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We report the completely annotated genome sequence of Mycobacterium tuberculosis (Zopf) Lehmann
and Neumann (ATCC35812) (Kurono), which is a used for virulence andfor immunization studies. The
complete genome sequence of M. tuberculosis Kurono was determined with a length of 4,415,078 bp and
a G+C content of 65.60%. The chromosome was shown to contain a total of 4,340 protein-coding genes,
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lineage (lineage 4). Phylogenetic analysis using whole genome sequences of M. tuberculosis Kurono in
addition to 22 M. tuberculosis complex strains indicated that H37Rv is the closest relative of Kurono
based on the results of phylogenetic analysis. These findings provide a basis for research using M.
tuberculosis Kurono, especially in animal models.

© 2014 Elsevier Ltd. All rights reserved.

We report the completely annotated genome sequence of
Mycobacterium tuberculosis (Zopf) lLehmann and Neumann
(ATCC35812) (Kurono), which is a used for virulence andfor im-
munization studies primarily in Japan.

M. tuberculosis strain Kurono was isolated from human sputum
by Mizunoe in 1951 at Kitasato Research Institute, Tokyo, Japan, and
deposited with the Trudeau Mycobacterium Culture Collection in
1969 [1]. Due to its consistently moderate virulence, it has been
widely used as a standard virulent laboratory strain for virulence
and immunization studies primarily in Japan.

Genome sequence data of M. tuberculosis Kurono were ob-
tained using Pacific Biosciences' Single-Molecule Real Time
(SMRT) sequencing technology {2] according to the Greater Than
10 kb Template Preparation and Sequencing protocol provided by
Pacific Biosciences (Menlo Park, CA). The libraries were prepared,
and sequencing was conducted according to the manufacturer's
protocols. Briefly, the extracted DNA was purified using a

* Corresponding author. Department of Infectious Diseases, Research Institute,
National Center for Global Health and Medicine, 1-21-1 Toyama, Shinjuku-ku, Tokyo
162-8655, Japan. Tel.: +81 3 3202 7181x2903; fax: +81 3 3202 7364.

E-mail address: takivam@rincgim.go.jp (T. Miyoshi-Akiyama).

hitp://dx.doi.org/10.1016/j.tube 2014.10.007
1472-9792/© 2014 Elsevier Ltd. All rights reserved.

PowerClean DNA Clean-Up Kit (MoBio laboratories, Carlsbad, CA)
and concentrated using AMPure XP (Beckman Coulter, Brea, CA) of
0.45x. SMRTbell 20 kb libraries were prepared using the
3 kb—10 kb Template Prep Kit 2.0 (Pacific Biosciences). Libraries
were subsequently sequenced on the PacBio RS Il sequencing
platform (Pacific Biosciences) using DNA/Polymerase Binding Kit
P4 (Pacific Biosciences) and DNA Sequencing Kit 2.0 (Pacific Bio-
sciences). Titration density was 0.0169 nM. Template was loaded
into SMRT Cell 3.0 (Pacific Biosciences) using a Mag Bead Kit
(Pacific Biosciences). Sequencing was performed using 16 cells. A
movie of 120 min was taken for each cell.

The complete genome sequence of M. tuberculosis Kurono was
determined using the Hierarchical Genome Assembly Process
(HGAP) {31. We used version 2 of the HGAP workflow implemented
in version 2.1.1 of SMRT Analysis (Pacific Biosciences), a powerful,
open-source bioinformatics software suite available for analysis of
DNA sequencing data from PacBio SMRT technology. HGAP consists
of preassembly, assembly with Celera Assembler |4}, and consensus
polishing with Quiver |2]. After default quality filtering, 1,988,205
reads were obtained with a mean length of 2240 bp totaling
4,455,125,637 bp. The preassembly process with a length cutoff of
8,875 bp generated 14,126 long and error-corrected reads with a
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Figure 1. Maximum-likelihood phylogenies based on whole genome sequence alignment of M. tuberculosis complex. Phylogenetic trees based on whole genome sequences of
M. tuberculosis complex were constructed using PhyML 3.0. One hundred bootstrap re-samplings were performed for each tree. KZN series strains harbor large inversion in their
genome. Thus, inversion-corrected sequences were used for the alignment and marked “_m”. Accession numbers of each sequence used was following: CCDC5079: CP001642.1;
CCDC5180: CPO01642.1; CDC1551: AE000516.2; CTRI-2: CP002992.1; Erdman: AP012340.1; F11: CP000717.1; H37Ra: CP000611.1.,; H37Rv: AL123456.2; KZN605: CP001976.1;
KZN1435: CP001658.1; KZN4207: CP001662.1; RGTB327: CP003233.1; RGTB423: CP003234.1; Mexico: CP002095.1; Moreau RDJ: AM412059.2; Pasteur: AM408590.1; Tokyo 172:

AP010918.1; GMO041182: FR878060.1; CIPT 140010059: HE572590.1.

mean length of 5732 bp. totaling 80,976,246 bp. Subsequently, the
assembly process constructed a single contig with a length of
4,423,481 bp. Finally, the consensus polishing process output a
highly accurate self-overlapping contig with a length of
4,424,104 bp. After circularizing and trimming, the complete
genome sequence of M. tuberculosis Kurono was determined with a
length of 4,415,078 bp and a G + C content of 65.60%.

Primary coding sequence extraction was performed by glimmer
(http://www.ncbinlm.nih.gov/genomes/MICROBES/glimmer_3.
cgi). The results were compared to verify the annotation, and were
corrected manually by in silico molecular cloning (in Silico Biology
Inc., Kanagawa, Japan). The chromosome was shown to contain a
total of 4340 protein-coding genes, 53 tRNA genes, one transfer
messenger RNA for all amino acids, and 1 rrn operon. In addition,
the chromosome harbors 14 1S6110 sequences. There is no known
mutation related to drug resistance in the genome. Nucleotide se-
quences of the chromosome of M. tuberculosis Kurono have been
deposited in the DNA Database of Japan under accession no.
AP014573.

Lineage analysis based on large sequence polymorphisms (LSP)
[5] indicated that M. tuberculosis Kurono belongs to the Euro-
American lineage (lineage 4). Phylogenetic analysis using whole
genome sequences of M. tuberculosis Kurono in addition to 22
M. tuberculosis complex strains available by April 2012 were per-
formed after exclusion of regions encoding PE/PPE families using R

(http:/jwww.r-project.org) with a package, Biostrings (http:/ www.
bioconductor.org/packages/release/bioc/html/Biostrings.html)
because of their homoplastic nature. Genome sequence alignment
was prepared using MAFFT software version 7 (http://mafft.cbreip/
alignment/server/). PE/PPE regions excluded from the analysis and
resulted alignments are available by request. Based on the align-
ment, three phylogenetic methods were used to evaluate robust-
ness of the trees: a maximum-likelihood approach (PhyML 3.0
http:/jwww.atge-montpellierfr/phyml/). HYK and gamma were
chosen for a nucleotide substitution model, and tree robustness
was evaluated by aLRT. The resulting phylogenies were largely
congruent. Each clade consisted of a particular LSP lineage. The
clade containing M. tuberculosis Kurono included four other lineage
strains, such as H37Rv. H37Rv is the closest relative of Kurono based
on the results of phylogenetic analysis. There were only 818 SNPs
between H37Rv and Kurono, and almost 40% of the SNPs are
located in the PE-PPE family proteins. These findings provide a basis
for research using M. tuberculosis Kurono, especially in animal
models. Figure 1.
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A silent mutation in mabA confers isoniazid resistance on

Mycobacterium tuberculosis

, H,iﬁfjéki"QA 'd,o;f fTi,oyh"rd miygsm-my’am;a,*

Summary

Drug resistance in Mycobacterium tuberculosis (Mtb)
is caused by mutations in restricted regions of the
genome. Mutations in katG, the promoter region of the
mabA-inhA operon, and inhA are those most fre-
quently responsible for isoniazid (INH) resistance.
Several INH-resistant (INH") Mitb clinical isolates
without mutations in these regions have been
described, however, indicating that there are as yet
undetermined mechanisms of INH resistance. We
identified the mabA%°* silent mutation in a significant
number of INH" Mib clinical isolates without known INH
resistance mutations. A laboratory strain, H37Rv,
constructed with mabA®°%, was resistant to INH. We
show here that the mabA2*°*2 mutation resulted in the
upregulation of inhA, a gene encoding a target for INH,
converting the region adjacent to the mutation into an
alternative promoter for inhA. The mabA%°® silent
mutation results in a novel mechanism of INH resist-
ance, filling in a missing piece of INH resistance in Mib.

Introduction

Tuberculosis (TB) remains a challenging disease through-
out the world. For example, in 2012 there were 8.6 million
incident cases of TB and 1.3 million deaths from this
disease among HIV-negative people, and an additional
0.3 million deaths from HIV-associated TB (World Health
Organization, 2013).

Isoniazid (INH) is the most widely used and one of the
most effective first-line anti-TB drugs in current use, being
a keystone of treatment since its introduction in 1952
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(Bernstein ef al., 1952). However, the emergence of INH-
resistant (INH") Mycobacterium tuberculosis (Mtb) is a
serious threat to the control of TB (Espinal et al., 2001).
There is considerable interest in identifying the molecular
basis of INH resistance in clinical Mtb isolates, both to
develop rapid diagnostic assays to detect INH" Mib strains
and to develop novel anti-TB drugs.

INH is a prodrug that is activated by the bifunctional
catalase-peroxidase enzyme KatG, encoded by the katG
gene (Zhang et al., 1992). Activated INH blocks the syn-
thesis of essential mycolic acids by inhibiting the NADH-
dependent enoyl-acyl carrier protein reductase InhA
(Banerjee et al., 1994; Vilcheze et al., 2008). INH' clinical
isolates often lose the catalase and peroxidase activities of
KatG, resulting in high-level INH resistance (Zhang and
Yew, 2009; Ando et al., 2010). The KatG*'T mutation is
the most common mutation in INH" strains (Hazbon et al.,
2006; Zhang and Yew, 2009). INH resistance is also
conferred by mutations in the promoter region of the
mabA—inhA operon, causing overexpression of InhA, or
by mutations at the InhA active site, lowering InhA affinity
to activated INH (Banerjee et al., 1994; Rozwarski et al.,
1998; Vilcheze et al., 2006; Zhang and Yew, 2009). These
mutations also confer resistance to the INH-related drug
ethionamide (ETH) (Banerjee et al., 1994; Vilcheze et al.,
2006). Mutations in the promoter region of the mabA—inhA
operon or in inhA are usually associated with low-level
resistance and are less frequent than mutations in katG
(Hazbon et al., 2006; Zhang and Yew, 2009). Thus, muta-
tions in katG, the promoter region of the mabA-inhA
operon, and inhA are those most frequently responsible for
INH resistance. However, mutations in these regions
are absent from 10-25% of INH" Mtb clinical isolates
(Ramaswamy and Musser, 1998; Ramaswamy et al.,
2003; 2004; Zhang etal., 2005; Hazbon et al., 2006;
Zhang and Yew, 2009), consistent with our previous report
showing that 23% of INH" Mib isolates had no mutation
(Ando et al., 2010). Taken together, these findings indicate
that a significant numbers of INH" Mtb clinical isolates are
resistant to INH through as yet undetermined mechanisms.

We reported that 19% (20 of 108) of INH" isolates had
the mabA%°% silent mutation (Ando et al., 2010); of these
20 isolates, 17 had no additional mutations in the furA-
katG and mabA-inhA operons and in —200bp of the pro-
moter region of the mabA—inhA operon (Ando etal,
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Fig. 1. Construction of the H37Rv isogenic

Bell strains. (A) Schematic representation of the
H37Rv isogenic strain. These strains were
v confirmed as having the correct chromosomal

structures by (B) PCR using locus-specific
primers and by (C) Southern blotting using an
} HRP-labelled mabA-inhA probe. M, size
marker; 1, H37Rv; 2, mabA"" strain #1; 3,
mabA"" strain #2; 4, mabA®™® gtrain #1; 5,
mabAT** gtrain #2.
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2010). A comprehensive multicenter study also found this
mutation in 14% (20 of 138) of INH' isolates, with 17 of the
20 isolates having no other INH" mutations (Mitarai et al.,
2012). A synonymous substitution in MabA codon 2083,
corresponding to nucleotide 607-609 in mabA, was
reported in an INH" Mitb clinical isolate (Ramaswamy
et al., 2003). Moreover, to date, and including our unpub-
lished results, 410 INH-susceptible (INH®) isolates tested
did not have the mabA¥2 mutation, and, to our knowl-
edge, this mutation has never been detected in INH® iso-
lates, suggesting that this mutation may be associated
with INH resistance in Mtb. In contrast MabA was reported
to be unrelated to INH resistance, since its overexpres-
sion fails to confer resistance to INH (Banerjee et al,
1998). Based on these findings, we investigated the role
of the mabA%®°%2 silent mutation in the INH resistance of
Mib.

We describe here a novel mechanism of INH resistance
in Mtb. The mabA¥° silent mutation confers INH resist-
ance on Mib by increasing the transcriptional levels of
inhA. The mabA%% mutation and its adjacent region act as
a promoter for the expression of inhA. Considerable
numbers of INH' clinical isolates have this mutation (Ando
etal., 2010; Mitarai et al, 2012). The mabA%¥®% sjlent
mutation yields important insight into INH resistance in
Mtb.

© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 538-547

Resulis

Reconstruction of mabA%%% in a laboratory
strain H37Rv

To examine whether mabA%®®%2 confers resistance to INH
on a clean genetic background, we performed a special-
ized transduction to introduce this mutation, linked to
a gene conferring resistance to hygromycin, into the
Mtb laboratory strain H37Rv (Fig. 1A). Two types of
hygromycin-resistant transductants were generated, dif-
fering in their sites of recombination with respect to the
g609a mutation, and yielding isogenic strains, mabAd0
and mabA"". The correct chromosomal structures of these
strains were confirmed by PCR amplification (Fig. 1B),
Southern blotting (Fig. 1C), and sequencing (see Experi-
mental procedures).

mabA%%%%2 confers resistance to INH and ETH

The mabA®¥%® strains showed resistance to INH, with
MICs of 0.5 ug ml-', whereas the MICs of mabA"™ were
0.1 ug mi™', equal to that of the parental H37Rv strain
(Table 1). We also determined the MICs of these strains to
ETH, because INH' strains carrying a mutation in the
mabA—inhA operon showed resistance to ETH due to
overexpression of inhA or reduced InhA affinity to ETH
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Tablie 1. The MICs for INH and ETH.

(Vilcheze et al., 2006). The mabA%®%? strains showed
resistance to ETH, with MICs of 16 ug ml™', whereas the
MICs of mabA"" and the H37Rv were 2.0 ug ml-' (Table 1).
Furthermore, INH" clinical isolates carrying the mabA%6®
genes (NCGM2840, 2854, 2860, 2872, 2933 and 2943)

showed resistance to both INH and ETH (Table 1). These
strains had no other mutation in the furA-katG and mabA-
inhA operons and in their promoter regions. These results
clearly indicate that the mabA%°® silent mutation confers
resistance to both INH and ETH on Mib.

mabA%5%%2 upregulates the transcriptional levels of inhA

Because resistance to INH is mediated by the overex-
pression of inhA (Larsen et al., 2002) and/or the down-
regulation of katG (Ando et al., 2011), we compared the
levels of InhA and KatG proteins in mabA%®° and mabA""
by Western blotting. We found that the levels of InhA were
significantly greater in mabA%%2 (Fig. 2A, left panel lanes
4, 5) than in mabA"T (Fig. 2A, left panel lanes 1-3),
whereas the levels of KatG and HSP70, an internal
control (Fig. 2A, right panel), were similar. Using gRT-
PCR, we assessed whether the increased expression of
inhA in mabA%% resulted from increased transcription or
post-transcriptional activation. The levels of inhA mRNA
were significantly higher in mabA®% than in mabA""

Fig. 2. mabA®™ ypregulates inhA
expression.

A. Western blotting analysis of InhA, KatG
and HSP70 proteins in the isogenic strains.
M, size marker; 1, H37Rv; 2, mabA"" strain
#1; 3, mabA"" strain #2; 4, mabA®°® strain
#1; 5, mabA%%® strain #2.

B. qRT-PCR analysis of mabA and inhA
mRNA in the isogenic strains. Levels of mabA
and inhA mRNA were normalized relative to
those of sigA mRNA. Means (n=3) + SD.
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Table 2. Levels of expression of mabA and inhA by RNA-seq.
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(Fig. 2B), indicating that the mutation enhanced inhA tran-
scription and that increased expression of inhA caused
resistance to INH in mabA%°% strains.

mabA9%%% contains additional transcripts of inhA

To confirm that inhA transcription was enhanced in
mabA¥®%% strains, we performed RNA-seq on RNAs iso-
lated from H37Rv, isogenic strains (mabA%¥% #1 and
#2, and mabA"" #1 and #2), and clinical isolates with
(NCGM2840, 2854, 2860, 2872, 2933 and 2943) and
without (NCGM2787 and 2817) the mabA 92 mutation
(Table 2). More than two million 151 or 251 bp paired-end
sequence fragments (‘reads’) were recovered from each
sample and mapped to the H37Rv reference genome. To
compare estimated normalized levels of expression of
mabA and inhA in these samples, we calculated reads per
kilobase per million mapped reads (RPKM) (Mortazavi
etal., 2008), fold-changes in RPKM in these samples
compared with H37Rv (Kal et al., 1999), and the ratio of
inhA to mabA expression (Fig. 3A and Table 2). Although
the level of mabA expression was similar among the

© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 538-547

samples, the level of inhA expression and the inhA/mabA
ratio were 4.25- and 5.52-fold higher, respectively, in
mabA¥%% #1, and 3.15- and 3.62-fold higher, respectively,
in mabA®%% #2 than in H37Rv. We observed similar
results in the clinical isolates with the mabA%°%® mutation,
with the inhA/mabA ratio ranging from 3.36 to 6.63. Fur-
thermore, to compare the level of inhA expression in
these strains with that in a strain bearing the c-15t muta-
tion in the promoter region of the mabA—inhA operon,
which causes overexpression of inhA, we performed
RNA-seq on RNAs isolated from clinical isolates with the
c-15t mutation (NCGM2791 and 2845). As expected, the
expression of both mabA and inhA was increased in these
isolates, with the levels of inhA expression higher than in
the mabA%°®% strains (Table 2). These results, and previ-
ous findings showing that the ¢-15t mutation confers a low
level of INH resistance on clinical isolates (Ando et al.,
2010) and on the H37Ryv isogenic strain (Vilcheze et al.,
2006), suggest that the increased expression of inhA due
to the mabA¥"2 mutation was sufficient to confer a low
level of INH resistance on these strains, although this
level, and even the higher level of expression resulting
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Fig. 3. Impact of mabA®® on inhA expression in H37Rv. Whole RNA was sequenced using a MiSeq system, with RNA-seq data visualized

on a CLC genomics workbench.

A. Volcano plot (Cui and Churchill, 2003) to identify genes differentially expressed in mabA"™ and mabA®®® strains.
B. Read mapping results in the mabA-inhA region of the mabA®®= #1 and H37Rv. Red lines indicate the corresponding gene regions for
mabA and inhA. Reads shown in blue are paired-end reads while reads shown in other colours are single reads. Arrows indicate the two

dominant transcripts.

from the c-15t mutation in the promoter region of the
mabA—inhA operon, were insufficient to confer on these
strains a high level (1.0 pg ml™") of INH resistance.

We observed two additional transcripts of inhA in the
mabA%%% strain, starting from nucleotides 690 and 740 in
mabA (Fig. 3B). This finding suggests that the mabA%°%2
mutation may act as an enhancer of inhA transcription,
resulting in InhA overexpression and INH resistance.

The region adjacent to the mabA%°% mutation acts as a
promoter for inhA

AC-15T mutation in the region upstream of the mabA—inhA
operon was shown to enhance inhA transcription in Mtb
(Vilcheze et al., 2006), with cis-elements, including a pro-
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moter region upstream of the mabA—inhA operon, required
for the (over)expression of inhA (Banerjee etal.,, 1994;
Vilcheze et al., 2006). In contrast, the regions upstream of
clinical isolates harbouring the mabA%¥%2 mutation were
not affected by any mutation. These findings and the
identification of two additional transcripts of inhA (Fig. 3B)
allowed us to define the —10 and —35 nucleotide regions of
a novel inhA promoter generated by the g609a mutation
(Fig. 4A). Using the promoter prediction program of
GENETYX-MAC (version 16.0.4, Genetyx Corporation),
we observed a promoter region in mabA carrying the
mutation, whereas no such promoter region was observed
in H37Rv (Fig. 4A). To confirm that this mutation and its
adjacent sequences act as a novel promoter of inhA
expression, a reporter assay using the pJEM13 (Timm

© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 538-547
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-10
GATTCAGC: 'GQGGEQGC?%Q%WTATGGQAGGGA
mabA g609a

"AGCGGGTCGGCACCCCCGCEGAGGTCGCCEGGGGTGETCAGCTICCTEE
+1 (mabA 690)

‘f?fi.;z:,ﬂfG@GﬁiGGATGGGAGG%ATAI@I&&SGIG@GGYCATGCGG’GTCGACGGC ~
+1 (mabA 740)

GGCATGGGTATGGGE &MCACAACACAAGGACGCAC&IGACAGGACT

mabA stop codon inhA start codon
B
‘mabA inhA’ ‘lacZ
409 g609a 99
690
740
C _ D
20 - P=0.01
Vector
E 20 - mabA¥E0%2 . mabAWT
- #2 #1
w
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Fig. 4. mabA® and its adjacent region acts as a promoter for inhA.
A. Predicted =10 and -35 regions of an additional inhA promoter. The —10 and -35 regions are indicated in red. The mabA®*** mutation is
noted with an asterisk. The transcription start sites are denoted by bent arrows. ORFs are shaded in blue and the mabA stop and inhA start

codons are underlined.
B. Schematic representation of pJEM13-mabA%®*®—inhA-lacZ fusion without the native promoter region of the mabA-inhA operon. The fusion
contains the region from nucleotide 409 of mabA to nucleotide 99 of inhA. The mabA%®"* mutation and the transcription start sites (690 and

740) are indicated.
C. B-Galactosidase assay of H37Rv transformant with pJEM13-derived fusion. B-galactosidase activity was calculated in Miller's units. Means

(n=3)+SD.
D. B-Galactosidase activity was monitored by streaking transformants onto 7H10-OADC plates containing X-Gal.

et al., 1994) vector was used to measure the effect of sis, clearly indicate that a region adjacent to the g609a
mabA®°% on inhA expression in Mtb H37Rv. Use of the mutation in mabA acts as a promoter of inhA expression.
pJEM13-mabA%°%—inhA-lacZ fusion plasmid, which

lacks the native promoter region of the mabA—inhA operon Discussion

(Fig. 4B), showed that mabA¥® significantly enhanced

inhA—lacZ expression (Fig. 4C and D), whereas mabA We have shown here that the mabA%°% silent mutation
without the mutation did not, when compared with vector confers resistance to INH and ETH on Mtb. This is a novel
controls. These results, in addition to the RNA-seq analy- and alternative mechanism of inhA overexpression. Alabo-

© 2013 John Wiley & Sons Ltd, Molecular Microbiology, 91, 5638-547
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ratory strain H37Rv containing this mutation expressed
significantly higher amounts of InhA, due to increased
levels of inhA transcripts, and was resistant to INH. The
mabA%%%2 mutation and the region adjacent to it act as an
inhA promoter. The mabA%®%%? mutation may also affect
levels of inhA transcripts by increasing the stability of these
transcripts and by altering an RNase cleavage site in
mabA—-inhA mRNA. Mtb carrying this mutation acquires
resistance to INH without reducing the fitness of MabA
mutants, since this mutation is silent and mabA is an
essential gene.

Although the major causes of INH resistance are
mutation(s) in katG and/or the promoter region of the
mabA-inhA operon, these mutations are absent from
a significant percentage of INH' clinical isolates. To our
knowledge, five reports have described INH-resistance-
related genes or regions with isogenic Mtb strains, in
addition to mutations in the katG region and the promoter
region of the mabA—inhA operon (Buchmeier et al., 2003;
Vilcheze et al., 2006; 2008; Ando et al., 2011; Lee et al.,
2012). An InhAS®** mutation at the active site resulted in
reduced InhA affinity to activated INH, resulting in resist-
ance to INH (Vilcheze et al., 20086). In addition, sigl, which
encodes sigma factor I, has been associated with INH
resistance in Mitb, with Sigl-mediated downregulation of
katG expression conferring resistance to INH (Lee et al.,
2012). To date, however, clinical isolates with sigl muta-
tions have not been identified. Deletion of mshA, which
encodes a glycosyltransferase involved in mycothiol
biosynthesis, from the H37Rv, CDC1551, and Erdman
strains, found that only the CDC1551 AmshA strain
showed increased MIC to INH. Moreover, disruption of
mshB, which encodes a deacetylase involved in mycothiol
biosynthesis, resulted in a twofold increase in MIC to INH.
We recently reported that mutations in the intergenic
region of the furA—katG operon downregulated katG
expression and conferred resistance to INH; and that the
c41t mutation in furA, which encodes a negative regulator
of the furA—katG operon, resulted in a twofold increase in
MIC of INH (Ando et al., 2011). It is still unclear whether
the mshA and mshB genes and the furA**" mutation are
associated with resistance to INH, because their MICs to
INH increased only twofold. Several genes have been
reported as candidate genes for INH resistance, including
kasA, dfrA, ahpC, ndh and mshC. In contrast, kasA, dffA
and ahpC were unrelated to INH resistance in Mitb (Heym
et al., 1997; Larsen et al., 2002; Wang et al., 2010). The
ndh and mshC genes were shown related to INH resist-
ance in Mycobacterium smegmatis and/or Mycobacterium
bovis BCG but not in Mib (Vilcheze et al., 2005; 2011).
Although mutations in the intergenic region of the furA—
katG operon (Ando et al., 2011) and the InhAS®** mutation
(Vilcheze et al., 2006) have been observed in INH' clinical
isolates, these are rare and cannot fully explain the INH
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resistance mechanisms of isolates without mutations in
katG and the promoter region of the mabA—inhA operon.

The mabA%°%® mutation was not laboratory-selected;
rather, it has been observed in a significant proportion of
INH" clinical isolates (Ando etal, 2010; Mitarai etal,
2012)..To our knowledge, this report is the first to show
that this silent mutation confers resistance to antibiotics,
including INH and ETH. The role of the mabA%%a muta-
tion in inhA expression was confirmed by construction
of the ‘mabA-inhA’—lacZ fusion, with and without the
mabA¥%%a mutation, with neither construct containing
the native promoter region of the mabA—inhA operon. The
level of inhA-lacZ expression was significantly higher
using the construct with than without the g609a mutation,
strongly supporting our hypothesis that a region adjacent
to the g609a mutation in mabA acts as a promoter of inhA
expression. Although silent mutations have not received
attention as causes of drug resistance, the results of this
study show that a silent mutation, especially one located
upstream of drug-resistance genes, may be responsible
for drug resistance. The mabA%®°%: sjlent mutation is
therefore a valuable marker of both INH and ETH resist-
ance, as well as explaining INH resistance in certain
strains of Mib.

Experimental procedures
Growth conditions

Unless otherwise specified, bacterial strains were cultured as
described (Ando et al, 2011). When required for culturing
mycobacteria and Escherichia coli, hygromycin (Wako) was
added to concentrations of 75 and 150 ug ml™ respectively;
and kanamycin (Sigma) was added to concentrations of 20
and 50 ug mi™' respectively. X-Gal (Sigma) was used at a
concentration of 40 ug mi~ for culturing mycobacteria.

Specialized transduction

The method used for specialized transduction has been
described (Bardarov et al., 2002; Vilcheze et al., 2006). To
construct a recombinant cosmid containing allelic exchange
substrates, a 1000 bp DNA fragment containing mabA%%%
and inhA was amplified from a clinical isolate harbouring
mabA®*® using the primers Aflll-mabA-F (5’-atgccttaagccg
cgcgetggatgagegga-3’, Aflll site underlined) and mabA-R-
Xbal (5’-atgcictagactagagcaattgggtgtgeg-3’, Xbal site under-
lined). The amplified DNA was digested with Aflll and
Xbal and cloned into the corresponding sites of
pYUB854 (Bardarov et al, 2002), resulting in the plasmid
pYUB854::mabA®™—inhA. Subsequently, a 1057 bp DNA
fragment containing hemZ was amplified using the primers
Bglll-hemZ-F (5’-ggaagatcticcatgcaattigatgcegteet-3’, Bglll
site underlined) and hemZ-Spel-R (5’-gactagtctcacggeg
atcctgeacteg-3’, Spel site underlined), digested with Bglil
and Spel, and cloned into the corresponding sites of
pYUB854::mabA®®—inhA. The recombinant cosmid was
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digested with Pacl and ligated into the Pacl treated shuttle
phasmid phAE87 (Bardarov etal, 2002). The resulting
phasmid was packaged in vitro with Gigapack IlI {Stratagene)
and used to transduce E. coli Stbi2 (Invitrogen). Phasmid was
isolated and electroporated into M. smegmatis mc?155, and
the resulting transducing phage was amplified to obtain high-
titer phage lysates. Ten millilitres of the Mtb H37Rv strain
grown to log-phase were centrifuged, washed twice with Mid-
diebrook 7H9 media (BD) supplemented with 10% ADC (BD)
(7H9-ADC) and incubated for 22 h at 37°C. The bacterial
culture was centrifuged and suspended in 500 pl of 7H9-ADC.
Six microlitres of 100 mM CacCl, and 100 ul of high-titre phage
lysate were added to the bacterial suspension and incubated
for 3 h at 37°C; 3 ml 7H9-ADC were added, and the suspen-
sion was further incubated for 22 h at 37°C. After centrifuga-
tion, the bacteria were suspended in 400 pl 7H9-ADC and
spread onto Middlebrook 7H10-OADC plates supplemented
with 10% OADC (BD) containing hygromycin. The plates were
incubated at 37°C.

Confirmation of correct chromosomal structures of
isogenic strains

To analyse the chromosomal structures and the g609a muta-
tion in isogenic strains, PCR, Southern blotting, and DNA
sequencing were performed. For PCR, we used —200mabA
(5'-ttcgtagggcgtcaatacac-3') and hemZ+240-R (5’-agcceegtg
gectegtegageagtigetegaategtcacg-3)  primers, which  bind
upstream to mabA and downstream to hemZ respectively.
Each reaction mixture contained 2x PrimeSTAR Max Premix
(Takara), 0.25 mM of each primer, 20 ng of genomic DNA,
and sterile distilled water to 50 pl. The amplification protocol
consisted of 30 cycles of denaturation at 98°C for 10 s,
annealing at 59°C for 5 s, and extension at 72°C for 1 min.
These primers amplified a 3.0 kbp DNA fragment in H37Rv
(Fig. 1B, lane 1), and a 5.0 kbp fragment in the isogenic
strains that included a hygromycin resistance cassette
(Fig. 1B, lanes 2-5). The identity of the PCR products was
verified by direct DNA sequencing. Southern blotting was
performed as described (Otsuka et al., 2004). Genomic DNA
was digested with Bcll, electrophoresed on agarose gels, and
detected using a mabA—inhA probe that had been amplified
using the primers ~200mabA and inhA+40 (5-ccgaacga
cagcagcaggac-3’). Bcll-digested genomic DNA was incu-
bated with horseradish peroxidase (HRP)-labelled mabA-
inhA probe and visualized using SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific). Bell sites
were located upstream of mabA and downstream of hemZ,
not within mabA—inhA, hemZ, or the hygromycin resistance
cassette. The probe detected a 6.6 kbp band in H37Rv
(Fig. 1C, lane 1), and an 8.6 kbp band in the isogenic strains
that included the hygromycin resistance cassette (Fig. 1C,
lanes 2-5).

Drug susceptibility testing

Strains were tested for susceptibility to INH and ETH using an
agar proportion method with 7H10-OADC plates according to
the protocol of the Clinical Laboratory Standards Institute
(NCCLS, 2003). We used the following drug concentrations:
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INH (0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 1.0 ug mi"") and ETH (0,
0.5,1,2, 4, 8,16, 32, 64, 128, 256 ug ml*'). The plates were
incubated at 37°C for 3 weeks.

Preparation of total protein extracts

Proteins were extracted from bacterial cells as described
(Ando et al, 2011), with slight modifications, including dis-
rupting the bacterial cells with Zirconia Beads (Ambion) and
quantifying the protein concentrations of the extracts using
Pierce BCA Protein Assay Kits (Thermo Scientific).

Preparation of anti-InhA polyclonal antibody

The coding region of inhA, without the start codon, was PCR
amplified using the primers Kpnl-inhA (5-cggggtaccac
aggactgctggacggcaaac-3’; Kpnl site underlined) and inhA-
Hindlll  (5’-cccaagctictagagcaattgggtgtgege-3;  Hindlll site
underlined), digested with Kpnl and Hindlll, and cloned into
the corresponding sites of pQE-2 (Invitrogen). All expressed
proteins had N-terminal hexa-histidine residues. Purified 6x
His-InhA was injected into a male Japanese white rabbit to
raise polyclonal antibodies against InhA, with the antiserum
used for Western blotting.

Western blotting

Western blotting was performed as described (Ando et al.,
2011). PVDF membranes were incubated with anti-HSP70
monoclonal antibody (1:500; Santa Cruz Biotechnology), fol-
lowed by incubation with HRP-conjugated goat anti-mouse
lgG (1:1000; Santa Cruz Biotechnology). Proteins were visu-
alized using SuperSignal West Femto Maximum Sensitivity
Substrate. Anti-HSP70 antibody was removed using WB
Stripping Solution (nacalai tesque), and the membranes were
incubated simultaneously with anti-InhA (diluted 1:20 000)
and anti-KatG (diluted 1:10000) polyclonal antibodies
(Sekiguchi et al., 2007), followed by incubation with HRP-
conjugated donkey anti-rabbit IgG (1:10 000; GE Health-
care). Proteins were detected as described above.

Extraction of total RNA

Harvested bacterial cells were incubated with 900 pl TRIizol
(Ambion) and 70 mg of Zirconia Beads, and the cells were
disrupted by shaking in a FastPrep FP100A homogenizer
(Savant; speed; 6.5; time; 30 s, three times). Bacterial lysates
were treated with BCP Phase Separation Reagent (Molecular
Research Center), and the aqueous phase was collected.
Total RNA was extracted and cleaned using RNeasy Mini Kits
(Qiagen) with on-column DNase treatment.

gRT-PCR

First-strand cDNA was synthesized with SuperScript i
Reverse Transcriptase and random 6 mer primers (Invitro-
gen). The primer sets used to detect mabA, inhA and sigA
were Rtime—-mabA-F/Rtime-mabA-R (5’-ggatgaccgaggaaa
agttc-3'/5’-tgccgatgecceagetgecg-3),  Rtime—inhA-F/Rtime—
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inhA-R  (5'-tatgcticgatggccaagge-37/5’-cgeccacgaacctgttgac
cg-3’), and sigA-F/sigA-R (5’-atgacgacgaggagatcgctga-37/5'-
tttgaggtaggcgegaaccgag-3’) respectively. gqRT-PCR was per-
formed on the Lightcycler 1.5 (Roche) with QuantiTect SYBR
Green PCR Kits (Qiagen). The thermal cycling conditions
included an initial denaturation at 95°C for 15 min, followed
by 40 cycles of denaturation at 98°C for 30 s, annealing at
54°C for 1 min, and extension at 72°C for 30 s. Fluorescence
was measured during each extension step.

RNA-seq

The rBRNA was removed from each total RNA sample using
Ribo-Zero rRNA Removal Kits (Gram-Positive Bacteria) (epi-
centre) and double-stranded cDNA was synthesized with
cDNA Synthesis Kits (M-MLV Version) and random 9 mer
primers (Takara). The cDNA libraries were prepared using
Nextera DNA Sample Preparation kits (lllumina), according to
the manufacturer’s instructions. For multiplexing, the dual
index system of the kit was employed. The resulting cDNA
library products were sequenced using the MiSeq (lllumina)
with a 300- or 500-cycle reagent kit to obtain 151 x2 or
251 x 2 paired end reads. These paired end reads were
mapped to the genome sequence of H37Rv (AL123456), and
reads per kilobase of exon per million mapped reads (RPKM)
(Mortazavi et al., 2008) were calculated to obtain the normal-
ized expression index of each gene using CLC genomics
workbench (CLC bio). The RPKM values were used for
volcano plot analysis (Cui and Churchill, 2003) to identify
genes showing significantly different expression. Fold-
change compared with H37Rv was calculated by Kal's test
(Kal etal., 1999). Transcription initiation sites were deter-
mined by contiguous expression, with each base supported
by at least 10 uniquely mapped reads, a length of 100 bp and
paired-end information.

B-Galactosidase assay

The plasmid pJEM13 (Timm etal, 1994), carrying the
mabA%®®—inhA'~'lacZ fusion gene, was used to measure
B-galactosidase activity in Mtb H37Rv. The plasmid contained
a 479 bp DNA fragment, from nucleotide 409 of mabA to
nucleotide 99 of inhA. A DNA fragment with or without the
mutation was amplified using the primers Apal-mabA-F (5-
acgcgggeccttcataggttcggteteegg-3’, Apal site underlined) and
inhA-Kpnl-R  (5"-gcggagtaccgcecctgetectgggetacee-3/, Kpnl
site underlined), digested with Apal and Kpnl, and cloned into
the corresponding sites of pJEM13. These plasmids were
used to transform H37Rv, and B-galactosidase activity was
measured as described (Alland et al., 2000). In addition, the
transformants were streaked onto plates containing X-Gal to
monitor /acZ expression visually.
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Mycobacterium tuberculosis Beijing family includes a variety of sublineages. Knowledge of the distribution
of a certain sublineage of the Beijing family may help to understand the mechanisms of its rapid spread
and to establish an association between a certain genotype and the disease outcome. We have previously
found that M. tuberculosis Beijing family clinical isolates represent approximately 90% of the clinical
isolates from Heilongjiang Province, China. To clarify the distribution of M. tuberculosis Beijing family sub-
lineages in Heilongjiang Province, China and to investigate the regularity rule for their evolution, we
examined single nucleotide polymorphisms (SNPs) of 250 M. tuberculosis Beijing family clinical isolates
using 10 SNP loci that have been identified as appropriate for defining Beijing sublineages. After deter-
mining the sequence type (ST) of each isolate, the sublineages of all M. tuberculosis Beijing family isolates
were determined, and phylogenetic analysis was performed. We found that 9 out of the 10 SNP loci dis-
played polymorphisms, but locus 1548149 did not. In total, 92.8% of the isolates in Heilongjiang Province
are modern sublineages. ST10 is the most prevalent sublineage (ST10 and ST22 accounted for 63.2% and
23.6% of all the Beijing family isolates, respectively). A new ST, accounting for 4% of the Beijing family
isolates in this area, was found for the first time. Each new ST isolate showed a unique VNTR pattern,
and none were clustered. The present findings suggest that controlling the spread of these modern
sublineages is important in Heilongjiang Province and in China.

© 2014 Published by Elsevier B.V.

1. Introduction

It has been claimed that M. tuberculosis Beijing family strains
are resistant to Bacillus Calmette-Guerin (BCG) vaccination

The Mycobacterium tuberculosis (M. tuberculosis) Beijing family
has spread widely in many countries and regions in the world
(Bifani et al., 2002; Brudey et al., 2006; Hanekom et al,, 2011) since
it was first identified in 1995 (van Soolingen et al., 1595). Its wide
spread has meant that great pressure has been brought to bear on
the control of tuberculosis in China and world-wide. However, to
date, the mechanisms for the rapid transmission of M. tuberculosis
Beijing family are still unclear.

* Corresponding author. Present/permanent address: Department of Microbiol-
ogy, Harbin Medical University, 194 Xuefu Road, Harbin 150081, Heilongjiang
Province, China. Tel./fax; +86 0451 86685122.

E-mail address: linghi@ems. hrbmuedu.cn (H. Ling).

hitp://dx.doi.org/10.1016/j.meegicl.2014.08.004
1567-1348/© 2014 Published by Elsevier B.V.

(Colditz et al, 1994; Parwati et al, 2010b), are highly virulent
(Parwati et al, 2010a) and are associated with drug resistance
(Almeida et al, 2005; Ghebremichael et al., 2010; Kremer et al,,
2005; Tanveer et al., 2008). However, less association between this
genotype and drug resistance has been reported in other geo-
graphic settings (Alonso et al, 2010; Anh et al, 2000; Jou et al,,
2005, Toungoussova et al., 2003). An investigation regarding the
epidemic of M. tuberculosis strains isolated in China revealed that
Beijing family favors transmission but not drug resistance (Yang
et al., 2012). We have also found that there is no difference in
the drug resistance patterns between Beijing and non-Beijing
genotype strains isolated in Heilongjiang Province, China, although
the Beijing family represents approximately 90% of the clinical
isolates in this area (Wang et al., 2011).
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The Beijing family contains a variety of subfamilies or sublin-
eages (Filliol et al, 2006). The significance of genotyping always
provides insights for phenotype, disease outcome and sources of
infection. Knowledge of the distribution features of a certain sub-
lineage of the Beijing family may improve our understanding of
the mechanisms of its rapid spread and establish an association
between a certain genotype and disease outcome.

Single nucleotide polymorphisms (SNPs) are used for geneti-
cally classifying M. tuberculosis and identifying sublineages.
Because horizontal gene transfer or genetic recombination among
different strains of M. tuberculosis complex (MTBC) is rare, the
changes in genetic information are almost always obtained though
hereditary from parental strains (Baker el al., 2004; Huard et al,
2006; Stucki et al., 2012). Therefore, SNPs have been used to clas-
sify M. tuberculosis Beijing family into different sequence types
(STs) and is considered to be a robust target for defining the accu-
rate position of a certain strain in a phylogenetic tree (Chein et al,,
2012; Faksri et al, 2011; Filliol et al, 2006; lwamoto et al., 2012;
Mestre et a 11, Nakanishi et al, 2013, Qiao et al,
Wada et al., 2009b).

To date, ancient and modern sublineages have been identified by
SNPs. Though modern STs are dominant, the trends in the distribu-
tion of certain sublineages are geographically variable (Chen et al.,
2012; Filliol et al, 2006, lwamoto et al, 2012), For instance, a mod-
ern sublineage, ST10, prevails in Chongming Island, Taiwan, Thai-
land, and Peru (Chen et al, 2012; i twamoto

Faksri et al, 2011
et al, 2012; Qiao et al., 2010), while an ancient type, ST19, is the
dominant sublineage in Japan (Nakanishi et al,, 2013; Wada et al.,
2009b). However, the worldwide distribution and the epidemiolog-
ical significance of the sublineages have not been well clarified yet.
Extensive investigations regarding the possible reasons for the pre-
dominant prevalence of certain sublineages are needed to explore
the significance of the variable distribution, the correlation
between the evolution of M. tuberculosis Beijing family and its
transmission patterns, and the impact on the spread of tuberculosis.

China is a country with a high burden of tuberculosis (TB). Hei-
longjiang Province, located in northeastern China, is one of the
regions where the prevalence of both TB and drug-resistant TB is
higher than the average level in China. We have found that M.
tuberculosis Beijing family clinical isolates are the dominant TB
strains in Heilongjiang Province (Wang et al.,, 2011). However, no
correlation between the prevalence of Beijing family strains and
general drug resistance has been found (Wang et al,, 2011). It is
urgent to understand possible mechanisms behind the spread of
M. tuberculosis, especially drug-resistant strains.

In the present study, our aim was to discover the distribution
features and proportions of M. tuberculosis Beijing family sublin-
eages in Heilongjiang Province. We also aimed to define appropri-
ate SNP loci for analyzing the sublineages of locally prevalent M.
tuberculosis Beijing family clinical isolates. The findings will facili-
tate our understanding of the possible reasons for the predominant
prevalence of certain sublineages and the highly epidemic of Bei-
jing family in this area.

2. Materials and methods
2.1. M. tuberculosis clinical isolates

All the M. tuberculosis clinical strains were isolated from the
patients from various regions of Heilongjiang province who were
diagnosed with pulmonary TB at Harbin Chest Hospital. From June
2007 to November 2009, a total of 300 isolates were collected.
Among them, 269 isolates were identified as M. tuberculosis Beijing
family strains. Of these, 250 that had enough DNA for genotyping,
including 60 from 2007, 107 from 2008, and 83 from 2009, were
used in this study. M. tuberculosis H37Rv was used as the reference

strain. All the patients were HIV-1 negative, and 68.4% (171/250)
were male.

2.2. SNP typing

DNA extraction, molecular identification of M. tuberculosis, and
the identification of Beijing family strains were carried out as
described in our previous study (Wang et al., 2011).

The ten SNP loci shown in Table T were chosen because they
have established polymorphisms among M. tuberculosis Beijing
family strains and have been used for analyzing Beijing sublineages
(Chen et al, 2012 Faksri et al, 2011 iwamoto et al, 2012;
Nakanishi et al,, 2013; Qlao et al, 2010; Wada et al., 2009b). Poly-
merase chain reaction (PCR) amplification was carried out using
the primers of Nakajima et al. (2013}, Each PCR mixture was pre-
pared in a volume of 50 pL containing 50 ng of genomic DNA, 2x
Taq PCR Master Mix 25 pl (Nuo Weisen Biotech Co., Ltd., Beijing),
and 0.2 pM of the corresponding primer. The PCR reactions were
performed as follows: 75 °C for 5 min, 30 cycles of 75 °C for 10's,
53 °C for 10s, and 72 °C for 205, and final extension at 72 °C for
5min. The PCR products were sequenced by Sangon Biotech
(Shanghai) Co., Ltd. using the dideoxy chain termination method.

Nucleotide blast was carried out online (Iittp://blast.nchinim.-
nih.gov/Blast.cgl), and any differences between clinical isolates
and the sequence of the reference Hi;Rv genome were identified.
STs were determined based on the database and as previously
described elsewhere (Chen et al, 2012: Faksri et al, 2011;
Iwamoto el al, 2012; Nakanishi et al, 2013: Qiao et al, 2010:
Wada et al., 2009h),

2.3. Identification of modern/ancient Beijing strains

It has been found that all modern Beijing strains of M. tubercu-
losis carry a mutation in codon 58 of the mutT2 gene (Hanekom
et al, 2007; Iwamoto et al, 2008; Luo et al, 2012). Thus, a part
of the mutT2 gene containing codon 58 was amplified. The primers
included MutT2-Mut, (AGAGCTCGCCGAAGAACCGC, Forward),
MutT2-Wt, (AGAGCTCGCCGAAGAACCGG, Forward), and MutT2-r
(AAGCAGATGCACGCGATAGG, Reverse). Each strain was amplified
using two pairs of primers: MutT2-Mut/MutT2-r (positive amplifi-
cation only from mutants) and MutT2-Wt/MutT2-r (positive
amplification only from wild-type). Each PCR mixture was pre-
pared in a volume of 20 pL containing 150 ng of genomic DNA,
2x Taq PCR Master Mix 12.5 ul (Nuo Weisen Biotech Co., Ltd.,

Table 1
SNP loci and the primers used in identifying the mutations.

Locus® Nucleotide sequence Product size (bp)
797736 Forward: GACGGCCGAATCTGACACTG 266
Reverse: CCATTCCGGGTGGTCACTG
909166 Forward: CGTCGAGCTCCCACTTCTTG 288

Reverse: TCGTCGAAGTGGACGAGGAC

1477596 Forward: GTCGACAGCGCCAGAAAATG 232
Reverse: GCTCCTATGCCACCCAGCAC

1548149 Forward: GGCCAAGCCGTGTATTAGGG 306
Reverse: AGTCGGCAGTGACGTTCTCG

1692069 Forward: GATTGGCAACTGGCAACAGG 332
Reverse: TGGCCGTTTCAGATAGCACAC

1892017 Forward: GCTGCACATCATGGGTTGG 278
Reverse: GTATCGAGGCCGACGAAAGG

2376135 Forward: TCTTGCGACCCGATGTGAAC 373
Reverse: GAGCGCAACATGGGTGAGTC

2532616 Forward: CCCTTTTCTGCTCGGACACG 278
Reverse: GATCGACCTTCGTGCACTGG

2825581 Forward: CCTTGGAGCGCAACAAGATG 306
Reverse: CTGGCCGGACGATTTTGAAG

4137829 Forward: CGTCGCTGCAATTGTCTGG 229

Reverse: GGACGCAGTCGCAACAGTTC

# Position of SNP locus in H3;Rv genome.
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Beijing), and 0.2 pM of each corresponding primer. The PCRs were
performed as follows: 75 °C for 15 min, 35 cycles of 94 °C for 1 min,
70 °C for 1 min and 72 °C for 1 min, and a final extension at 72 °C
for 10 min.

2.4. MIRU-VNTR analysis

To identify the VNTR profile of the M. tuberculosis isolates with
new sequence types, we choose 14 of the 15 MIRU-VNTR loci that
have been recommended for analyzing the VNTR profile of M.
tuberculosis strains worldwide (Supply et al, 2006). One locus,
ETR-C, was excluded because it displayed no discrimination power
based our investigation (data not shown) and findings by others
(Wang et al.,, 2011). The PCR conditions and the calculation of copy
number were described previously (Wang et al,, 2011). The den-
drogram was drawn by Ward with the 14 selected VNTR locus
results by BioNumerics version 6.6 (Applied Maths, Belgium).

3. Results

3.1. The polymorphism of M. tuberculosis Beijing family isolates and
identification of the SNP loci

The 10 SNP loci we used in the present study have been widely
used for identifying sublineage of M. tuberculosis Beijing family
(Filliol et al.,, 2006). We found that the isolates from Heilongjiang
Province displayed polymorphisms at 9 SNP loci. Locus 1548149
did not exhibit any polymorphism. Therefore, the other 9 loci were
used for subsequent analyses of sublineage of the local epidemic
isolates.

To identify the discrimination power of the 9 SNP loci for iden-
tifying the STs of the local epidemic Beijing family isolates, we first
analyzed the usefulness of the 9-SNP-locus combination in deter-
mining STs. A combination of 8 loci (without locus 909166) was
able to classify all of our Beijing family isolates into 7 groups:
ST11/ST26, ST3, ST25/ST19, ST10/STF, ST-CH1, ST22, and ST8
(Table 2). Locus 909166 demonstrated an advantage in discrimi-
nating between ST11 and ST26, ST25 and ST19, and ST10 and STF.

We also established the evolutionary order of the sublineages,
including the ancient and the modern sublineages (Table 2).
ST-CH1 was located between ST10 and ST22, confirming that it
evolved from ST10.

D. Li et al./ Infection, Genetics and Evolution 27 (2014) 294-299

3.2. The prevalence of the sublineages of Beijing family strains

We found that ST10 and ST22 were the most prevalent STs
among the M. tuberculosis Beijing family isolates in Heilongjiang
Province (Table 2). ST10 and ST22 accounted for 86.8% of all the
Beijing family isolates, at 63.2% and 23.6%, respectively, indicating
that ST10 is the most predominant sublineage in this region.

A new ST, found at 4% (10 isolates) of all the local epidemic Bei-
jing family isolates, was found in this region. The new mutation
pattern of the 10 isolates belonging to this ST appeared at loci
2532616 and 2376135. This is the first record of this new ST, and
we named it ST-CH1.

Subsequently, identification of modern/ancient sublineages was
carried out. In total, 18 (7.2%) Beijing family M. tuberculosis clinical
isolates were identified as ancient sublineages, including those
belonging to ST11, ST26, ST3, ST25, and ST19. In contrast, 92.8%
of the local epidemic isolates were modern sublineages.

We further analyzed the yearly distribution of the M. tuberculosis
Beijing family strains in Heilongjiang Province. We found that ST10
and ST22 were also the predominant STs in 2007, 2008, and 2009.
The three-year distribution of ST10 was 63.3%, 53.3% and 75.9%,
respectively; while that of ST22 was 26.7%,27.1%, and 16.9%, respec-
tively (Table 3).In 2009, the percentage of ST10/STF was the highest
and that of ST22 was the lowest. The distribution trends of other STs
could not be estimated because of their low prevalence.

Overall, between 2007 and 2009, the modern sublineages
accounted for 90.0%, 91.6%, and 96.4% of all the Beijing isolates;
the ancient sublineages accounted for 10.0%, 8.4%, and 3.6%. The
prevalence of the modern sublineages increased yearly.

3.3. VNTR profile of the ST-CH1 isolates

According to the VNTR profile of the 10 strains belonging to ST-
CH1, each isolate showed a unique VNTR pattern, and none were
clustered (Fig. 1). This phenomenon suggests that the emergence
of ST-CH1 did not occur via an outbreak.

4. Discussion

Although M. tuberculosis is highly conserved compared to many
other bacterial species, it still has some genetic diversity. SNPs
among M. tuberculosis strains can not only be used to divide M.
tuberculosis into different subtypes but are also considered as a

Table 2
Sequence types and the proportions of M. tuberculosis Beijing genotype isolates from Heilongjiang (n = 250).
ST? SNPs No. isolate (%) Sublineage
797736 2825581 1892017 4137829 1477596 2532616 2376135 1692069
ST11/5T26  C T T C C G A A 7(2.8) Ancient
ST3 T G T C C G A A 4 (1.6) Ancient
ST25/ST19 T G C T C G A A 7(2.8) Ancient
ST10/STF T G C T T G A A 162 (64.8) Modern
ST-CH1" T G o T T A A A 10 (4.0) Modern
ST22 T G C T T A G A 59 (23.6) Modern
ST8 T G C T T A G G 1(0.4) Modern
797736 2825581 1892017 4137829 1477596 2532616 2376135 1692069 909166
ST11 C T T C [« G A A C 2(0.8) Ancient
ST26 C T T C C G A A T 5(2.0) Ancient
ST3 T G T C C G A A C 4 (1.6) Ancient
ST25 T G C T C G A A C 3(1.2) Ancient
ST19 T G C T C G A A T 4(1.6) Ancient
STF T G C T T G A A C 4(1.6) Modern
ST10 T G C T T G A A T 158 (63.2) Modern
ST-CH1" T G C T T A A A T 10 (4.0) Modern
ST22 T G C T T A G A T 59 (23.6) Modern
ST8 T G C T T A G G T 1(04) Modern

2 Sequence type.
> New ST found in present study.
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Table 3
Yearly distributions of sublineages of Beijing family isolates in Heilongjiang from
2007 to 2009.

No. of isolates Beijing sublineages STs No. isolate (%)

2007 60 Modern ST10 38 (63.3)
ST22 16 (26.7)
Others 0
Ancient 6 (10.0)
2008 107 Modern ST10 57 (53.3)
ST122 29 (27.1)
Others 12 (11.2)
Ancient 9 (8.4)
2009 83 Modern sT10 63 (75.9)
ST22 14 (16.9)
Others 3(3.6)
Ancient 3(3.6)

2 A rate represents the proportion of the isolates collected in the corresponding
year.

£ = I‘I;;
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Fig. 1. VNTR patterns and the dendrogram of 10 ST-CH1 isolates. The dendrogram
was drawn with the 14 selected MIRU-VNTR loci by using Ward of BioNumerics
version 6.6 (Applied Maths, Belgium).

robust target for defining the accurate evolutionary lineage of a
strain. Filliol et al. have found that a dendrogram drawn with SNPs
most accurately reflects the true evolution of the M. tuberculosis
complex and, furthermore, have found that some SNPs are specific
to the Beijing family strains (Filliol et al., 2006).

Synonymous SNPs (sSNPs) are used to analyze the evolution of
M. tuberculosis because the influence of evolutionary pressure can
be avoided, meaning that they are more accurate tools for examin-
ing evolutionary history (Baker et al, 2004; Huard et al, 2006;
MNakajima et al,, 2013; Schork et al, 2000; Stucki et al, 2012).
The 10 SNP loci identified by Filliol et al. are synonymous and have
been used in defining the sublineages of Beijing family strains
(Filiiol et al, 2006: Hanekom et al., 2007; Iwamoto et al,, 2008).
However, more evidence that confirms their fitness in different
geographic locations is still needed. Recently, it has been found
that some SNP loci show geographically limited polymorphisms
and are not suitable for global phylogenetic analysis (Faksri et al.,
2011). For instance, locus 1548149 displays no polymorphisms
among clinical isolates from Chongming Island, Shanghai, Japan
and Thailand (Faksri et al, 2011: lwamoto et al, 2008: Qiao
et al, 2010), but it displays a polymorphism in Taiwan (Chen
et al, 2012). Some researchers have also suggested excluding this
locus because it does not represent unique, irreversible events
(Faksri et al, 2011; Nakanishi et al, 2013). More comprehensive
investigations using a large number of samples are still needed.
In the present study, we found that locus 1548149 is not suitable
for the classification of the M. tuberculosis Beijing family isolates
that are epidemic in Heilongjiang Province because it displays no
polymorphisms in these samples.

We also found that SNP 909166 displays a reversible polymor-
phism among the M. tuberculosis isolates in Heilongjiang Province.

It has been confirmed that SNP 909166 plays a key role in classify-
ing M. tuberculosis strains into the STK and ST3 sublineages that are
predominant in Japan (Wada et al., 2009b). However, the polymor-
phism at this locus is reversible, and the robustness of the branches
identified using SNP 909166 is relatively low (Nakanishi et al,
2013). Instead of this locus, locus 1576481 is suggested useful in
evolutionary studies involving the discrimination of STK and ST3
because it is more reliable (Makanishi et al., 2013). SNP 909166
plays a role in the discrimination between ST19 and ST25, ST11
and ST26, and STF and ST10; therefore, it is still useful for the
discrimination of sublineages of M. tuberculosis clinical isolates in
Heilongjiang Province. It is necessary to perform more analyses
using a larger sample set and isolates from multiple geographic
areas to find more unique and irreversible SNPs for epidemiological
and evolution studies.

Clarifying the distribution of a certain Beijing family sublineage
assists us in understanding the causative events for their rapid
spread and helps us to establish an association between a certain
genotype and the disease outcome. The high prevalence of the
modern sublineage of the M. tuberculosis Beijing family has been
found in Chongming Island, Shanghai, Taiwan of China, Thailand,
and Peru (Table 4). The proportion of strains in Peru, South America
that were the modern sublineage was 85.7% from 1999 to 2006 and
increased to 93.9% in the years 2008-2010 (Iwamoto et al, 2012).
Although the ancient sublineage still dominates in Japan, an
increase in modern sublineages has occurred recently in the home-
less population in Osaka City, Japan (Wada et al., 2009a). ST 10 is
the dominant ST in Taiwan, China, where the prevalence is 53.3%
(Table 4). Moreover, this sublineage is also dominant in Thailand
(57.7%) (Faksri et al, 2011).

In Heilongjiang Province, two modern sublineages, ST10 and
ST22, account for 86.8% of the Beijing family isolates. The consis-
tently high prevalence from 2007 to 2009 implies stability to the
predominance of the Beijing family in this area.

However, in a southern region of China, Chongming Island,
Shanghali, a higher prevalence (30.4%) of ST19 has been found com-
pared to that in Heilongjiang Province (1.6%) (Qiao et al, 2010).
Actually, ST19 dominates in Japan and accounts for 31.3% of all Bei-
jing family isolates (Wada et al., 2009b). The high prevalence of
ST19 in both Japan and Chongming Island may suggest an active
transmission between the two geographically close regions due
to active reciprocal trade and tourism.

Moreover, one new modern ST (ST-CH1) was found in Heilongji-
ang Province. ST-CH1 evolved from ST10, and ST22 was branched
off to form ST-CH1. Both of the offspring of ST10 and ST22 are cur-
rently dominant, but the majority of the progeny of ST-CH1 are
already extinct. Usually, those extricated lineages have not spread
globally. They evolved locally and remained local. This very rare
“missing link” lineage still survives in Heilongjiang Province and
accounts for approximately 4% of the local epidemic Beijing family
isolates, suggesting that the evolution of ST10 to ST22 might occur
around this area. ST-CH1 is a modern sublineage, the evolution of
which occurred later than ST10 but earlier than ST22. The genetic
distance is closer to ST10 than to ST22. We could not identify the
origin of this ST or establish the significance of this ST in the
evolution of M. tuberculosis Beijing family yet. However, the
emergence of the strains is not from an outbreak of a single clone
because the isolates have variable VNTR patterns.

There are two new STs that account for 3.0% (ancient sublin-
eage) and 1.5% (modern sublineage) of Beijing family strains iso-
lated in Chongming Island, Shanghai (Qiac et al, 201C). These
STs are different from ST-CH1, found in Heilongjiang Province.

In the evolutionary history of a species, mutations in SNPs occur
one by one. However, some intermediate types have already disap-
peared, and we are unable to know which mutation occurred first,
for example, between SNP 797736 and 2825581and between SNP
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Table 4

Distribution features of STs of Beijing M. tuberculosis isolates from different areas.
ST” Heilongjiang Province Chongming Island Taiwan Japan Thailand Peru

(present study) (Qiao er al, 2010) (Chen et al., 2012) (Wada et al., 2009b) (Faksyi et al. 2011) (lwamoto et al, 2012)

ST11 2(0.8) 4(12) 4(1.1) 3(1.8)
ST26 5(2.0) 10 (7.4) 27 (8.0) 28 (7.9) 4(1.5)
ST3 4(1.6) 1(0.7) 13(3.8) 84 (23.7) 4(1.5)
STK 4(1.2) 51 (14.4) 3(1.8)
ST19 4(1.6) 41 (30.4) 50 (14.8) 111 (31.3) 28 (17.2) 13 (4.9)
ST25 3(1.2) 1(0.7) 7(2.1) 2 (0.6) 1(0.3)
ST22 59 (23.6) 19 (14.1) 49 (14.5) 14 (3.9) 28 (17.2) 15 (5.6)
ST10 158 (63.2) 57 (42.2) 180 (53.3) 61(17.2) 94 (57.7) 231(86.2)
ST8 1(0.4) 5(3.1)
STN 4(1.2)
STF 4(1.6) 2(1.2)
ST-CH1" 10 (4.0)
NEW1¢ 4 (3.0)
NEW2° 2 (1.5)
Total 250 135 338 355 163 268

2 Sequence type.
> New ST found in Heilongjiang Province.
¢ New STs found in Chongming Island, Shanghai.

2532616 and 2376135. The SNPs of ST-CH1 at these loci indicate
that the SNP 2532616 mutation was earlier than 2376135.

Despite the small number of ST8 isolates, it is the most recently
evolved modern sublineage and is rarely found in other areas
(Faksri et al., 2011).

In conclusion, we defined a SNP locus set (a 9-locus combina-
tion) that is suitable for the differentiation of polymorphisms of
Beijing family isolates in Heilongjiang Province. Furthermore, a
new modern ST, the ancestor of ST22, has been identified for the
first time, and we established that the strains of the new ST are
not originally from an outbreak. Moreover, in this area, more than
90% of the Beijing family strains are of modern sublineages,
especially the predominant sublineages ST10 and ST22, which con-
tribute to the high prevalence of the Beijing family in this region.
Hence, extensive investigation of the phenotypes of the isolates of
these modern STs will aid in our understanding of the rapid trans-
mission of Beijing family strains. Monitoring evolutionary dynam-
ics can also predict the epidemic trends of M. tuberculosis in a
local region, as well as throughout China, because rapid evolution
may promote the occurrence of new types or subtypes of the spe-
cies. Understanding the phylogeny of new types of M. tuberculosis
can improve studies of pathogenicity, host specificity, virulence
determinants, host adaptation, and epidemic potential. Here, we
provide a basis for the statement that controlling the spread of
these modern sublineages will be important for decreasing the
disease prevalence caused by these sublineages in Heilongjiang
Province and in China.
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