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Abstract

Mycobacterium abscessus group subsp., such as M. massiliense, M. abscessus
sensu stricto and M. bolletii, are an environmental organism found in soil, water and
other ecological niches, and have been isolated from respiratory tract infection, skin
and soft tissue infection, postoperative infection of cosmetic surgery. To determine
the unique genetic feature of M. massiliense, we sequenced the complete genome
of M. massiliense type strain JCM 15300 (corresponding to CCUG 48898).
Comparative genomic analysis was performed among Mycobacterium spp. and
among M. abscessus group subspp., showing that additional R-oxidation-related
genes and, notably, the mammalian cell entry (mce) operon were located on a
genomic island, M. massiliense Genomic Island 1 (MmGI-1), in M. massiliense. in
addition, putative anaerobic respiration system-related genes and additional
mycolic acid cyclopropane synthetase-related genes were found uniquely in M.
massiliense. Japanese isolates of M. massiliense also frequently possess the
MmGI-1 (14/44, approximately 32%) and three unique conserved regions (26/44;
approximately 60%, 34/44; approximately 77% and 40/44; approximately 91%), as
well as isolates of other countries (Malaysia, France, United Kingdom and United
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States). The well-conserved genomic island MmGI-1 may play an important role in
high growth potential with additional lipid metabolism, extra factors for survival in
the environment or synthesis of complex membrane-associated lipids. ORFs on
MmGlI-1 showed similarities to ORFs of phylogenetically distant M. avium complex
(MAC), suggesting that horizontal gene transfer or genetic recombination events
might have occurred within MmGI-1 among M. massiliense and MAC.

Introduction

Nontuberculous mycobacteria (NTM) are classified into slowly growing
mycobacterium (SGM) and rapidly growing mycobacterium (RGM) species; some
of these bacteria cause pulmonary diseases [1]. Among RGM, the Mycobacterium
abscessus group has been shown to be an emerging respiratory pathogen in cystic
fibrosis, non-cystic-fibrosis bronchiectasis and chronic obstructive pulmonary

and other ecological niches [7,8]. The M. abscessus group consists of three
subspecies, M. abscessus subsp. abscessus (M. abscessus sensu stricto), M. abscessus
subsp. massiliense (M. massiliense) and M. abscessus subsp. bolletii (M. bolletii)
[9, 10]. The three subspecies can generally be distinguished by phylogenetic
analysis of the housekeeping gene, rpoB, and the macrolide resistance-related gene,
erythromycin ribosome methyltransferase (erm) (41). Bryant et al. and Nakanaga
et al. have recently reported more detailed classification methods, including,
respectively, a whole-genome single nucleotide polymorphism (SNP) approach
and a multiplex PCR method using insertion/deletion regions identified by whole-
genome sequencing alignment analysis [4, 11]. Several subcutaneous infections
following surgery, other medical treatments or traumatic injury have recently been
found to be caused by M. massiliense [12, 13, 14, 15]. It was also recently reported
that M. massiliense caused cutaneous infections that could not be attributed to a
prior invasive procedure [16]. Phylogenetic analyses of the M. abscessus group
have been performed, putative virulence factors of M. abscessus sensu stricto have
been identified and studied, and the comparative whole-genome analysis of M.
abscessus group isolated from patients of wide geographical origin have been
performed [4, 17,18, 19]; however, a detailed comparative analysis of M. abscessus
group subspp. to determine M. massiliense unique genetic feature is lacking. Thus,
in the current study, we sequenced the complete M. massiliense JCM 15300
(CCUG 48898) genome and compared it with that of M. abscessus group
subspecies. :
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Results and Discussion

Genomic sequence of M. massiliense JCM 15300

The complete chromosomal sequence of M. massiliense JCM 15300 was obtained
by de novo assembly of short reads followed by gap-closing using directed PCR.
The genome consisted of 4,978,382 base pairs (bps) with a GC content of 64.1%
and 4,950 predicted coding sequences (CDSs), 46 tRNA genes, one rRNA operon
and two prophages (Fig. 1A). The chromosomal sequence corresponded to the
predicted restriction fragment profiles obtained by PFGE analysis (data not
shown). A draft genomic sequence of CCUG 48898 corresponding to JCM 15300
has been previously deposited in GenBank (NZ_AHAR01000000) by another
research group. Thus, we performed a comparative pair-wise sequence alignment,
revealing highly conserved synteny to the complete genomic sequence of JCM
15300 (S1 Figure and S1 Table). There were 188 mutations within 33 CDSs and 7
non-coding sites, suggesting that the differences between type strains may be due
to frequent passaging and cultivation in various laboratories and bioresource
centers. JCM15300 strain is smooth colony morphotype, and then there are no
nonsense or frameshift mutations and in mpsI-mps2-gap (MMASJCM_4183,
MMASJCM_4184 and MMASJCM_4185) or mmpl4éb (MMASJCM_4202) (data
not shown), these data is consistent with a previous report [20].

Comparative genomic analysis within the Mycobacterium genus
To characterize the genomic features of M. massiliense JCM 15300, a BLAST atlas
analysis was performed; corresponding orthologs in complete and draft genomic
sequences of other Mycobacterium spp. were compared with those of M.
massiliense JCM 15300 as a reference (M. bolletii BD is a draft genomic sequence,
but it is closely related to M. massiliense) (Fig. 1A). The BLAST atlas identified the
conserved proteins in the core genome, which was represented by 973 CDSs
(19.7%) shared among all 15 Mycobacterium spp. genomes. M. massiliense JCM
15300 was highly similar to M. abscessus ATCC 19977 and M. bolletii BD in the M.
abscessus group (Fig. 1B). In contrast, M. massiliense JCM 15300 showed a low
similarity (~73% of mean identity) to SGM and other RGM (Fig. 1B). The 16S
rRNA phylogenetic analysis suggested complete identity of M. massiliense JCM
15300 to M. abscessus ATCC 19977 and M. bolletii BD (Fig. 1C). These results
indicate that M. massiliense is difficult to distinguish among the three M. abscessus
subspecies using 16S rRNA gene phylogeny and that the three subspecies belong
to the M. abscessus group as suggested by many reports.

The above analysis demonstrated that there were several highly variable gene
clusters and notable differences in GC content (64.1%) among the 14
Mpycobacterium spp. One prophage, located in the region from 1,816 to 1,880 kbs,
had a lower GC content (59.64%) and partially shared some conserved CDSs with
M. abscessus ATCC 19977 (gray bar in the lower right of Fig. 1A). The average GC
content of all 14 Mycobacterium spp. and 620 mycobacteriophages [21] was
approximately 66% and 64%, respectively, suggesting that the low-GC content

PLOS ONE | DOI:10.1371/journal.pone.0114848 December 11, 2014 3/25



@PLOS l ONE

Whole Genomic Sequence of M. massiliense JCM 15300

%

#
'

et

I .
fﬁmzzmp 5 be
. eobaciar o
k <aop non M{J‘eraézgﬁjm rep |
E massiliense 1
sz JOM 15300 wsoseos §
4g78382bp 0 L
GC-content: N f
SR EE
- 3080 kip b R

i

S i

o,

-

5%5

i

B

M. africanum GM041182

M. bovis BCG Tokyo 172

M. tuberculosis H37Ry

M. canetiii CIPT 140010059

=

M. ulcerans Agy99
M. marinum M
M. lepras TN
M. avium 104
M: rhodesiae NBB3
M. vanbaaleni PYR 1
M. smegmatis MC2 155
M. gilvum PYR GCK
M. bolletii BD
' ML abscessizsy,ﬁ.TCC 18977 | | i | : !
10 20 30 40 50 60 70 80 90 100
Identity (%)

|

BLAST ATLAS

Identity {protein}
75%

50%

Outer lane

M. massiliense JOM 15300 prophage regions  zzs
M. massifiense genomic island 1 (MmGI-1) =5

i

2. M. alricanum GM041182 ™

3. M. bovis BCG Tokyo 172 |

4. M. tuberculosis H37Rv
© & M ocanelti CIPT 140010058 Slowly growing
. M. ulzera; 99 T

?’ § Ziiij;;ifg 9 mycobacterium
"8 M leprae TN (SGM)
T8 M oavium 104

10. M. thodesiac NBB3 3

1. M vanbaaleni PYR 1 . Rapidly growing

12. M. smegmatis MC2 155 mycobacterium

<18, M gilvum PYR GCK H (RGM}
. 14, M. boilatii BD
5. M. abscessus ATCC 19877

16. rRNA i, IRNA B

17, CDS + ¥ (hypothetical protein i)

18, CD8 - =g {hypothetical protein ge-)

19. GC content

20. GC skew

fnner lane

M. africanum GM041182

M. bovis BCG Tokye 172

M, tuberculosis H3TRy

M. canetti CIPT 140010055
ggt;w‘. ulcerans Agy99 ar
M. marinum M

M. leprae TN
M. avium 104
M. thodesiae NBB3

M, var)baalenii,PYR 1

M smegmatis MC2 158

- 1. gitvum PYR GCK. %

518

RGM|

e M abscessus ATCC 19977
-————-—-—‘——-———‘,‘L“’-{ M massiliense JCM 15300
g i, bolletil BD

Nocardia abscessus JCM 6043

Gordonia aichiensis DSM43978T

0.005

Fig. 1. Circular representation of the M. massiliense JCM 15300 genome and comparative analysis among the complete genomes of
Mycobacterium species. A. BLAST atlas of M. massiliense JCM 15300. The coding region of strain JCM 15300 was aligned against those of 14 other
Mycobacterium genomes using BLASTP. The results are displayed as colored circles with increasing color intensity signifying increased similarity. It was
estimated that the number of conserved proteins was 1,516 among all 14 Mycobacterium genomes. B. Box plot of identity percentage of conserved proteins
between M. massiliense JCM 15300 and 14 other Mycobacterium spp. The top of each box in the box plot indicates the 75th percentile, the bottom of each
box indicates the 25th percentile and the center bar represents the median. C. Neighbor-joining phylogenetic tree based on 16S rRNA gene sequencing of
Mycobacterium with 1,000-fold bootstrapping. Scale bar indicates number of substitutions per site. The number at each branch node represents the
bootstrapping value. Nocardia abscessus JCM 6043 (GenBank: AF430018) and Gordonia aichiensis DSM43978T (X80633) were used as outgroups.

doi:10.1371/journal.pone.0114848.g001
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prophage was recently acquired. In contrast, another prophage, located in the
region from 3,964,186 to 4,013,302 bps, had an average GC content (64%),
indicating that it could be specific to M. massiliense JCM 15300 (gray bar in the
upper left of Fig. 1A).

Intriguingly, a notable genomic island from 946,561 to 1,057,603 bps,
designated M. massiliense genomic island 1 (MmGI-1; indicated by the blue bar in
the upper right of Fig. 1A), appeared to be conserved among M. massiliense JCM
15300, M. bolletii BD and M. avium 104. The genomic island contained gene
clusters associated with lipid metabolism and lipid-related transporters (Fig. 2
and Table 1). B-oxidation-related genes were also identified, such as long-chain
fatty acid-CoA ligase (MMASJCM_1018, MMASJCM_1019, MMASJCM_1028),
acyl-CoA dehydrogenase (MMASJCM_1023, MMASJCM_1030,
MMASJCM_1035, MMASJCM_1038), enoyl-CoA hydratase (MMASJCM_1008,
MMASJCM_1009, MMASJCM_1010, MMASJCM_1022), 3-hydroxyacyl-CoA
dehydrogenase (MMASJCM_1006, MMASJCM_1034), acyl-CoA thiolase
(MMASJCM_1016, MMASJCM_1036) and acetyl-CoA acetyltransferase
(MMASJCM_1014) (Table 1).

An ortholog of the mammalian cell entry (mce) operon (MMASJCM_0985 to
_0992) was found in the genomic island (Fig. 2 and Table 1). The mce operon of
Actinomycetales species has been suggested to encode a subfamily of ATP-binding
cassette (ABC) transporters that have a possible role in remodeling the cell
envelope [22] and entry of the pathogen into non-phagocytic cells [23]. Although
the function of the Mce protein family has not been clearly established, its
members are believed to be membrane lipid transporters. For example, it has been
demonstrated that the mce4 operon is required for cholesterol utilization and
uptake by M. tuberculosis [24] and M. smegmatis [25]. M. massiliense JCM 15300
contained 8 loci from the mce operon, and one mce operon on the MmGI-1
genomic island demonstrated approximately 99% similarity to that of M. bolletii
BD and approximately 80% similarity to that of M. avium 104.

To characterize a provenance of MmGI-1 regions, the regions were subjected to
BLASTN/BLASTP search against NCBI nt/nr databases excluding M. abscesses
group sequences. Although the nucleotide search with BLASTN did not show
notable homology to MmGI-1 region, the protein search with BLASTP showed
that 105 ORFs on MmGI-1 showed significant similarity to ORFs of
Actinomycetales with 32 to 95% identity. Of 105 ORFs, forty-two ORFs showed
similarities to ORFs of phylogenetically distant M. avium complex (MAC)

(Fig. 3), suggesting that the MmGI-1 region might have been acquired through
horizontal gene transfer or genetic recombination events with MAC.

Using 55 draft genomic sequences from the M. abscessus group [17] and one
complete genomic sequence from M. massiliense JCM 15300, variation among the
genomic islands was investigated. The phylogeny of M. abscessus group strains was
further characterized by identifying 203,267 SNPs in the commonly shared
genomic sequence (Fig. 2). The SNP phylogenetic analysis identified three clusters
(i.e., massiliense, bolletii and abscessus clusters) from the M. abscessus group,
consistent with a previous report [17]. Phylogenetic and heatmap analyses
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Fig. 2. Schematic representation of genomic island MmGH-1 and heatmap of MmGI-1, anaerobic respiration genes and mycolic acid synthase-
related gene loci among 56 M. abscessus group strains. Phylogenetic tree based on 203,267 core genome SNPs in the whole-genome-sequenced M.
abscessus group by the maximum-likelihood method with 1,000-fold bootstrapping. The scale indicates that a branch with a length of 0.1 is 10 times as long
as one that would show a 1% difference between the nucleotide sequences at the beginning and end of the branch. The number at each branch node
represents the bootstrapping value. The ORFs of M. massiliense strain JCM 15300 were aligned against the genomic sequences of 56 other M. abscessus
group strains and M. avium 104 using TBLASTN (E-value cutoff, 1.00E-10; identity cutoff, 70%). A heatmap was constructed from amino acid identity.

doi:10.1371/journal.pone.0114848.9002

suggested that MmGI-1 was partially shared among M. massiliense-related strains
(Fig. 2). Notably, the 8-oxidation-related loci (MMASJCM_0982 to _1042) were
also well conserved in M. bolletii BD and M24. These additional lipid-related
metabolic genes may be important for high growth potential with additional lipid
metabolism such as putative 3-oxidation pathway, extra factors for survival in the
environment (as suggested by the presence of MCE family protein) or synthesis of
complex membrane-associated lipids (as suggested by the presence of a long-
chain-fatty-acid-CoA ligase).

Comparative genomic analysis within the M. abscessus group
To characterize the genomes of the previously described three clusters, we
performed further comparative and BLAST atlas analyses based on the nucleotide
sequences of two complete genomes and the predicted amino acid sequences of
CDSs, respectively (52 Figure and 52 and 53 Table), and then also performed
pan-genomic analysis with 30 M. massiliense, 2 M, bolletii and 25 M. abscessus
genome sequences because of a validation (53 Figure). The pan-genomic analysis
data is consistent with a previous report [19]. The comparative analysis yielded
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the following four results: i) as a massiliense cluster-specific feature, there were six
unique regions (17 in $2 Figure and Table 2) that contained an average GC
content of 64%; ii) as a JCM 15300-specific feature, there were 10 unique regions
(e in S2 Figure and S2 Table) that had relatively low GC content; iii) the MmGI-1
genomic island (Fig. 3 and 9 in S2 Figure) was shared with M. bolletii and showed
partial similarity to M. avium 104; iv) there were two common deletions (T7_8 in
52 Figure and S3 Table) in the massiliense cluster and one conserved region in the
abscessus group (8 in 52 Figure and $3 Table).

In addition to the MmGI-1 genomic island described above, the massiliense
cluster contained three notable conserved loci: i) a molybdopterin oxidoreductase
(Fig. 2, Fig. 4A and Table 2); ii) universal stress proteins, an alcohol dehydro-
genase and a xylulose-5-phosphate phosphoketolase (Fig. 2, Fig. 4B and Table 2);
iii) a cyclopropane fatty acyl-phospholipid synthase and an S-adenosyl-L-
methionine-dependent methyltransferase (Fig. 2, Fig. 4C and Table 2). In
contrast to MmGI-1, these three regions were well conserved within the
massiliense cluster.

Choo et al. previously reported that a high proportion of accessory strain-
specific genes indicating an open, non-conservative pan-genome structure, and
clear evidence of rapid phage-mediated evolution [19]. In fact, specific genes in
M. massiliense JCM15300 contained phage-related genes, i.e. putative prophage
integrase (S2 Table). On the other hand, in adjacent gene loci of three conserved
regions, i.e. MMASJCM-2099..2100, MMASJCM-2507..2524 and MMASJCM-
4337..4346, there are no phage-related genes (Fig. 4 and Table 2). These data
suggest that these conserved regions might be core-genome regions in ancestral M.
abscessus group, and then have been deleted from genomes of M. abscessus and M.

; bolletii.

Prevalence of MmGl-1 and massiliense cluster unique regions in
Japanese M. massiliense and M. abscessus isolates

We examined the prevalence of MmGI-1 and three massiliense cluster unique
regions in Japanese M. massiliense and M. abscessus isolates using conventional
PCR methods (54 Table), because of in silico analysis using only isolates of
Malaysia, France, United Kingdom and United States. The ratio of MmGI-1
positive M. massiliense and M. abscessus was 31.8% (14/44) and 1.4% (1/70),
respectively (Fig. 5A and S5 Table). Applying Fisher’s exact test, the proportion of
MmGI-1 positive M. massiliense is significantly higher than that of M. abscessus
(P=0.0001). M. massiliense frequently possesses three massiliense cluster unique
regions in not only Japanese but also other countries (Malaysia, France and
United States) isolates (Fig. 5A and S5 Table), suggesting that MmGI-1 and the
massiliense cluster unique regions are highly conserved in M. massiliense isolated
from various countries.
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Fig. 3. Orthologous genes of MmGI-1 genes in Mycobacterium spp. without M. abscessus group.
Phylogenetic tree based on the 16S rRNA was constructed by Neighbor-joining method with 1,000-fold
bootstrapping. Scale bar indicates number of substitutions per site. Species of black characters indicate that
complete or draft genome sequences have been deposited at DDBJ/EMBL/GenBank. M. abscessus group is
labeled by a yellow box. The number of BLASTP top hit orthologous genes against MmGI-1 genes are shown
with a right bar chart.

doi:10.1371/journal.pone.0114848.9003

Growth ability of MmGI-1 positive M. massiliense

The massiliense cluster contained a conserved molybdopterin oxidoreductase as
described above, and an ortholog was also identified in the strictly anaerobic
bacterium, Desulfitobacterium hafniense. It has been reported that molybdopterin
oxidoreductase may provide the ability for anaerobic energy metabolism [26]. The
xylulose-5-phosphate phosphoketolase may play a role in heterolactic fermenta-
tion in anaerobic heterolactic acid bacteria, including Lactobacillus and

- Leuconostoc organisms [27]. Moreover, the universal stress protein in

Pseudomonas aeruginosa has been reported to have a crucial role in survival under
anaerobic conditions [28]. These studies suggest that M. massiliense may grow or
survive under anaerobic or hypoxic conditions. Indeed, the oxygen partial
pressure in various tissues is approximately 20-50 mm Hg (3-7% oxygen)
(29,30, 31, 32]. To determine growth ability under hypoxic conditions, 27 smooth
colony morphology isolates (12 M. abscessus, 8 MmGI-1 positive M. massiliense
and 7 MmGI-1 negative M. massiliense isolates) were subjected to aerobic and
microaerobic (approximately 6% O,) conditions (Fig. 5B and 5C), because the
aggregation of rough colony morphology isolates were hard to measure the degree
of turbidity in the broth culture. In aerobic condition, MmGI-1 positive M.
massiliense isolates show well growth than MmGI-1 negative isolates including M.
abscessus (Fig. 5B). On the other hand, in microaerobic condition, the growth
didn’t show significant differences between M. massiliense and M. abscessus

(Fig. 5C). MMASJCM-2099..2100 and MMASJCM-2057..2524 regions highly
conserved in M. massiliense isolated from Japan, Malaysia, France, United
Kingdom and United States, as well as MmGI-1. Although functions of these
regions are still unclear, the importance of MmGI-1 might be supported by the
existence on these conserved regions in M. massiliense, and MmGI-1 might relate
to high growth potential with additional lipid metabolism such as putative -
oxidation pathway.

Phylogenetic analysis of mycolic acid synthase-related genes
The comparative genomic analysis indicated that M. massiliense including
Japanese isolates possessed two extra CDSs that are possibly involved in the
cyclopropanation of mycolic acid. A cyclopropane fatty acyl-phospholipid
synthase (MMASJCM_4340) and an S-adenosyl-L-methionine-dependent
methyltransferase (MMASJCM_4343) were detected only in the massiliense
cluster (Fig. 4C). Both putative proteins encoded by these CDSs possessed the
mycolic acid cyclopropane synthetase (CMAS) domain (pfam02353).

PLOS ONE | DOL:10.1371/journal.pone.0114848 December 11, 2014 15125
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Table 2. The unique conserved gene loci in massiliense cluster among M. abscessus group.
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Mpycobacterium spp. possess 3 to 10 paralogs with a CMAS domain; for example,
CmaA (cyclopropane mycolic acid synthase) and MmaA (methyl mycolic acid
synthase) have been well characterized [33]. A phylogenetic analysis of CMAS
domain-related proteins has indicated that one of the two extra proteins,
MMASJCM_4340, is orthologous to MSMEG_1351 of M. smegmatis and
MycrhN_0769/MycrhN_3064 of M. rhodesiae (54 Figure). The other protein,
MMASJCM_4343, is orthologous to UfaAl (cyclopropane fatty acid synthase),
which is present in a part of RGM and SGM species. The function of UfaAl in
mycolate biosynthesis is not clear [34]. The massiliense cluster has two unique
mycolic acid synthesis-associated proteins that are not present in the abscessus or
bolletii clusters.

Conclusions

The M. abscessus group is classified as RGM species and consists of three closely
related organisms, M. abscessus, M. bolletii and M. massiliense. A comparative
analysis based on three clusters in the M. abscessus group revealed that a genomic
island MmGI-1 of M. massiliense may be involved in high growth potential with
additional lipid metabolism such as putative 3-oxidation pathway. Moreover,
MmGI-1 is conserved in Actinomycetales, especially Mycobacterium, and
horizontal gene transfer or genetic recombination events might have occurred
within MmGI-1 among M. massiliense and MAC. Although M. abscessus subspp.
is an environmental organism found in soil, water and other ecological niches, the
difference of detail ecological niches is still unclear among subspecies-level. Our
data suggests that the massiliense cluster unique regions including MmGI-1 might
be linked to differences in ecological niches, such as lipid rich environment, of M.
massiliense and M. abscessus. Further studies are required to understand the
specific genetic features identified in this study.

Materials and Methods

Bacterial strains

We sequenced Mycobacterium massiliense type strain JCM 15300 (CCUG 48898),
which was originally isolated from the sputum of a 50-year-old woman with an 8-
year history of bronchiectasis and hemoptysis [35]. This strain was obtained from
the Japan Collection of Microorganisms at the Riken BioResource Center (BRC-
JCM; Saitama, Japan) on September 18, 2009.

Short-read DNA sequencing

An M. massiliense strain DNA library (insert size of ~600 bp) was prepared using
the Nextera DNA Sample Prep Kit (Illumina-compatible) (EPICENTRE
Biotechnologies, Madison, WI). DNA clusters were generated on a slide using the
Cluster Generation Kit (ver. 4) on an Illumina Cluster Station (Illumina, San
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