Crit
Care Med 175: 367-416. doi:10.1164/rccm.200604-571ST. PubMed:
17277290.

2. Brown-Elliott BA, Nash KA, Wallace RJ Jr. (2012) Antimicrobial
susceptibility testing, drug resistance mechanisms, and therapy of
infections with nontuberculous mycobacteria. Clin Microbiol Rev 25:
545-582. doi:10.1128/CMR.05030-11. PubMed: 22763637.

PLOS ONE | www.plosone.org

Taxonomy of M. abscessus Subsp. Massiliense

S1). For more clear identification, all homologs which can be
found in other Mycobacterium genus genomes were excluded
from the candidates. Recently, Shallom et al. proposed by an
array based genomic approach that subspecies-level
separation is a more reasonable taxonomic identification of the
M. abscessus group [50]. These results are consistent with our
current study, indicating that the subspecies-level identification
of the M. abscessus group should include three taxa: M.
abscessus subsp. abscessus, M. abscessus subsp.
massiliense, and M. abscessus subsp. bolletii.

Based on the low genomic relatedness (96.5% ANI against
the other two representative strains) and the distinct
phylogenetic clade discovered in this study, it is evident that ‘M.
massiliense’ is not affiliated within M. abscessus subsp. bolletii.
Thus, we propose a novel subspecies within M. abscessus to
accommodate the previously known ‘M. massiliense’, namely
M. abscessus subsp. massiliense subsp. nov. Strain CIP
108297 is the type strain of the newly suggested subspecies.

Taken together, although the genetic characteristics
responsible for the different phenotypes among the
representative groups were not identified, the genomic content
that clearly divides these strains into three clusters and their
differential drug susceptibility patterns indicate the need to
reevaluate the taxonomic status of M. abscessus and classify
representative groups into three subspecies. Increasing whole-
genome data would facilitate the differentiation of genetic
factors for the molecular differentiation of boundary strains with
insufficient diversity.

Supporting Information

Information S1. Group-specific genes for M. abscessus
subsp. abscessus ATCC 199777 (PRJNA61613), M.
abscessus subsp. bolletii BD™ (PRJNA73695), and ‘M.
massiliense’ CIP 108297 (PRJNA80701) in 53 M. abscessus
genomes.

(XLS)

Information S2. Average nucleotide identity (ANI) values
for the pairs of genomes evaluated in this study.
(DOCX)

Author Contributions

Conceived and designed the experiments: CLD SNC WJK
SJS. Performed the experiments: YJC HY SJS. Analyzed the
data: YJC JSC SJS. Contributed reagents/materials/analysis
tools: JC WJK SJS. Wrote the manuscript: YJC HY SJS.

3. Jeon K, Kwon OJ, Lee NY, Kim BJ, Kook YH et al. (2009) Antibiotic
treatment of Mycobacterium abscessus lung disease: a retrospective
analysis of 65 patients. Am J Respir Crit Care Med 180: 896-902. doi:
10.1164/rccm.200905-07040C. PubMed: 19661243.

4. Jarand J, Levin A, Zhang L, Huitt G, Mitchell JD et al. (2011) Clinical
and microbiologic outcomes in patients receiving treatment for
Mycobacterium abscessus pulmonary disease. Clin Infect Dis 52:
565-571. doi:10.1093/cid/ciq237. PubMed: 21292659.

November 2013 | Volume 8 | Issue 11 | e81560


http://dx.doi.org/10.1164/rccm.200604-571ST
http://www.ncbi.nlm.nih.gov/pubmed/17277290
http://dx.doi.org/10.1128/CMR.05030-11
http://www.ncbi.nlm.nih.gov/pubmed/22763637
http://dx.doi.org/10.1164/rccm.200905-0704OC
http://www.ncbi.nlm.nih.gov/pubmed/19661243
http://dx.doi.org/10.1093/cid/ciq237
http://www.ncbi.nlm.nih.gov/pubmed/21292659

20.

21.

. Kim HY, Kook Y, Yun YJ, Park CG, Lee NY et al. (2008) Proportions of

Mycobacterium massiliense and Mycobacterium bolletii strains among
Korean Mycobacterium chelonae-Mycobacterium abscessus group
isolates. J Clin Microbiol 46: 3384-3390. doi:10.1128/JCM.00319-08.
PubMed: 18753344,

. Cardoso AM, Martins de Sousa E, Viana-Niero C, Bonfim de Bortoli F,

Pereira das Neves ZC et al. (2008) Emergence of nosocomial
Mycobacterium massiliense infection in Goias, Brazil. Microbes Infect
10: 1552-1557. doi:10.1016/j.micinf.2008.09.008. PubMed: 18950729.

. Ledo SC, Viana-Niero C, Matsumoto CK, Lima KV, Lopes ML et al.

(2010) Epidemic of surgical-site infections by a single clone of rapidly
growing mycobacteria in Brazil. Future Microbiol 5: 971-980. doi:
10.2217/fmb.10.49. PubMed: 20521940.

. Aitken ML, Limaye A, Pottinger P, Whimbey E, Goss CH et al. (2012)

Respiratory outbreak of Mycobacterium abscessus subspecies
massiliense in a lung transplant and cystic fibrosis center. Am J Respir
Crit Care Med 185: 231-232. doi:10.1164/ajrccm.185.2.231. PubMed:
22246710.

. Bryant JM, Grogono DM, Greaves D, Foweraker J, Roddick | et al.

(2013) Whole-genome sequencing to identify transmission of
Mycobacterium abscessus between patients with cystic fibrosis: a
retrospective cohort study. Lancet 381: 1551-1560. doi:10.1016/
S0140-6736(13)60632-7. PubMed: 23541540.

. Moore M, Frerichs JB (1953) An unusual acid-fast infection of the knee

with subcutaneous, abscess-like lesions of the gluteal region; report of
a case with a study of the organism, Mycobacterium abscessus, n. sp.
J Invest Dermatol 20: 133-169. PubMed: 13035193.

. Kusunoki S, Ezaki T (1992) Proposal of Mycobacterium peregrinum sp.

nov., nom. rev., and elevation of Mycobacterium chelonae subsp.
abscessus (Kubica et al.) to species status: Mycobacterium abscessus
comb. nov. Int J Syst Bacteriol 42: 240-245. doi:
10.1099/00207713-42-2-240. PubMed: 1581184.

. Adékambi T, Reynaud-Gaubert M, Greub G, Gevaudan MJ, La Scola B

et al. (2004) Amoebal coculture of "Mycobacterium massiliense" sp.
nov. from the sputum of a patient with hemoptoic pneumonia. J Clin
Microbiol 42: 5493-5501. doi:10.1128/JCM.42.12.5493-5501.2004.
PubMed: 15583272.

. Adékambi T, Berger P, Raoult D, Drancourt M (2006) rpoB gene

sequence-based characterization of emerging non-tuberculous
mycobacteria with descriptions of Mycobacterium bolletii sp. nov.,
Mycobacterium phocaicum sp. nov. and Mycobacterium aubagnense
sp. nov. Int J Syst Evol Microbiol 56: 133-143. doi:10.1099/ijs.
0.63969-0. PubMed: 16403878.

. Adékambi T, Drancourt M (2009) Mycobacterium bolletii respiratory

infections. Emerg Infect Dis 15: 302-305. doi:10.3201/eid1502.080837.
PubMed: 19193279.

. Leao SC, Tortoli E, Viana-Niero C, Ueki SY, Lima KV et al. (2009)

Characterization of mycobacteria from a major Brazilian outbreak
suggests that revision of the taxonomic status of members of the
Mycobacterium chelonae-M. abscessus group is needed. J Clin
Microbiol 47: 2691-2698. doi:10.1128/JCM.00808-09. PubMed:
19571015.

. Macheras E, Roux AL, Ripoll F, Sivadon-Tardy V, Gutierrez C et al.

(2009) Inaccuracy of single-target sequencing for discriminating
species of the Mycobacterium abscessus group. J Clin Microbiol 47:
2596-2600. doi:10.1128/JCM.00037-09. PubMed: 19515839.

. Leao SC, Tortoli E, Euzéby JP, Garcia MJ (2011) Proposal that

Mycobacterium massiliense and Mycobacterium bolletii be united and
reclassified as Mycobacterium abscessus subsp. bolleti comb. nov.,
designation of Mycobacterium abscessus subsp. abscessus subsp.
nov. and emended description of Mycobacterium abscessus. Int J Syst
Evol Microbiol 61: 2311-2313. doi:10.1099/ijs.0.023770-0. PubMed:
21037035.

. Griffith DE (2011) The talking Mycobacterium abscessus blues. Clin

Infect Dis 52: 572-574. doi:10.1093/cid/ciq252. PubMed: 21292660.

. Koh WJ, Kwon OJ, Lee NY, Kook YH, Lee HK et al. (2009) First case

of disseminated Mycobacterium bolletii infection in a young adult
patient. J Clin Microbiol 47: 3362-3366. doi:10.1128/JCM.00592-09.
PubMed: 19675221,

Koh WJ, Jeon K, Lee NY, Kim BJ, Kook YH et al. (2011) Clinical
significance of differentiation of Mycobacterium massiliense from
Mycobacterium abscessus. Am J Respir Crit Care Med 183: 405-410.
doi:10.1164/rccm.201003-03950C. PubMed: 20833823.

Kim HS, Lee KS, Koh WJ, Jeon K, Lee EJ et al. (2012) Serial CT
findings of Mycobacterium massiliense pulmonary disease compared
with Mycobacterium abscessus disease after treatment with antibiotic
therapy. Radiology 263: 260-270. doi:10.1148/radiol.12111374.
PubMed: 22371609.

PLOS ONE | www.plosone.org

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Taxonomy of M. abscessus Subsp. Massiliense

Harada T, Akiyama Y, Kurashima A, Nagai H, Tsuyuguchi K et al.
(2012) Clinical and microbiological differences between Mycobacterium
abscessus and Mycobacterium massiliense lung diseases. J Clin
Microbiol  50: 3556-3561. doi:10.1128/JCM.01175-12. PubMed:
22915613.

Nash KA, Brown-Elliott BA, Wallace RJ Jr. (2009) A novel gene,
erm(41), confers inducible macrolide resistance to clinical isolates of
Mycobacterium abscessus but is absent from Mycobacterium chelonae.
Antimicrob Agents Chemother 53: 1367-1376. doi:10.1128/AAC.
01275-08. PubMed: 19171799.

Roux AL, Catherinot E, Ripoll F, Soismier N, Macheras E et al. (2009)
Multicenter study of prevalence of nontuberculous mycobacteria in
patients with cystic fibrosis in France. J Clin Microbiol 47: 4124-4128.
doi:10.1128/JCM.01257-09. PubMed: 19846643.

van Ingen J, de Zwaan R, Dekhuijzen RP, Boeree MJ, van Soolingen D
(2009) Clinical relevance of Mycobacterium chelonae-abscessus group
isolation in 95 patients. J Infect 59: 324-331. doi:10.1016/j.jinf.
2009.08.016. PubMed: 19732795.

Zelazny AM, Root JM, Shea YR, Colombo RE, Shamputa IC et al.
(2009) Cohort study of molecular identification and typing of
Mycobacterium  abscessus, Mycobacterium  massiliense, and
Mycobacterium bolletii. J Clin Microbiol 47: 1985-1995. doi:10.1128/
JCM.01688-08. PubMed: 19420162.

Vanlaere E, Baldwin A, Gevers D, Henry D, De Brandt E et al. (2009)
Taxon K, a complex within the Burkholderia cepacia complex,
comprises at least two novel species, Burkholderia contaminans sp.
nov. and Burkholderia lata sp. nov. Int J Syst Evol Microbiol 59:
102-111. doi:10.1099/ijs.0.001123-0. PubMed: 19126732.

Aziz RK, Bartels D, Best AA, DedJongh M, Disz T et al. (2008) The
RAST Server: rapid annotations using subsystems technology. BMC
Genomics 9: 75. doi:10.1186/1471-2164-9-75. PubMed: 18261238.
Chun J, Grim CJ, Hasan NA, Lee JH, Choi SY et al. (2009)
Comparative genomics reveals mechanism for short-term and long-
term clonal transitions in pandemic Vibrio cholerae. Proc Natl Acad Sci
U S A 106: 15442-15447. doi:10.1073/pnas.0907787106. PubMed:
19720995.

Myers EW, Miller W (1988) Optimal alignments in linear space. Comput
Appl Biosci 4: 11-17. PubMed: 3382986.

Konstantinidis KT, Tiedje JM (2005) Genomic insights that advance the
species definition for prokaryotes. Proc Natl Acad Sci U S A 102:
2567-2572. doi:10.1073/pnas.0409727102. PubMed: 15701695.

Goris J, Konstantinidis KT, Klappenbach JA, Coenye T, Vandamme P
et al. (2007) DNA-DNA hybridization values and their relationship to
whole-genome sequence similarities. Int J Syst Evol Microbiol 57:
81-91. doi:10.1099/ijs.0.64483-0. PubMed: 17220447.

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z et al. (1997)
Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res 25: 3389-3402. doi:10.1093/nar/
25.17.3389. PubMed: 9254694.

Thompson JD, Gibson TJ, Higgins DG (2002) Multiple sequence
alignment using ClustalW and ClustalX. Curr Protoc Bioinformatics
Chapter 2: Unit 2.3

Saitou N, Nei M (1987) The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol 4: 406-425. PubMed:
3447015.

Kumar S, Nei M, Dudley J, Tamura K (2008) MEGA: a biologist-centric
software for evolutionary analysis of DNA and protein sequences. Brief
Bioinform 9: 299-306. doi:10.1093/bib/bbn017. PubMed: 18417537.
Jukes TH, Cantor CR (1969) Evolution of protein molecules. In: HN
Munro. Mammalian protein metabolism vol 3. New York: Academic
Press. pp. 21-132.

Felsenstein J (1985) Confidence limits on phylogenies: an approach
using the bootstrap. Evolution 39: 163-166.

Ripoll F, Pasek S, Schenowitz C, Dossat C, Barbe V et al. (2009) Non
mycobacterial virulence genes in the genome of the emerging
pathogen Mycobacterium abscessus. PLOS ONE 4: e5660. doi:
10.1371/journal.pone.0005660. PubMed: 19543527.

Choi GE, Cho YJ, Koh WJ, Chun J, Cho SN et al. (2012) Draft genome
sequence of Mycobacterium abscessus subsp. bolleti BD(T). J
Bacteriol 194: 2756-2757. doi:10.1128/JB.00354-12. PubMed:
22535937.

Hulsen T, Huynen MA, de Vlieg J, Groenen PM (2006) Benchmarking

ortholog identification methods using functional genomics data.
Genome Biol 7: R31. doi:10.1186/gb-2006-7-4-r31. PubMed:
16613613.

Wolf YI, Koonin EV (2012) A tight link between orthologs and
bidirectional best hits in bacterial and archaeal genomes. Genome Biol
Evol 4: 1286-1294. doi:10.1093/gbe/evs100. PubMed: 23160176.

November 2013 | Volume 8 | Issue 11 | e81560


http://dx.doi.org/10.1128/JCM.00319-08
http://www.ncbi.nlm.nih.gov/pubmed/18753344
http://dx.doi.org/10.1016/j.micinf.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18950729
http://dx.doi.org/10.2217/fmb.10.49
http://www.ncbi.nlm.nih.gov/pubmed/20521940
http://dx.doi.org/10.1164/ajrccm.185.2.231
http://www.ncbi.nlm.nih.gov/pubmed/22246710
http://dx.doi.org/10.1016/S0140-6736(13)60632-7
http://dx.doi.org/10.1016/S0140-6736(13)60632-7
http://www.ncbi.nlm.nih.gov/pubmed/23541540
http://www.ncbi.nlm.nih.gov/pubmed/13035193
http://dx.doi.org/10.1099/00207713-42-2-240
http://www.ncbi.nlm.nih.gov/pubmed/1581184
http://dx.doi.org/10.1128/JCM.42.12.5493-5501.2004
http://www.ncbi.nlm.nih.gov/pubmed/15583272
http://dx.doi.org/10.1099/ijs.0.63969-0
http://dx.doi.org/10.1099/ijs.0.63969-0
http://www.ncbi.nlm.nih.gov/pubmed/16403878
http://dx.doi.org/10.3201/eid1502.080837
http://www.ncbi.nlm.nih.gov/pubmed/19193279
http://dx.doi.org/10.1128/JCM.00808-09
http://www.ncbi.nlm.nih.gov/pubmed/19571015
http://dx.doi.org/10.1128/JCM.00037-09
http://www.ncbi.nlm.nih.gov/pubmed/19515839
http://dx.doi.org/10.1099/ijs.0.023770-0
http://www.ncbi.nlm.nih.gov/pubmed/21037035
http://dx.doi.org/10.1093/cid/ciq252
http://www.ncbi.nlm.nih.gov/pubmed/21292660
http://dx.doi.org/10.1128/JCM.00592-09
http://www.ncbi.nlm.nih.gov/pubmed/19675221
http://dx.doi.org/10.1164/rccm.201003-0395OC
http://www.ncbi.nlm.nih.gov/pubmed/20833823
http://dx.doi.org/10.1148/radiol.12111374
http://www.ncbi.nlm.nih.gov/pubmed/22371609
http://dx.doi.org/10.1128/JCM.01175-12
http://www.ncbi.nlm.nih.gov/pubmed/22915613
http://dx.doi.org/10.1128/AAC.01275-08
http://dx.doi.org/10.1128/AAC.01275-08
http://www.ncbi.nlm.nih.gov/pubmed/19171799
http://dx.doi.org/10.1128/JCM.01257-09
http://www.ncbi.nlm.nih.gov/pubmed/19846643
http://dx.doi.org/10.1016/j.jinf.2009.08.016
http://dx.doi.org/10.1016/j.jinf.2009.08.016
http://www.ncbi.nlm.nih.gov/pubmed/19732795
http://dx.doi.org/10.1128/JCM.01688-08
http://dx.doi.org/10.1128/JCM.01688-08
http://www.ncbi.nlm.nih.gov/pubmed/19420162
http://dx.doi.org/10.1099/ijs.0.001123-0
http://www.ncbi.nlm.nih.gov/pubmed/19126732
http://dx.doi.org/10.1186/1471-2164-9-75
http://www.ncbi.nlm.nih.gov/pubmed/18261238
http://dx.doi.org/10.1073/pnas.0907787106
http://www.ncbi.nlm.nih.gov/pubmed/19720995
http://www.ncbi.nlm.nih.gov/pubmed/3382986
http://dx.doi.org/10.1073/pnas.0409727102
http://www.ncbi.nlm.nih.gov/pubmed/15701695
http://dx.doi.org/10.1099/ijs.0.64483-0
http://www.ncbi.nlm.nih.gov/pubmed/17220447
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1093/nar/25.17.3389
http://www.ncbi.nlm.nih.gov/pubmed/9254694
http://www.ncbi.nlm.nih.gov/pubmed/3447015
http://dx.doi.org/10.1093/bib/bbn017
http://www.ncbi.nlm.nih.gov/pubmed/18417537
http://dx.doi.org/10.1371/journal.pone.0005660
http://www.ncbi.nlm.nih.gov/pubmed/19543527
http://dx.doi.org/10.1128/JB.00354-12
http://www.ncbi.nlm.nih.gov/pubmed/22535937
http://dx.doi.org/10.1186/gb-2006-7-4-r31
http://www.ncbi.nlm.nih.gov/pubmed/16613613
http://dx.doi.org/10.1093/gbe/evs100
http://www.ncbi.nlm.nih.gov/pubmed/23160176

43.

44,

45.

46.

47.

Tettelin H, Masignani V, Cieslewicz MJ, Donati C, Medini D et al.
(2005) Genome analysis of multiple pathogenic isolates of
Streptococcus agalactiae: implications for the microbial "pan-genome".
Proc Natl Acad Sci U S A 102: 13950-13955. doi:10.1073/pnas.
0506758102. PubMed: 16172379.

Macheras E, Roux AL, Bastian S, Ledo SC, Palaci M et al. (2011)
Multilocus sequence analysis and rpoB sequencing of Mycobacterium
abscessus (sensu lato) strains. J Clin Microbiol 49: 491-499. doi:
10.1128/JCM.01274-10. PubMed: 21106786.

Adékambi T, Drancourt M, Raoult D (2009) The rpoB gene as a tool for
clinical microbiologists. Trends Microbiol 17: 37-45. doi:10.1016/j.tim.
2008.09.008. PubMed: 19081723.

Vos M, Quince C, Pijl AS, de Hollander M, Kowalchuk GA (2012) A
comparison of rpoB and 16S rRNA as markers in pyrosequencing
studies of bacterial diversity. PLOS ONE 7: e30600. doi:10.1371/
journal.pone.0030600. PubMed: 22355318.

Simmon KE, Brown-Elliott BA, Ridge PG, Durtschi JD, Mann LB et al.
(2011) Mycobacterium chelonae-abscessus complex associated with

PLOS ONE | www.plosone.org

10

48.

49.

50.

Taxonomy of M. abscessus Subsp. Massiliense

sinopulmonary disease, Northeastern USA. Emerg Infect Dis 17:
1692-1700. doi:10.3201/eid1709.101667. PubMed: 21888796.

Auch AF, von Jan M, Klenk HP, Géker M (2010) Digital DNA-DNA
hybridization for microbial species delineation by means of genome-to-
genome sequence comparison. Stand Genomic Sci 2: 117-134. doi:
10.4056/sigs.531120. PubMed: 21304684.

Richter M, Rossell6-Méra R (2009) Shifting the genomic gold standard
for the prokaryotic species definition. Proc Natl Acad Sci U S A 106:
19126-19131. doi:10.1073/pnas.0906412106. PubMed: 19855009.
Shallom SJ, Gardina PJ, Myers TG, Sebastian Y, Conville P et al.
(2013) New Rapid Scheme for Distinguishing the Subspecies of the
Mycobacterium abscessus Group and Identifying Mycobacterium
massiliense Isolates with Inducible Clarithromycin Resistance. J Clin
Microbiol  51: 2943-2949. doi:10.1128/JCM.01132-13. PubMed:
23804391.

November 2013 | Volume 8 | Issue 11 | e81560


http://dx.doi.org/10.1073/pnas.0506758102
http://dx.doi.org/10.1073/pnas.0506758102
http://www.ncbi.nlm.nih.gov/pubmed/16172379
http://dx.doi.org/10.1128/JCM.01274-10
http://www.ncbi.nlm.nih.gov/pubmed/21106786
http://dx.doi.org/10.1016/j.tim.2008.09.008
http://dx.doi.org/10.1016/j.tim.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19081723
http://dx.doi.org/10.1371/journal.pone.0030600
http://dx.doi.org/10.1371/journal.pone.0030600
http://www.ncbi.nlm.nih.gov/pubmed/22355318
http://dx.doi.org/10.3201/eid1709.101667
http://www.ncbi.nlm.nih.gov/pubmed/21888796
http://dx.doi.org/10.4056/sigs.531120
http://www.ncbi.nlm.nih.gov/pubmed/21304684
http://dx.doi.org/10.1073/pnas.0906412106
http://www.ncbi.nlm.nih.gov/pubmed/19855009
http://dx.doi.org/10.1128/JCM.01132-13
http://www.ncbi.nlm.nih.gov/pubmed/23804391

	The Genome Sequence of ‘Mycobacterium massiliense’ Strain CIP 108297 Suggests the Independent Taxonomic Status of the Mycobacterium abscessus Complex at the Subspecies Level
	Introduction
	Materials and Methods
	Genome sequencing
	Annotation and comparative genomics
	ANI calculation & tree construction
	Orthologous gene tree construction

	Results
	Genome sequence
	Genome tree
	Comparative analysis of Mycobacterium abscessus genomes and orthologous gene trees

	Discussion
	Supporting Information
	Author Contributions
	References


