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GENOME ANNOUNCEMENT

Whole-Genome Sequence of the Hypervirulent Clinical Strain
Mycobacterium intracellulare M.i.198

Yoshitaka Tateishi,>® Seigo Kitada,® Keisuke Miki,® Ryoji Maekura,® Yoshitoshi Ogura,® Yuriko Ozeki,® Yukiko Nishiuchi,

Mamiko Niki,” Tetsuya Hayashi,*
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Department of Bacteriology, Graduate School of Medicine, Osaka City University, Osaka, Japan®; National Hospital Organization, Toneyama Hospital, Osaka, Japan®;
Department of Life Science, Frontier Science Research Center, University of Miyazaki, Miyazaki, Japan®; Department of Respiratory Medicine, Graduate School of Medicine,
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We report herein the draft genome sequence of Mycobacterium intracellulare clinical strain M.i.198, which consistently exhibits
hypervirulence in human patients, human macrophages in vitro, and immunocompetent mice.

_ ontuberculous mycobacteria are of great clinical importance
& with respect to the recent increasing prevalence of nontuber-
culous mycobacterioses, such as Mycobacterium avium complex
(MAC) disease, which is difficult to treat without specific antibi-
otics (1). However, the bacteriological etiology of nontuberculous
mycobacteria remains to be elucidated. We identified a hyperviru-
lent Mycobacterium intracellulare strain (M.1.198) from an immu-
nocompetent patient with pulmonary MAC disease (5). To help
understand the genetic background of the virulence, we per-
formed whole-genome sequencing of strain M.i.198.

We sequenced M. intracellulare M.1.198 genomic DNA on a
Roche 454 FLX Titanium sequencer and assembled the reads us-
ing the software program Newbler v2.3. A total of 924,616 reads
was generated, with an average read length of 246 bp, yielding a
total sequence of 227,524,944 bp.

The assembled sequences contained 149 contigs, and the
length of all contigs combined was 5,406,664 bp, with a G+ C ratio
of 68.0%. The average coverage depth was 42.1X, the N, contig
size was 90,025 bp, the average contig was 40,008 bp long, and the
longest contig was 453,296 bp. The final assembly comprised 122
contigs in five scaffolds (99.7% of contig bases). We constructed
an optical map (OpGen) of strain M.i.198 with the Nhel restric-
tion enzyme, yielding 311 ordered restriction fragments (average
fragment size, 16 kb). The genome size was estimated to be ap-
proximately 5.22 Mb; this was obtained from the sum of all re-
striction fragments. The five scaffolds were placed on the map,
confirming a single circular chromosome without plasmids.

Genome annotation using the NCBI Prokaryotic Genomes
Automatic Annotation Pipeline (http://www.ncbinhmnihgoy
/genomes/static/Pipeline.html) identified 5,146 coding sequences
(CDSs). Strain M.1.198 has three rRNAs (in a single r/RNA operon)
and 48 tRNA genes.

We compared the sequence of M.i.198 with those of three
other recently sequenced M. intracellulare strains: ATCC 13950
(GenBank accession no. CP003322.1), MOTT-02 (GenBank
accession no. CPO03323.1), and MOTT-64 (GenBank acces-
sion no. CPO03324. A)——the latter two were clinical isolates
from Korean patients (2, 3, 4). The reciprocal best-hit BLAST
approach revealed that strain M.i.198 shares 90.0%, 92.7%, and

6336 jb.asmuorg

Journal of Bacteriology p. 6336

88.7% of its CDSs with M. intracellulare ATCC 13950, MOTT-
02, and MOTT-64, respectively. Of particular interest is a
51-kb region of difference, 55 CDSs in length (G+C ratio,
61.0%), which consists of prophages in M.i.198. The genome
sequence of strain M.1.198 will provide an invaluable resource
for understanding the microbiological aspects of human-
pathogen interactions, especially the pathogenesis of human
MAC disease.

Nucleotide sequence accession numbers. The whole-genome
sequence of M.1.198 has been deposited in DDBJ/EMBL/GenBank
under the accession numbers BAGQO1000001 to BAGQUL000149.
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novel therapies.

(Bacl(ground: The mechanism underlying mycobacterial phenotypic tolerance to isoniazid is unknown.
Results: MDP1, a mycobacterial histone-like protein, down-regulates KatG expression.
Conclusion: Down-regulation of KatG by MDP1 causes growth phase-dependent phenotypic tolerance to isoniazid in

Significance: Understanding the mechanism by which mycobacteria acquire tolerance to isoniazid is important for developing

\

J

Tuberculosis remains one of the most deadly infectious dis-
eases worldwide and is a leading public health problem.
Although isoniazid (INH) is a key drug for the treatment of
tuberculosis, tolerance to INH necessitates prolonged treat-
ment, which is a concern for effective tuberculosis chemother-
apy. INH is a prodrug that is activated by the mycobacterial
enzyme, KatG. Here, we show that mycobacterial DNA-binding
protein 1 (MDP1), which is a histone-like protein conserved in
mycobacteria, negatively regulates katG transcription and leads
to phenotypic tolerance to INH in mycobacteria. Mycobacte-
rium smegmatis deficient for MDP1 exhibited increased expres-
sion of KatG and showed enhanced INH activation compared
with the wild-type strain. Expression of MDP1 was increased in
the stationary phase and conferred growth phase-dependent
tolerance to INH in M. smegmatis. Regulation of KatG expression
is conserved between M. smegmatis and Mycobacterium tubercu-
losis complex. Artificial reduction of MDP1 in Mycobacterium
bovis BCG was shown to lead to increased KatG expression and
susceptibility to INH. These data suggest a mechanism by which
phenotypic tolerance to INH is acquired in mycobacteria.
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Tuberculosis is a disease caused by infection with Mycobac-
terium tuberculosis complex and remains a serious threat to
health around the world. Approximately one-third of the
world’s population is infected with M. tuberculosis. The current
World Health Organization report shows that 8.8 million new
tuberculosis cases arose, and 1.4 million people died from
tuberculosis in 2010. Although medications are indispensable
for treating infectious diseases, one of the predominant prob-
lems in tuberculosis chemotherapy is the prolonged treatment
duration. The current treatment of tuberculosis with first-line
antitubercular agents including isoniazid (isonicotinic acid
hydrazide, INH)?, rifampin, pyrazinamide, streptomycin, and
ethambutol requires at least six months to cure the acute dis-
ease, yet there is still a relapse rate of 2 to 3% (1). For latent
tuberculosis, the standard treatment takes six to nine months
using INH alone.

The relatively long duration of tuberculosis chemotherapy is
not only due to reduced metabolism based on the slow growth
rates of the pathogens but also the emergence of drug-resistant
cells. There are two possible mechanisms by which M. tubercu-
losis acquires drug resistance. First, spontaneous chromosomal
mutations in genes related to drug resistance can result from
irregular drug supply, inappropriate drug prescriptions, and
poor patient adherence to treatment (2). Secondly, M. tubercu-
losis can acquire phenotypic drug resistance in the absence of
genotypic alterations in drug-target genes (3). In particular, it is
well known that INH tolerance is acquired by M. tuberculosis

3 The abbreviations used are: INH, isoniazid; BCG, Mycobacterium bovis bacil-
lus Calmette-Guérin; MDP1, mycobacterial DNA-binding protein 1; MIC,
minimum inhibitory concentration; NBT, Nitroblue tetrazolium; ADC, albu-
min-dextrose-catalase; qRT-PCR, quantitative RT-PCR; ANOVA, analysis of

- variance.
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during the stationary phase, and requires prolonged tuberculo-
sis chemotherapy.

INH is one of the key drugs used to control tuberculosis (4). It
is critical in tuberculosis therapy because of its potent bacteri-
cidal activity against organisms growing actively in the pulmo-
nary cavities, whereas the sterilizing activity of INH is reduced
nearly 1,000-fold in M. tuberculosis cells during the stationary
phase of growth (5).

The mode of action of this drug is complicated. INH is a
prodrug that is converted into the active form by the mycobac-
terial catalase-peroxidase, KatG (6). The expression of KatG is
regulated by an iron-containing transcription factor, furA,
which is situated immediately upstream of katG (7). In its active
form, INH inhibits both InhA, which is a primary target of INH
(8), and an enoyl-acyl carrier protein reductase of the fatty acid
synthase II (9, 10).

DNA sequencing of INH-resistant clinical isolates has
revealed several mutations associated with resistance to INH.
In addition to mutations in katG and inhA, ahpC (coding for
alkyl hydroperoxide) (11) and ndh (coding for NADH dehydro-
genase) (12) have also been reported to be associated with INH
resistance. Mutations in kasA, which encodes ketoacyl acyl car-
rier protein synthase, are involved in INH resistance (13). How-
ever, later studies showed that overexpression of KasA did not
lead to INH resistance in M. tuberculosis (14), and mutations in
kasA are not likely to participate in INH resistance (4). Among
these mechanisms, INH resistance in M. tuberculosis is most
commonly associated with mutations in ka4tG. In addition, a
recent study by Ando et al. (15) revealed that mutations in the
intergenic region of furA and katG also affected katG expres-
sion and conferred INH resistance. Although the reason why
mycobacteria in the stationary phase acquire INH tolerance has
not been fully elucidated, it is likely that the regulated expres-
sion of genes involved in the action of this drug is responsible
for INH tolerance.

Transcriptional regulators are thought to play important

roles in growth phase-dependent bacterial adaptive responses,

including drug tolerance. Histone-like proteins are possible
candidate transcriptional regulators in such responses. Re-
cently, it was reported that Lsr2, a histone-like protein highly
conserved in mycobacteria, inhibits a wide variety of DNA-
interacting enzymes to regulate genes induced by antibiotics
and those associated with inducible multidrug tolerance (16).
Mycobacterial DNA-binding protein 1 (MDP1) is another his-
tone-like protein in mycobacteria that binds to genomic DNA
at guanine and cytosine residues. MDP1 is generally a negative
regulator of gene expression (17) that participates in the slow
growth rate of mycobacteria (18). Expression of this protein is
enhanced in both stationary and dormant mycobacteria (19,
20).

In this study, we describe for the first time that MDP1 nega-
tively regulates KatG expression, which, in turn, causes pheno-
typic tolerance to INH. The current study describes a novel
molecular mechanism by which phenotypic drug tolerance is
acquired in mycobacteria. This mechanism may strongly
impact our understanding of phenotypic tolerance to INH in
M. tuberculosis.

27744 JOURNAL OF BIOLOGICAL CHEMISTRY

EXPERIMENTAL PROCEDURES

Bacterial Strains and Antimicrobial Agents—Mycobacte-
rium smegmatis mc*155 (WT) and its histone-like protein/
MDP1-deficient strain (MDP1-KO) were kindly provided by
Dr. Thomas Dick (Novartis Institute for Tropical Diseases). An
MDPI1-complemented strain (MDP1-Comp) was generated
previously (21). All M. smegmatis strains were cultured in
Luria-Bertani (LB) broth or on LB agar plates (Sigma) aerobi-
cally at 37 °C on a magnetic stirrer set to rotate at 130 rpm.
Mycobacterium bovis BCG strains were cultured in 7H9 broth
base (Becton Dickinson and Company) supplemented with
glycerol, 10% albumin-dextrose-catalase (ADC), and 0.05%
Tween 80 (7H9-ADC-Tween), or on 7H11 agar plates supple-
mented with oleic acid, albumin, dextrose, and catalase
(OADC). Ethambutol, rifampin, levofloxacin, and INH were
purchased from Sigma. Rifampin was dissolved in ethanol,
whereas levofloxacin, INH, and ethambutol were dissolved in
distilled water. Stock solutions of each drug were filter-steril-
ized through 0.2-pm pore-size polyethersulfone membrane fil-
ters (Iwaki) except for rifampin, which was dissolved in ethanol.

Broth Microdilution—For the estimation of the minimum
inhibitory concentrations (MICs) of each antibiotic, we used
the broth microdilution method as previously described (22).
Briefly, serial 2-fold dilutions of compounds were added to LB
broth (for M. smegmatis) or 7H9-ADC-Tween (for BCG) to
achieve final concentrations ranging from 128-0.125 ug/ml.
The diluted antibiotic was then dispensed into the wells of
microdilution plates at 0.1 ml per well. Aliquots of mycobacte-
rial cells were then inoculated to a final concentration of ~10*
CFU/well. After incubation at 37 °C for 4 days (M. smegmatis)
or 14 days (BCG), the MICs were determined as the lowest
concentrations of compound that prevented visible growth.

Cell Viability against INH—M. smegmatis and BCG cells
were grown aerobically at 37 °C in liquid medium under appro-
priate conditions for 2— 6 days. At each time point, an aliquot of

-each culture was withdrawn and adjusted to an optical density

at 600 nm (A4,,) of 0.1 and subsequently diluted 1:100 in fresh
medium. After addition of INH solution to a final concentra-
tion of 6.25 ug/ml (for M. smegmatis) or 0.125 pg/ml (for BCG),
cells were grown aerobically at 37 °C for 24 h (M. smegmatis) or
for 48 h (BCG). Serial 10-fold dilutions of the cell suspensions
were plated on agar plates to estimate the number of viable
bacteria in the inoculum. After incubation for 4 days (M. smeg-
matis) or 14 days (BCG) at 37 °C, colonies were counted, and
the proportion growing in the presence of various drug concen-
trations was compared with the total number of viable bacteria
in the inoculum.

RNA Extraction—Cells were suspended in 1 ml of TRIzol
reagent (Invitrogen) and disrupted using a Mini-BeadBeater.
After incubation for 5 min at room temperature, 0.2 ml of chlo-
roform was added, and the samples were shaken vigorously for
15 s. Cell lysates were centrifuged at 12,000 X g for 10 min at
4.°C, and the colorless upper aqueous phases were transferred
to fresh tubes. Total RNA in the aqueous phase was precipitated
by mixing samples with isopropyl alcohol followed by centrifu-
gation. The pellets were washed with 75% ethanol, dried, and
resuspended in 100 ul of diethylpyrocarbonate-treated dH,O.
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To remove the chromosomal DNA, samples were processed
with a TURBO DNA-free kit (Applied Biosystems) according
to the manufacturer’s instructions. RNA quantification was
performed by spectrophotometry using a NanoDrop 3300
(Thermo Scientific).

Microarray Analysis—A customized high-density oligonu-
cleotide whole genome expression array (NimbleGen Systems)
was designed for M. smegmatis mc®155 using the genome
sequence and ORF predictions available from the J. Craig
Venter Institute. Total RNA was extracted from M. smegmatis
WT and MDP1-KO cells in the exponential phase (44,, ~ 0.8).
The ¢cDNA synthesis, hybridization, and scanning were per-
formed by NimbleGen Systems. Microarray data analysis was
performed using GeneSpring GX (Agilent Technologies). The
data presented are the results from one experiment.

Real-time Quantitative RT-PCR (qRT-PCR)—To confirm the
results of microarray analysis, QRT-PCR was performed using
Power SYBR green (Applied Biosystems). To generate cDNA
samples, equal amounts of RNA were reverse transcribed using
the High-capacity reverse transcription kit (Applied Biosys-
tems) according to the manufacturer’s instructions. Primers
were designed using Primer Express software (version 2.0;
Applied Biosystems), and the sequences of the primers used
were as follows: sigA (forward), 5'-CGTTCCTCGACCTCAT-
CCA-3’'; sigA (reverse), 5'-GCCCTTGGTGTAGTCGAAC-
TTC-3'; katG (forward), 5'-GACCGCGAATGACCTTGTGT-
3’; and katG (reverse), 5'-TGTCGGACTGGGCATAAACC-
3'. A standard curve was generated for relative quantification of
the PCR products, and a control reaction lacking reverse tran-
scriptase was performed for every RNA sample. The major
housekeeping o factor gene, sigA, was used to normalize mRNA
levels. Analysis was performed on triplicate biological samples
that were each assayed in triplicate.

Western Blotting—Mycobacterial cells were grown at 37 °C
and harvested at the indicated time points. To obtain whole-cell
protein extracts, cells were washed three times with PBS and
disrupted using a Mini-BeadBeater as described previously
(23). Quantities of protein were determined by the Bradford
assay (24) using the Bio-Rad protein assay kit (Bio-Rad). The
same amount of total protein from each strain (2 pg per well)
was separated by SDS-PAGE. Immunoblotting was carried out
after SDS-PAGE and transfer of proteins to a PVDF membrane
by incubation with anti-MDP1 and anti-KatG antibodies, as
described previously (25). Anti-heat shock protein Hsp65
(GroEL2) antibody was used as a loading control (26, 27). The
expression levels of different proteins were analyzed using the
public domain software Image J (a Java image processing pro-
gram developed by the National Institutes of Health Image for
Macintosh).

Reduction of Nitroblue Tetrazolium (NBT)—This test detects
INH activation by KatG and is dependent on the reduction of
NBT by superoxide-free radical in the presence of INH to form
an insoluble formazan. Reduction was monitored qualitatively
following electrophoresis of whole-cell extracts on native gels,
as described previously (28). Before samples were subjected to
native PAGE, protein concentrations were quantified by Brad-
ford assay. The gel was soaked in 50 ml of 50 mm sodium phos-
phate (pH 7.0) containing 68 mg of INH, 12.5 mg of NBT, and
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15 ml of 30% H,O,. Color development was complete after 30
min. The gel was then rinsed with distilled water and soaked in
7% acetic acid, 1% glycerol in distilled water before visualiza-
tion. The levels of KatG activity in each strain observed in the
native PAGE gel were also analyzed using Image]J software.

Transformation and Isolation of Recombinant M. bovis BCG
Strains—Preparation of M. bovis BCG competent cells and
electroporation procedures were performed according to
standard procedures (29). Briefly, M. bovis BCG strain Tokyo
was grown in 7H9-OADC-Tween until an A4y, of 0.6 was
reached. Cells were harvested by centrifugation, washed several
times, and resuspended in one-tenth of their original volume of
10% glycerol to obtain competent cells. The MDP1-antisense
plasmid (18) as well as the empty vector, pMV261, were intro-
duced into BCG-competent cells using a Gene pulser II (Bio-
Rad) with the following settings: 2.5 kV, 129 ohms, 50 uF. After
electroporation, cells were resuspended in 4 ml of 7H9-ADC-
Tween and incubated for 20 h at 37 °C. Following incubation,
appropriate dilutions were added to 7H11 agar containing 10
pg/ml kanamycin. One clone of empty vector transformant
(pMV261) and two clones of transformants carrying MDP1-
antisense plasmid (pAS-MDP1-1 and pAS-MDP1-2) were cho-
sen for further analysis.

Expression and Purification of Recombinant MDP1—Recom-
binant MDP1 was obtained as described previously (30). Briefly,
the oligonucleotide primers (forward, 5'-CCCCATATGAAC-
AAAGCAGAGCTCATTGAC-3'; reverse, 5'-CCCAAGCTT-
TTTGCGACCCCGCCGAGCGG-3') were synthesized based
on the nucleotide sequences of BCG and M. tuberculosis mdp1.
The amplified DNA fragment were digested with Ndel and
Hindlll, cloned into the same sites of pET22b+ (Novagen,
Darmstadt, Germany), and introduced into Escherichia coli
BL21(DE3). Expression of recombinant protein was induced by
addition of 0.1 mMm isopropyl-1-thio-B-p-galactopyranoside,
and the cells were then incubated for 10 h at 22 °C. After incu-
bation, cells were disrupted, and the supernatant was collected
by centrifugation 8,000 X g for 30 min. After filtering the super-
natant through a 0.22-um membrane, it was applied to a 1-ml
Hi-Trap chelating column charged previously with 100 mm
NiSO, and equilibrated with 20 mm sodium phosphate, pH 7.4,
10 mm imidazole, and 0.5 M NaCl. After washing out unbound
proteins, the protein was eluted with the same buffer contain-
ing 300 mm imidazole. The fractions containing MDP1 were
collected and dialyzed against PBS. The purity of the protein
was confirmed by staining as a single band with Coomassie
Brilliant Blue R-250 following separation by SDS-PAGE.

Electrophoretic Mobility Shift Assay (EMSA)—Primers (for-
ward, 5'-CTCTGACAGGCGCCAATGCG-3'; reverse, 5'-GAC-
CAGAAGGCTACTGCTTT-3") were used to amplify a 80-bp
fragment containing the furA promoter region, as described by
Milano et al. (31). The amplified DNA fragment was labeled with
digoxigenin with a digoxigenin gel shift kit, second generation
(Roche Diagnostics), according to the manufacturer’s protocol.
EMSA was also performed using the same kit according to the
manufacturer’s instructions. Briefly, purified recombinant
MDP1 protein was incubated with 40 fg of digoxigenin-labeled
double-stranded DNA fragments in a final volume of 25 pl.
Incubations were carried out at 4 °C for 2 h in a solution of 10
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FIGURE 1. Comparison of the INH susceptibilities of M. smegmatis WT,
MDP1-KO and MDP1-Comp. A, broth microdilution method. INH suscepti-
bilities were analyzed by inoculating each bacterial strain in 7H9-ADC-Tween
culture medium containing serially diluted INH. B, comparison of CFU count.
Each strain was exposed to INH at a concentration below the MIC. After incu-
bation for 48 h, cell suspensions were inoculated onto LB agar to estimate the
number of viable bacteria in the inoculum. MDP1-KO CFUs (solid bar)
decreased markedly after exposure to INH compared with WT (open bar) and
MDP1-Comp (hatched bar) CFUs. Mean values and S.E. for three experiments
are shown. conc., concentration.

mwm Tris-HCl (pH 7.6), 50 mMm NaCl, 5% (v/v) glycerol, 1 mm
EDTA, and 1 mm DTT. For the competition assay, unlabeled
oligonucleotide was added to a 100-fold excess. The reaction
mixtures were loaded onto 6% polyacrylamide gels that were
pre-electrophoresed at 100 V for 1 h in 1X Tris borate-EDTA
buffer consisting of 89 mm Tris, 89 mM borate, and 2 mM EDTA
(pH 8.3). Polyacrylamide gels were electrophoresed at 100 V at
ambient temperature until the bromphenol blue dye front
reached the bottom. The probes were transferred onto a posi-
tively charged nylon membrane (Roche Diagnostics) and
detected according to the kit protocol.

RESULTS

MDPI-deficient M. smegmatis Showed Increased Susceptibil-
ity to INH—To determine whether MDP1 is involved in the
acquisition of drug sensitivity in mycobacteria, we analyzed the
susceptibility of M. smegmatis WT, MDP1-KO, and MDP1-
Comp cells to antibiotics. As shown in Fig. 14, a marked
increase in susceptibility to INH was observed in MDP1-KO
cells. We determined the MICs of INH for each strain using the
broth microdilution method described previously (32). As pre-
sented in Table 1, the MIC of MDP1-KO cells was 8.0 pug/ml,
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TABLE 1
MICs against various antibiotics by the broth microdilution method
EB, ethambutol; RFP, rifampin; LVFX, levofloxacin.

EB RFP LVEX INH
ng/mi ng/ml ng/mi ng/ml
WwWT 1.0 8 0.5 T332
KO 1.0 8 0.5 8
Comp 1.0 8 0.5 32
TABLE 2
Expression of genes related to INH resistance analyzed by microarray
wT MDP1-KO
MSMEG_3461 (katG) 2910772 6.552576
MSMEG_3151 (inhA) 3.056271 2.7222855
MSMEG_4891 (ahpC) 164.84808 168.63435

whereas the MICs for the other strains were 4-fold higher. In
contrast, M. smegmatis WT, MDP1-KO, and MDP1-Comp
were equally susceptible to the other drugs tested, including
ethambutol, rifampin, and levofloxacin (Table 1).

To clarify the effects of culture medium components on sus-
ceptibility to antibiotics, we performed broth microdilution
assays using 7H9-ADC-Tween as the culture medium. The
MICs of each strain in 7H9-ADC-Tween were the same as
those in LB broth (data not shown). To confirm the differential
susceptibility to INH between strains, we counted the CFUs in
each strain after exposure to INH at a concentration below the
MIC for MDP1-KO cells (Fig. 1B). We found that MDP1-KO
cells showed decreased viability following treatment with INH
compared with WT and MDP1-Comp cells. These results sug-
gested that susceptibility to INH is affected by the presence of
MDP1 in M. smegmatis cells. Our results are consistent with
the data recently reported by Dahl et al. (33).

Increased Transcription of katG in MDP1-KO—To investi-
gate the effect of MDP1 on the expression of genes related to
INH resistance, we performed DNA microarray analysis to
compare gene expression profiles between M. smegmatis WT
and MDP1-KO strains. The expression levels of the genes
related to INH resistance, such as inkA and ahpC, were similar
in MDP1-KO and WT cells (Table 2). However, a significant
increase in katG expression was observed in MDP1-KO cells.

To confirm the increased katG transcription in MDP1-KO
cells, total RNA from M. smegmatis WT, MDP1-KO, and
MDP1-Comp cells was isolated and used for gqRT-PCR analysis
of katG expression. The expression levels of katG mRNA were
determined by the comparative threshold cycle method and
then normalized to sigA expression. As expected, MDP1-KO
cells possessed a 2-fold higher expression level of katG mRNA
compared with WT cells (Fig. 2). In contrast, MDP1-Comp
cells exhibited 2-fold lower katG expression than the WT
strain, whereas the viability of MDP1-Comp cells treated with
INH was similar to that of WT cells.

Increased KatG Protein Expression in MDPI-KO—To sup-
port the results of DNA microarrays and qRT-PCR, Western
blotting was used to analyze the expression level of KatG pro-
tein. As a loading control, anti-Hsp65 antibody was used to
confirm that the protein concentrations were equal in all sam-
ples. The results demonstrated that M. smegmatis WT and
MDP1-Comp cells produced similar amounts of KatG, whereas
KatG expression was increased in MDP1-KO cells (Fig. 34).
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These data suggest that MDP1 regulates the KatG protein level
in M. smegmatis cells.

Enhanced Activation of INH in MDP1-KO Cells—Next, we
investigated whether INH activation is increased in MDP1-KO
cells, which produce larger amounts of KatG than WT cells
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FIGURE 2. Analysis of katG expression by qRT-PCR. Transcription of katG
was quantified by gRT-PCR. The relative expression levels of katG in MDP1-KO
(solid bar) and MDP1-Comp (hatched bar) cells were compared with that in WT
cells (open bar) after normalization to the housekeeping gene, sigA. The cDNA
level is expressed as the average of three replicates. For statistical analysis,
one-way ANOVA test was used to obtain the p value. *, p < 0.01.
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(Fig. 34). The INH-dependent NBT reduction assay is com-
monly used to estimate the level of INH activation by KatG
because the KatG enzyme produces free radicals upon activa-
tion of INH (34, 35).

The NBT reduction assay was performed using cell lysates
derived from M. smegmatis WT, MDP1-KO, and MDP1-Comp
cells. A single band of activity was detected in each lane at the
same distance on the gel as a purple formazan product. As
shown in Fig. 3B, whole-cell lysates of MDP1-KO cells exhib-
ited a higher capacity to reduce NBT to formazan in the pres-
ence of INH than other strains. To confirm that the different
NBT-reducing activities between strains were due to different
KatG expression levels in each strain and not to amino acid
substitutions, we compared their katG nucleotide sequences
and found no amino acid substitutions (data not shown). These
data suggest that increased expression of KatG results in the
activation of INH, and consequently, MDP1-KO cells are less
viable following treatment with INH.

MDP1 Affects INH Susceptibility in Growth Phase-dependent
Manner—OQur previous study revealed that the expression of
MDP1 is up-regulated in the stationary phase of mycobacterial
culture (21). Therefore, we investigated whether the different
expression levels of MDP1 during different growth states pro-
duced the INH-resistant phenotype in M. smegmatis. The
expression of MDP1 was shown to increase in both WT and
MDP1-Comp cells during the stationary growth phase (day 6 in
Fig. 4). In contrast, expression of KatG was observed during the
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FIGURE 3. Influence of MDP1-deficiency on KatG protein expression and INH activation. M. smegmatis wild-type (WT), MDP1-KO (KO), and MDP1-Comp
(Comp) cells were grown at 37 °C for 48 h. A, KatG expression was analyzed by Western blotting using rabbit anti-KatG antibodies. B, the level of activation of
INH by KatG in each strain was estimated by NBT reduction assay. INH-dependent reduction of NBT to formazan was monitored on a native PAGE gel.
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FIGURE 4. Expression of MDP1 and KatG proteins during the logarithmic
and stationary growth phases in M. smegmatis. Analysis of the expression
of MDP1 and KatG during the logarithmic (day 2) and stationary (day 6)
growth phases was performed by Western blotting. WT, M. smegmatis; KO,
WT MDP1-KO; Comp, MDP1-Comp.

logarithmic growth phase in both WT and MDP1-Comp cells
but diminished during the stationary growth phase (Fig. 4).
MDP1-KO cells, however, showed enhanced KatG expression
during the logarithmic growth phase (Fig. 2), whereas KatG was
still expressed even in the stationary growth phase (Fig. 4).

A time course analysis was performed investigating the
expression levels of MDP1 and KatG and the INH susceptibility
of M. smegmatis WT cells. Western blotting revealed a time-
dependent up-regulation of MDP1 expression, whereas the
expression of KatG was inversely decreased (Fig. 54). Cell via-
bility in the presence of INH was also found to vary at each time
point. On day 2 (exponential phase), a significant reduction in
the number of CFUs was observed after treatment with INH at
a concentration of 6.25 pg/ml, whereas most of the cells sur-
vived exposure to INH at the same concentration on day 6 (sta-
tionary phase) (Fig. 5B). These results revealed that the acqui-
sition of INH tolerance occurred in a time-dependent manner
and was positively correlated with increased MDP1 expression.

MDP1 Affects INH Susceptibility of M. bovis BCG—To clarify
whether MDP1 influences the susceptibility of other mycobac-
terial species to INH, drug sensitivity was measured in two

27748 JOURNAL OF BIOLOGICAL CHEMISTRY

%?
£ -
50 2 /
@€ 5 ¢
& /
MDP1 2tkDa X 1 T %
= T N | M/f
KalG 80 kDa
15
z
, 2
HspB5 -—65iDa 5 1- -y
5 P
5
%g 0.5
H
g o
B 1.00E+08 -
> : .
6 - [RO. -
1.00E+07 *
-
1.00E+06 *
‘ .
1.00E+05 - i
1.00E+04 ~
INH -+ - -+
Day 2 Day 3 Day6

FIGURE 5. Growth phase-dependent expression of MDP1 and KatG and
susceptibility to INH in M. smegmatis WT. A, the expression levels of MDP1
and KatG were monitored by Western blotting on days 2, 3, and 6. B, INH
susceptibility was analyzed by CFU assay. Initially, M. smegmatis WT cells were
grown at 37 °C in LB broth without INH. On days 2, 3, and 6, cells were col-
lected and exposed to INH at a concentration of 0.0 ug/mi or 6.25 ug/mlfor 2
days. After INH treatment, the drug was removed from the culture media, and
cells were diluted and plated onto INH-free LB agar plates. The number of
viable cells obtained following treatment with INH (open bar) was compared
with the number obtained without INH treatment (solid bar) at each time
point. Mean values and S.E. for three experiments are shown. The statistical
significance of the differences in CFUs between the different time points was
determined by one-way ANOVA. *, p < 0.01.

M. bovis BCG clones carrying the MDP1-antisense plasmid
(pAS-MDP1-1 and pAS-MDP1-2) and the reference strain
(pMV261). M. bovis BCG is an attenuated strain of M. bovis
that belongs to the M. tuberculosis complex. The architecture
of the katG gene and its upstream regulatory region are the
same in M. bovis BCG and M. tuberculosis. Western blotting
showed that MDP1 expression was decreased by half, and KatG
expression was increased >2-fold, in both pAS-MDP1-1 and
pAS-MDP1-2 compared with pMV261 (Fig. 64). We then
determined the MICs of these strains in the presence of INH
and found that mutants with reduced MDP1 expression
showed increased susceptibility to INH, consistent with data
obtained for M. smegmatis MDP1-KO (Figs. 6 and 7). These
results suggest that MDP1 influences the susceptibility of not
only the avirulent rapidly growing M. tuberculosis complex but
also the slow growing M. tuberculosis complex to INH.

MDPI Binds to DNA Sequence in FurA-KatG Promoter
Region—A previous report revealed that katG is negatively reg-
ulated by FurA, a homologue of the ferric uptake regulator Fur,
by binding to its promoter region (36). It was also shown that
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FIGURE 6. MDP1 affects the expression of KatG protein and INH suscepti-
bility in M. bovis BCG. A, comparison of MDP1 and KatG expression in two
M. bovis BCG clones carrying the MDP1-antisense plasmid and a reference

strain. BCG cells were grown at 37 °C for 10 days. MDP1-antisense plasmids.

(pAS-MDP1—1 and —2) reduced the expression of MDP1 compared with the
control plasmid (pMV261). B, comparison of the INH susceptibility of the two
M. bovis BCG clones carrying MDP1-antisense plasmids and the reference
strain. The effect of INH was monitored by the broth microdilution method.
conc., concentration.
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FIGURE 7. CFU assay to estimate the INH susceptibility of recombinant
BCG harboring the MDP1 antisense plasmid. Knockdown of MDP1 expres-
sion by antisense production (solid and hatched bars) in BCG revealed
increased susceptibility of the bacterial cells to INH compared with recombi-
nant BCG harboring the control plasmid (open bar) in the presence of 0.125
rg/ml INH for 48 h. Mean values and S.E. for three experiments are shown.
The statistical significance of the differences in CFUs between the different
time points was determined by one-way ANOVA. ¥, p < 0.01.
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FIGURE 8. Gel-shift assay to analyze the interaction between MDP1 and
the furA-katG DNA promoter region. Recombinant MDP1 was incubated
with either digoxigenin (DIG)-labeled DNA probes including the sequence of
the furA-katG promoter region alone, or together with a 100-fold weight
excess of non-digoxigenin labeled probes. Left lane, digoxigenin-labeled
probes alone. Middle lane, digoxigenin-labeled probes co-incubated with
recombinant MDP1 protein. Right lane, digoxigenin-labeled probes co-incu-
bated with recombinant MDP1 in the presence of an excess of the non-
digoxigenin-labeled probes.

furA and katG are co-transcribed from a common regulatory
region located immediately upstream of the furA gene (31).
Furthermore, inactivation of furA resulted in katG up-regula-
tion, which increased the sensitivity of mycobacterial cells to
INH (7). We hypothesized that MDP1 may directly bind to the
promoter region of the FurA-KatG operon and performed gel-
shift assays to test the hypothesis. We observed that co-incuba-
tion of MDP1 with a digoxigenin-labeled DNA fragment con-
taining the furA-katG promoter region resulted in the
disappearance of a DNA band. This was due to altered electro-
phoretic mobility of the MDP1-DNA complex because of the
high basic charge of MDP1 (pI = 12.4). We confirmed the spec-
ificity of this binding by showing the absence of a band shift in
the presence of non-digoxigenin-labeled competitor (Fig. 8).
These data show that MDP1 has the ability to bind to the furA-
katG promoter region.

DISCUSSION

MDPI is a conserved histone-like DNA binding protein
found in mycobacteria including M. tuberculosis, Mycobacte-
rium leprae, and M. smegmatis. Because chromatin-associated
proteins are thought to organize the bacterial chromosome and
exert a regulatory influence on transcription, recombination
and DNA replication (37), it has been postulated that MDP1
may contribute to the regulation of gene expression. In this
study, we found that MDP1 down-regulates the expression of
KatG in mycobacteria.

KatG is an antioxidant enzyme that converts hydrogen per-
oxide (H,0,) into water and oxygen via its catalase activity (38,
39). Because mycobacteria encounter oxidative stress inside
host cells, antioxidant proteins such as KatG play a significant
role in intracellular survival. Sherman et al. (40) reported that
INH-resistant katG mutants acquired a second mutation
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resulting in hyperexpression of alkyl hydroperoxidase (AhpC)
to compensate for the loss of KatG activity in the detoxification
of organic peroxides. However, overexpression of AhpC did not
result in increased M. tuberculosis survival, and deletion of
ahpC did not alter the expression of katG. Thus, AhpC does not
compensate for the loss of KatG activity. In addition to DNA-
binding activity, we discovered recently that MDP1 enzymati-
cally converts H,O, into water and oxygen in the presence of
Fe®* (41). Therefore, it is conceivable that both KatG and
MDP1 play a significant role in H,0, detoxification in myco-
bacterial cells. MDP1 rather than AhpC may compensate for
reduced KatG activity, and therefore their expression levels are
reciprocally regulated.

It is also known that katG is regulated negatively by FurA, a
homologue of the ferric uptake regulator Fur, which is encoded
by a gene located immediately upstream of katG (36). Similar to
FurA, MDP1 has affinity to iron (41), and the expression levels
of both FurA and MDP1 are influenced by the environmental
iron concentration (42). EMSA assay revealed that MDP1 has
an actual capacity to bind to the promoter region of furA-katG,
suggesting that MDP1 is a trans-acting factor that regulates the
transcription of the FurA-KatG operon by directly binding to
its promoter region. Future studies, including chromatin
immunoprecipitation assays, will clarify the effect of MDP1 on
the furA-katG genomic region.

Drug tolerance is a phenomenon seen in many microorgan-
isms during their growth in vivo (3, 43, 44). It is known that
phenotypic tolerance occurs when the environmental or phys-
iological status of the bacteria change. For example, environ-
mental factors such as low pH (45), depletion of certain nutri-
ents (46), and high magnesium or calcium concentration (47)
induce phenotypic tolerance. The inhibition of growth occurs
in the stationary phase and is the most common cause of
reduced drug susceptibility in all bacteria (48).

It has been reported that the expression of histone-like pro-
teins varies with the age of the culture. For example, Fis is a
cofactor in a site-specific recombination system that is
expressed at a high level in the early exponential phase of E. coli
growth (49). In contrast, integration host factor is found to be
most abundant when the culture enters the stationary phase
(50). Because the expression of MDP1 is enhanced in the sta-
tionary growth phase (20), this molecule may affect the gene
profile of cells in the stationary phase. The current study shows
that alteration of MDP1 expression induces growth phase-de-
pendent tolerance to INH by controlling KatG expression in
M. smegmatis. A schematic diagram showing a hypothetical
mechanism of INH tolerance regulated by MDP1 is provided in
Fig. 9. To our knowledge, this is the first description of a molec-
ular mechanism underlying growth phase-dependent tolerance
to INH in mycobacteria.

Regulation of KatG expression appears to be conserved in
several mycobacteria, including M. tuberculosis and M. smeg-
matis (31). We show here that reduction of MDP1 expression
by antisense knockdown increases the sensitivity of M. bovis
BCG to INH (Fig. 7). M. bovis BCG and M. tuberculosis show
similar susceptibilities to INH, and the DNA sequences of their
katG genes and upstream regulatory regions are identical.
Taken together, MDP1 may affect the expression level of KatG
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FIGURE 9. Schematic diagram showing the hypothetical mechanism of
INH tolerance regulated by MDP1. INH is a prodrug that is converted to an
activated, bactericidal form by the enzymatic activity of KatG. In the logarith-
mic growth phase, cells expressing KatG show susceptibility to INH. In con-
trast, up-regulation of MDP1 expression occurs in cells during the stationary
phase, which leads to suppression of KatG expression probably by direct
binding of MDP1 to the furA-katG promoter region. Thus, cells with reduced
KatG activity become phenotypically tolerant to INH.

and the susceptibility of pathogenic M. tuberculosis to INH.
Our data suggest that the artificial reduction of MDP1 expres-
sion may enhance the efficacy of INH and shorten the length of
tuberculosis chemotherapy against both active and latent
diseases.
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cially in countries with high human immunodeficiency virus (HIV)
mfection rates [6-8].

Scveral studies that genotyped MDR-Mtb isolates have shown
that some are genetically related, forming phylogenetic clusters
with identical genotypes [9-12]. Most of these reports showed that
MDR-Mth genetic clusters consist of isolates that belong to the

Introduction

The control of tuberculosis (TB) has become increasingly more
urgent because of the emergence of multidrug-resistant tubercu-
losis (MDR-TB) and extensively drug-resistant tuberculosis (XDR-
TB). These two forms of TB are difficult to manage and treat, and

known for producing high morbidity and mortality [1,2].
Multidrug-resistant  Mpycobacterium tuberculosis (MDR-Mtb) is re-
sistant to at least both isoniazid (INH) and rifampin (RFP), while
extensively drug-resistant M. tuberculosis XXDR-Mith) is resistant to
both INH and RFP, in addition to any of the second-line
injectable drugs (capreomycin, kanamycin [KM] or amikacin) and
fluoroquinolone [3,4]. In principle, these resistant M. tuberculosis
(Mtb) strains are thought to arise through the selection of mutated
strains in response to inadequate chemotherapy [1,2,5,6]. It is
generally believed that transmission frequency of MDR/XDR-
Mtb is lower comparing to drug-susceptible strains, however,
exogenous infection with MDR/XDR-Mth was reported, espe-

PLOS ONE | www.plosone.org

Beijing genotype [7,10,12], suggesting a high tendency to become
MDR-Mtb Beijing strains. Bejjing strains are endemically pre-
dominant in East Asia [13] and are epidemically spreading in
isolated regions such as Cuba, Eastern Europe, sub-Saharan
Africa, and Vietnam [14]. Overall, Beijing strains of Mth represent
approximately 10% of MDR-Mib isolates worldwide [14].

In 2009, Japan had intermediate TB incidence (19.0/100,000)
[15} and a low HIV infection rate (new HIV infections, 0.8/
100,000) (calculated from data in [16]). The prevalence of new
MDR-TB cases in Japan was 0.7% and new XDR-TB cases was
0.2% [17]. Using this statistical ratio, it is estimated that
approximately 170 new MDR-TB cases including approximately
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50 XDR-TB cases occur every year. Moreover, greater than 70%
of all Mitb isolated in Japan were of the Beijing genotype [18].

Osaka Prefecture has historically had the highest endemic rate
of TB in Japan sincc 1991. The rate of TB incidence in Osaka in
2009 was determined to be 31.5/100,000 (16), while maintaining
a low HIV infection rate (1.9/100,000) (calculated from data in
[16]). Osaka Prefecture is located in central Japan and has an area
of 1,989 km”. Tt is a highly industrialized area including Osaka,
the third most populous city in Japan, and over 8 million people
have lived in Osaka Prefecture since 1973. In Osaka, both MDR-
TB and XDR-TB cascs have been reported, but little is known
about the transmission of MDR/XDR-Mtb and the prevalence of
Beijing lineage genotypes among MDR-Mtb isolates.

In the present study, we characterized a total of 1,110 Mtb
isolates obtained from TB patients in Osaka prefecture and
a neighboring area utilizing mycobacterial interspersed repetitive
units-various number of tandem repeats (MIRU-VNTR) typing to
investigate transmission of MDR-TB. Our data revealed that
MDR/XDR-Mib clones displayed genotypes that are not typically
seen in drug-susceptible isolates and these strains are colonizing
and spreading in Osaka Prefecture and its neighboring area.

Materials and Methods

Mtb Isolates )

We analyzed 89 MDR-Mth and 1021 non MDR-Mtb isolates
collected in Osaka Prefectural Institute of public health. Eighty-
nine MDR-Mitb isolates, which were delivered from three
hospitals having tuberculosis ward in Osaka prefecture, were
isolated from MDR-TB patients in Osaka Prefecture (except
Osaka city and southeast area of Osaka prefecture) and
ncighboring local governments from April 2000 to March
2009. Of 1021 non MDR-Mtb isolates of which genetic
diversity and/or genotypes were compared with those of
MDR-Mtb, 471 isolates were sent to the institute for routine
examinations (identifications of M, drug susceptibility, and/or
determination of the source of TB outbreaks) by Osaka
prefectural health care centers from April 2000 to March
2007 and by neighboring local governments from April 2000 to
March 2009. The remaining 550 were isolates from newly
diagnosed TB patients in Osaka prefecture (except Osaka city
and southeast arca of Osaka prefecture) and sent to the institute
for population-based molecular epidemiology of TB (population-
based non MDR-Mth). All Mth isolates were confirmed whether
they were MDR-Mtb or not in the laboratories of the hospitals,
commercial laboratories, or Osaka Prefectural institute of public
health. Although we could not fully obtain patient data
including age, sex, residence area, year of case reported, and
history of TB, duplication of patients of the isolates were
avoided by the unified patients’ identification numbers and the
names of the patients.

Drug Susceptibility Test

To determine the ratio of XDR-Mtb for MDR-Mth, we
performed drug susceptibility tests of MDR-Mtb. When MDR-
Mtb isolates were grown on Ogawa medium, 15 of the 89 isolates
provided failed to grow on this medium because they perished.
Therefore, for the remaining 74, minimum inhibitory concentra-
tions (MICs) for INH, RFP, KM, streptomycin (SM), ethambutol
(EB), and the fluoroquinolones, levofloxacin (LVFX), spafloxacin
(SPFX), and ciprofloxacin (CPFX) were determined using the
micro-dilution test BrothMIC MTB I (Kyokuto, Tokyo). Mtb
isolates resistant to INH, RFP, KM and at least one fluoroqui-
nolone were defined as XDR-Mtb.

PLOS ONE | www.plosone.org
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DNA Extraction and Genotyping

Chromosomal DNA was extracted by combining chloroform
extraction and mechanical disruption [19] from cultures grown on
Ogawa medium or MGIT liquid medium for all 89 isolates. DNA
was extracted from all 1110 isolates and genotyped using the
MIRU-VNTR type testing [18,20] for 26 loci to identify
transmission routes. Single-locus variants involving QUB4120,
QUBI11a, QUBL1b, and QUB26 were regarded as identical in this
study. All 89 MDR-Mth isolates and 550 population-based non
MDR-Mth were examined by PCR to determine the frequency of
the Beijing lineage [21]. Isolates determined as genetically related
to the Beijing lineage were further classified into ancient and
modern sub-lineages by PCR [22,23].

Sequence Analysis

MDR-Mtb isolates showing identical genetic patterns were
analyzed by their SNPs for katG, inhd, rpoB, s, and gyrd. PCR
products were amplified using the following primers: £a/G-Fw,
CGCAGCGAGAGGTCAGTGGCCAG; katG-Rv, ATGGC-
CATGAACGACGTCGAAAC;  inhd-Fw, TCACACCGA-
CAAACGTCACGAGC; mhd-Rv, AGCCAGCCGCTGTGC-
GATCGCCA; 7poB-Fw, CAGGACGTGGAGGCGATCAG;
moB-Rv, GAGCCGATCAGACCGATGTTGG; ms-Fw, TCAC-

CATCGACGAAGCTCCG; ms-Rv, CTA-
GACGCGTCCTGTGCATG;  gmd-Fw, AGCGCAGCTA-
CATCGACTATGCG; and ord-Rv,

CTTCGGTGTAGCTCATCGCCGCC. All amplified products
were purified and sequenced using the Big Dye Terminator Cycle
Sequencing Kit (Applied Biosystems Inc., Japan) on a ABI Prism
3100 Genetic Analyzer (Applied Biosystems Inc.).

Results

Identification of MDR/XDR-Mtb and Drug Sensitivity
Patterns

The drug susceptibility patterns of 74 MDR-Mtb isolates were
identified to investigate the prevalence of XDR-Mtb among
MDR-Mtb isolates (Table 1) and 36 (48.6%) were determined to
be XDR-Mtb. Of these 36 XDR-Mtb, 25 (33.8%) were
determined to be resistant to all eight drugs tested in this study.
Of the 38 MDR-Mtb isolates, eight were resistant only to INH and
RFP (10.8%), while the remaining 30 were resistant to INH, RFP,
and either one or more second-line injectable drugs or one or
more fluoroquinolone.

Comparison of the Genetic Diversity of MDR-Mtb and

Non MDR-Mtb

To bring out the genetic aspects of MDR-Mtb, we compared
the cluster formation resulting from MIRU-VNTR genotyping
and the frequency of Beijing lineage with those of population-
based non MDR-Mtb (Table2). Among 89 MDR-Mitb isolates, 24
(27.0%) isolates were classified into six identical clusters. In
population-based non MDR-Mth, sixty-five identical clusters were
formed from 216 (39.3%) isolates. The ratio of cluster-forming
isolates in MDR-Mtb was significantly lower than it in population-
based non MDR-Mtb.

The frequency of the Beijing Lincage was 88.8% in MDR-Mtb
and 77.3% in population-based non MDR-Mtb, showing signif-
icantly higher frequency of the Beijing Lineage in MDR-Mth
isolates. The Beijing lincage can be divided into ancient and
modern sub-lineage by the insertion of IS67/70 into the NTF
region of the genome [22]. About the ratio of ancient sub-lineage
and modern, the significant difference was not seen in MDR-Mtb
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Table 1. Drug resistance patterns of 74 MDR-TB isolates.

Prevalence of MDR Specific-M. tuberculosis Clones

Total number of isolates

Number of isolates

MDR or XDR (%)* Drug resistance pattern (%)*
XDR 36(486)  INH  RFP KM SM EB Ceppgt s ey Rt
INH RFP KM CSPEX 8(108)
MM R M e 0
P o
: e o NH R KM M S a0
MDR 38514 CINH O RFP M SPEX 4(54)
“ = SN D ne s s
e i R R Bt
COINH O RP M o SPRX
INH  RFP S -
CINH O RFP KM M BB

*Percentage of MDR-TB isolates determined drug sensitivity.
doi:10.1371/journal.pone.0042505.1001

isolates and population-based non MDR-Mtb (75.9% and 77.2%,
respecuvely).

Comparison of MIRU-VNTR Patterns between MDR-
andnon-MDR-Mtb Isolates :

The MIRU-VNTR patterns of the 6 identical clusters
constructed from MDR-Mtb isolates OM-V02, OM-V03,
OM-V04, OM-V06, OM-V12, and OM-V32 were shown in
Table 3. To verify these MIRU-VINTR pattern were specific to
MDR-Mith isolates or not, we genotyped not only population-
based non MDR-Mtb isolates but also other 471 non MDR-
Mib isolates (total 1021 non MDR-Mtb isolates were genotyped)
and all MDR-Mth clusters and non-MDR-Mtb clusters with
incidence rates of more than 1.0% per total isolates are
presented in Table 3. Importantly four clusters, OM-V02, OM-
V03, OM-V04, and OM-V06, consisted of only MDR-Mtb
isolates and none of the 1,021 non-MDR-Mtb isolates. These
four clusters together were designated as a MDR-Mib-specific
cluster MDR-Mtb SC). In particular, the incidence rate of
OM-V02 (1.1% of 1,110 isolates) was the highest among the

MDR-Mtb SC and equal to that of OM-V801, the sixth largest
non-MDR-Mtb cluster.

In contrast, two of the six MDR-Mitb clusters, OM-V12 and
OM-V32, had the MIRU-VNTR patterns that were also found in
non-MDR-Mith isolates. The other 65 MDR-Mtb isolates formed
10 clusters (OM-V29, OM-V05, OM-V031, OM-V091, OM-
V021, OM-V070, OM-V067, OM-V08, OM-V068, and OM-
V087) with one or multiple non-MDR-Mtb isolates. The clusters
were designated as a mixed cluster (Mix C) type, of which MIRU-
VNTR pattern were observed in both MDR and non-MDR Mtb.
The remaining 55 MDR-Mtb showed unique MIRU-VNTR
patterns.

Different incidence ratios of MDR/non-MDR-Mtb were
observed among clusters. For example, OM-V29, which was the
largest cluster, consisted of only one MDR-Mtb and 30 non-
MDR-Mib isolates, while two of nine isolates were MDR-Mtb in -
OM-V12 (the eighth largest cluster) and wo of 13 were MDR-
Mtb in OM-V32 (the third largest cluster).

Table 2. Comparison of the genetical diversity of MDR-Mtb and non MDR-Mtb.

The number of clusters

The number of isolates

*included in any

belonging to ancient sublihe'ag'e :

” ' clusters i bélonging tok Beijihg Lingagé
MDR-Mtb 6 24 79 60
I 27.0% 88.8%  75.9%
non MDR-Mtb 65 216* 425% 328
: 393% T3 T

*significant difference (P<0.05, Fisher's exact test).
**percentage for Beijing isolates.
doi:10.1371/journal.pone.0042505.t002
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Table 3. MIRU-VNTR profiles of phylogenetic clusters.

Prevalence of MDR Specific-M. tuberculosis Clones

Cluster type* Cluster No. Number of alleles in the MIRU-VNTR loci’

number of isolates
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3690, 4156, 2074, 2372, 3155, 3336, 1895, 21633, 2163b, 4052, 4120.
*percentage of all TB isolates.
doi:10.1371/journal.pone.0042505.1003

MIC Values and Mutation Patterns of MDR-Mtb SC

To further investigate whether isolates in each cluster in MDR-
Mtb SC (OM-V02, OM-V03, OM-V04, and OM-V06) were
identical clones, MICs and mutations in the resistance-associated
genes were analyzed (Table 4). Although nine of these isolates
(Nos. 010, 019, 030, 063, 073, 082, 095, and 004) belonging to
OM-V02 were XDR-Mtb and the remaining two (051, 052) were
MDR-Mtb, the MICs of these isolates revealed slight variations
and all isolates possessed D516V in rpeB, S315T in katG, and
a nucleotide substitution in 775 (adenine to guanine at position 1400
in the gene). Nos. 19 and 95 had additional mutations in 4atG and
rpoB, vespectively. Regarding isolates belonging to the OM-V03
cluster, of which MICs and mutations were similar for all isolates,
only isolate No. 029 showed a higher MIC value to INH and an
additional mutation in 4. Isolate Nos. 002 and 020 in cluster
OM-V04 shared the same MIC and mutation patterns. Taken
together, these data suggest that OM-V02, OM-V03, and OM-
V04 are three clonal strains.

We described characteristics of the cases with OM-V02, OM-
V03, and OM-V04 in Table 5. About OM-V02, the age
distribution of patients was wide and seven patients were younger
than 60 years old. The earliest patients (Nos 019 and 073) were
reported in 2002 and the last one (No. 063) was reported in 2008.
In 11 patients, seven patients (005, 019, 050, 051, 082, 095, and
004) were newly diagnosed as MDR-TB. As to OM-V03, the age
distribution of patients was the age of between 30 and 89, the
period when patients reported was from 2000 to 2008, and two of
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*MDR: clusters consisted of only MDR-TB isolates, Mix C: clusters consisted of MDR-TB isolates and non MDR-TB isolates, non MDR: clusters consisted of only non-MDR-

"The order of MIRU-VNTR loci is as follows: 0580, 0960, 1644, 2531, 2996, 3007, 3192, 4348, 0802, 2165, 0577, 3239 (3a contains irregular-size alleles), 0424, 1955, 2401,

four patients were newly diagnosed. Both patients with OM-V04
were newly diagnosed, one was reported in her 30’s in 2002 and
the other was reported in her 60's in 2003.

Discussion

To understand the transmission dynamics of MDR/XDR-Mth
in Osaka Prefecture and its neighboring region, an area with the
highest TB endemicity in Japan, molecular epidemiological
analyses of 89 MDR/XDR-Mtb was performed. Overall, our
study demonstrated the following features of Mtb found in Osaka
Prefecture and its neighboring regions: 1) a high XDR-Mtb to
MDR-Mib ratio (48.5%); 2) a high ratio (88.8%) of Beijing lincage
genotypes among MDR-Mtb; 3) the spread of MDR/XDR-Mth
isolates that share distinct MIRU-VNTR patterns.

Our data revealed a high XDR-Mib to MDR-Mtb ratio
(48.5%) in the studied area. The XDR/MDR ratio in Japan,
31.5% [17] is higher than that of other countries [2,24]. One of
the causes for this high ratio seems to be the presence of the MDR-
Mtb SC. Two of the MDR-Mtb SC consisted of only XDR-Mth
isolates and one contained nine XDR-Mth (Table 4). By excluding
XDR-Mtb isolates from the MDR-Mtb SC, the XDR/MDR ratio
in this study was determined to be 40.0%, which is still
significantly higher than the national ratio. From the available
information, we cannot specify what factors result in the increase
in XDR/MDR ratio in Osaka. In Osaka Prefecture and Japan,
the prevalence of TB patients co-infected with HIV is low,
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