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Characteristic mutations found in the ML0O411 gene of Mycobacterium
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ARTICLE INFO ABSTRACT

Genome analysis of Mycobacterium leprae strain Kyoto-2 in this study revealed characteristic nucleotide
substitutions in gene ML0411, compared to the reference genome M. leprae strain TN. The ML0411 gene
of Kyoto-2 had six SNPs compared to that of TN. All SNPs in ML0411 were non-synonymous mutations
that result in amino acid replacements. In addition, a seventh SNP was found 41 bp upstream of the start
codon in the regulatory region. The seven SNP sites in the ML0411 region were investigated by sequenc-
ing in 36 M. leprae isolates from the Leprosy Research Center in Japan. The SNP pattern in 14 of the 36
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ﬁyc ‘;’Z;‘ii;ﬂum lenrac isolates showed similarity to that of Kyoto-2. Determination of the standard SNP types within the 36
ngome # stocked isolates revealed that almost all of the Japanese strains belonged to SNP type Ill, with nucleotide
SNPs substitutions at position 14676, 164275, and 2935685 of the M. leprae TN genome. The geographical dis-
Genotyping tribution pattern of east Asian M. leprae isolates by discrimination of MLO411 SNPs was investigated and
Japan interestingly turned out to be similar to that of tandem repeat numbers of GACATC in the rpoT gene (3

copies or 4 copies), which has been established as a tool for M. leprae genotyping. All seven Korean M.
leprae isolates examined in this study, as well as those derived from Honshu Island of Japan, showed 4
capies of the 6-base tandem repeat plus the MLO411 SNPs observed in M. leprae Kyoto-2. They are termed
Northeast Asian (NA) strain of M. leprae. On the other hand, many of isolates derived from the Okinawa
Islands of Japan and from the Philippines showed 3 copies of the 6-base tandem repeat in addition to the
M. leprae TN ML0411 type of SNPs. These results demonstrate the existence of M. leprae strains in North-

east Asian region having characteristic SNP patterns.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Leprosy is a chronic infectious disease caused by infection with
Mycobacterium leprae. Dr. Gerhard Hansen, GHA first observed this
bacterium in samples derived from leprosy patients in 1873 (Ir-
gens, 1984). At that time, leprosy was prevalent worldwide and
the absence of effective drugs for treatment resulted in peripheral
nerve damage, leading to severe deformity. Thereafter more effec-
tive drugs were used in the treatment of leprosy and deformity was
reduced. The present strategy for leprosy treatment is based on the
multi-drug therapy (MDT) recommended by the World Health
Organization (WHO, 1982), which has successfully reduced the
number of leprosy cases in the world (WHO, 2012). However, M.
leprae cannot be cultivated in artificial medium and the detailed
biological characterization of the bacterium still progresses slowly.

* Corresponding author. Tel.: +81 42 391 8211; fax: +81 42 391 8807.
E-mail addresses: mkai@nih.go.jp (M. Kai), n-nakata@nih.go.jpz (N. Nakata),
Matsuoka@nih.go.jp (M. Matsuoka), sekizuka@nih.go.jp (T. Sekizuka), makokuro@
nih.go.jp (M. Kuroda), mmaki@nih.go.jp (M. Makino).

1567-1348/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.meegid.2013.07.014

Due to advances in molecular biology, the unique characteris-
tics of M. leprae are becoming clearer through whole-genome
DNA sequencing and analysis. At present, two complete genome
sequences of M. leprae strains, TN and Br4923, have been deter-
mined and are publically accessible on an Internet database (Cole
et al, 2001; Monot et al., 2009). The genome size of M. leprae is
approximately 3.3 Mb, which is smaller than that of Mycobacterium
tuberculosis (4.4 Mb) (Cole et al., 1998). Massive gene decay was
shown within the M. leprae genome relative to other mycobacteria
and the number of ORFs was estimated at approximately 1600. A
previous study using RFLP analysis showed no divergence in M. lep-
rae isolate genomes, even when originating from different geo-
graphic locations (Clark-Curtiss and Docherty, 1989; Williams
et al.,, 1990). Comparative genome analysis also confirmed the lack
of divergence in M. leprae isolates. There is no significant difference
between whole genomes of the two M. leprae strains, TN and
Br4923 except SNPs subtyping, although they were isolated from
countries that rank among those with the highest leprosy burden,
yet are geographically remote (India and Brazil) (Monot et al.,
2009). In contrast, single nucleotide polymorphisms (SNPs) and
variable number of tandem repeat (VNTR) analysis indicated some
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variability in the genomic DNA of M. leprae isolates (Groathouse
et al., 2004; Matsuoka et al., 2004; Monot et al,, 2005; Zhang
et al,, 2005).

M. leprae cannot be cultivated in artificial medium and thus ani-
mal models such as the armadillo or athymic nude mice are uti-
lized to grow M. leprae bacilli for research. Importantly, the
animal models take 1-2 years to establish infection, requiring a
great deal of time, manpower, and cost. Moreover, to successfully
culture M. leprae bacilli from a human biopsy sample, the biopsy
materials should be taken from patients who are not undergoing
drug treatment. Recently the number of leprosy patients has de-
creased globally and, although welcomed from a public health per-
spective, has resulted in a scarcity of biopsy samples for research.
The Leprosy Research Center in Japan has established and main-
tained many M. leprae strains over the course of 5 decades (Mats-
uoka, 2010a,b). We therefore analyzed the genomes of Japanese M.
leprae strains to identify any small differences as compared with
strains TN and Br4923.

2. Materials and methods
2.1. Bacterial strains

M. leprae Thai-53 and Kyoto-2 strains were selected for genome
analysis. The Thai-53 strain, derived from an multibacillary (MB)
patient in Thailand, has been maintained in the Leprosy Research
Center in Japan for a long period upon establishment in the nude
mouse footpad system (Kohsaka et al, 1976), and supplied to
researchers both foreign and domestic (Matsuoka, 2010b). The
Kyoto-2 strain was established from biopsy sample obtained at
skin clinic of Kyoto University, Japan (Matsuoka, 2010a). The M.
leprae strains were passaged in the nude mouse footpad at every
10 months. In addition, a genotyping analysis was undertaken on
34 other isolates, comprised of 17 isolates from the Leprosy Re-
search Center in Japan, 3 isolates from Thailand, 1 isolate from

Indonesia, 7 isolates from Korea, and 6 isolates from the
Philippines.

2.2. Preparation and sequencing of genomic DNA

Genomic DNA was extracted from the isolates using the QIA-
amp DNA mini kit (Qiagen). Shotgun DNA libraries were generated
according to the manufacturer’s sample preparation protocol for
genomic DNA (Bentley et al., 2008). Briefly, genomic DNA was ran-
domly sheared. Following ligation of a pair of adaptors to the re-
paired ends, the DNA was amplified using adaptor primers, and
fragments were isolated. Sequencing analysis was done by Illu-
mina GAllx and reads were mapped to the published complete
genome sequence for M. leprae strain TN (http://genolist.pas-
teur.fr/Leproma/). Several gaps were detected and filled in by stan-
dard PCR and direct sequencing. The genome sequences of Thai-53
and Kyoto-2 were compared with those of strains TN and Br4923
using Mapview software for genome analysis, with the exception
of dispersed repeat regions. In addition, a more limited analysis
was done on other strains obtained from collaborators in the
Southeast Asian countries.

3. Results
3.1. SNPs analysis

The whole genome sequence, with the exception of the dis-
persed repeat regions of M. leprae Kyoto-2, was determined and
compared to that of other M. leprae strains. Some peculiar differ-
ences, relevant to the Kyoto-2 genome, were found. We focused
on one of those interesting differences in the Kyoto-2 genome,
The ML0411 gene of Kyoto-2 had six SNPs and five nucleotide dif-
ferences compared to that of TN and Br4923, respectively. All six
SNPs were non-synonymous mutations that result in amino acid
replacement. Moreover, one base change was observed at 41 bp

424 657
-41 276 l 571 I 6711 1097
I l I I |
T caA AatGat gaG tTg gTc
M. leprae  Kyoto-2 —4 1 T 1 T1 | >_.
Q0 NE EL 14
G caC  Gat Cat gaC tCg gGce
M. leprac TN —H 1 11 11 | >~
H DD D S G
G caC  Gat Gat gaC tCg gGce
Mleprae Thais3 —H T T T T 1 | >—
E
G caC Gat Gat gaC tCg gGce
M.leprac Bra923 —HF{ T 1T 1T T1 | >—
1 E 1227

Fig. 1. Comparison of nucleotide sequences of M. leprae strains in gene ML0411 and the upstream region. ML0411 gene is indicated with arrows. The letters above arrows
show nucleotide bases and set of the three bases indicate codons. SNPs sites of nucleotide bases are indicated with capital letters. The numbers show SNPs position on
MLO411. The letters below arrows show amino acids by one letter notation.
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upstream of the start codon of MLO411 in the regulatory region
(Fig. 1). No other ORF has as many non-synonymous mutations
in the M. leprae genome. Within the TN and Br4923 strains, there
is only one SNP within 191st codon (at position 571st in base se-
quence) of ML0O411.

3.2. Genotyping

The sequences of seven SNP sites in the ML0411 region were
investigated in 36 M. leprae isolates including Thai-53 and Kyoto-
2. The SNP pattern of 19 isolates (12 isolates from Honshu Island
in Japan and 7 isolates from Korea) showed a pattern identical to
that of Kyoto-2 except at nucleotide 657 (Table 1). On the other
hand, all Japanese strains in this study belonged to SNP type Il
with the exception of one (Airaku-2), that contains a SNP type |
involving nucleotides at positions 14676, 164275, and 2935685
of the M. leprae TN genome DNA. We compared the standard SNP
typing (type 1-1V) and the characteristic seven SNPs in Kyoto-2,
with the geographical distribution of strains. The results show that
isolates having the Kyoto-2 SNP pattern in gene ML0411, including
all Korean isolates, were SNP type III, while the other Japanese iso-
lates tested were SNP type Ill or I. Furthermore, the isolates having
the Kyoto-2 SNP pattern turned out to be similar to that of the tan-
dem repeat of six bases (GACATC) in the rpoT gene, which has been
well-established as a tool for M. leprae genotyping. All seven

Table 1
- Genotyping of East Asian isolates of M. leprae by using several tools.

Korean M. leprae isolates tested in this study, as well as those 12
isolates derived from Honshu Island in Japan, showed 4 copies of
the 6-base tandem repeats. On the other hand, isolates derived
from Okinawa Island in Japan and from the Philippines only con-
tained 3 copies of the tandem repeat (Fig. 2).

4. Discussion

Several genetic markers of M. leprae have been researched and
evaluated for use as epidemiological tools for strain differentiation
(Lavania et al., 2007; Matsuoka et al, 2000; Phetsuksiri et al.,
2012). SNP typing using nucleotides polymorphisms at three sites
of M. leprae TN genomic DNA were established (Monot et al., 2005).
Four types of SNPs, C-G-A, C-T-A, C-T-C and T-T-C at positions,
14676, 164275, and 2935685 were proposed as Type I-IV in the
SNP typing and adopted globally (Sakamuri et al., 2009; Watson
and Lockwood, 2009) Recently, a more detailed subtyping system
composed of 16 subtypes (subtypes A to P) from 84 SNPs was re-
ported (Monot et al., 2009). Almost all of the Japanese isolates be-
long to SNP type I or Iil {Matsuoka, 2010b). The subtypes of the
type IIl Japanese strains, Kyoto-2 and Hoshizuka-4, were deter-
mined to be K (unpublished data). Interestingly, six of the unique
7 SNPs in the ML0411 region found in Kyoto-2 (T, A, A, G, T, and
T at positions, —41, 276, 424, 571, 671, and 1097, respectively)
were not only specific for Kyoto-2 but also for the other Japanese

ML0411 Number of 6bp repeat In rpoT  SNPs type  SNPs sub-type  Distribution”
Nucleotide position  -41st 276th 424th  571st 657th 671st 1097th (L) (AP)

Amino acid position - 92nd  142nd  191st 219th  224th  366th

TN G C G C C C G 3 I A S
Br4923 G C G G C C G 3 v P

Hoshizuka-4 T A A G C T T 4 m K N
Kanazawa T A A G C T T 4 Hil ND

Keifu-4 T A A G C T T 4 m ND

Kitasato T A A G C T T 4 i ND

Kusatsu-3 T A A G C T T 4 i ND

Kusatsu-6 T A A G C T T 4 Il ND

Kyoto-1 T A A G C T T 4 Il ND

Kyoto-2 T A A G G T T 4 m K

Oku-4 T A A G C T T 4 m ND

Tsukuba-1 T A A G C T T 4 | ND

Zensho-2 T A A G C T T 4 I ND

Zensho-4 T A A G C T T 4 il ND

Zensho-5 T A A G C T T 4 m ND

Zensho-9 G o G G C C G 3 111 ND S
Airaku-2 G o G G C C G 3 1 ND

Airaku-3 G C G G C C G 3 i ND

Amami G C G G o C G 3 il ND

Ryukyu-2 G C G G C C G 3 m ND

Ryukyu-6 G C G G c C G 3 | ND

Thai-53 G C G G C C G 3 1 A

Thai-237 ? A ? G C C G 3 1 ND

Thai-311 G C G G C C G 3 I ND

Indonesia G C G G C C G 3 Il ND

Korea-1 T A A G G T T 4 oI ND N
Korea-4 T A A G C T T 4 | ND

Korea-5 T A A G C T T 4 il ND

Korea-6 T A A G C T T 4 il ND

Korea-7 T A A G C T T 4 I ND

Korea-8 T A A G C T T 4 HI ND

Korea-9 T A A G C T T 4 )] ND

Cebu-1 G C G G C C G 3 i A S
Cebu-2 G C G G C C G 3 il ND

Cebu-3 G C G G c c G 3 I A

Cebu-4 G C G G C C G 3 1 ND

Cebu-5 G C G G C C G 3 1 ND

Cebu-6 G C G G C C G 3 Il ND

" S: type of southern islands of Japan, N: type of Honshu island of Japan.

-74 -



M. Kai et al./Infection, Genetics and Evolution 19 (2013) 200-204 203

@ 3 copies of 6 base tandem repaeat

N
g' ) 4 eopies of 6 basc tandem repacat
.

‘ (4 &

e ~%~TN and Thai-53 type SNPs in MLO411
RS j

~-Kyoto-2 type SNPs in MLO0411

. g§%§° S Q@:ﬂ

Fig. 2. Geographical distribution of M. leprae isolates derived from Japan and Korea
having different genotypes.

isolates stocked in the Leprosy Research Center in Japan (Fig. 2).
Some isolates derived from areas of the Philippines and Korea geo-
graphically nearest to Japan showed that the geographical distribu-
tions of the six SNP patterns in MLO411 were divided into two
groups: those that contain the Kyoto-2 pattern (T-A-A-G-T-T)
including others isolated in Honshu Island of Japan and Korean iso-
lates, or the Thai-53 pattern (G-C-G-C-C-G) including others iso-
lated in the Okinawa Islands of Japan, the Philippines and other
southern countries (data not shown). The isolates having the Kyo-
to-2 SNP pattern in the ML0411 region were SNP type IlIf whereas
Thai-53 SNP patterns in the ML0O411 region in the other Japanese
isolates tested were SNP type | or IIl. Furthermore, the isolates hav-
ing the Kyoto-2 SNP pattern turned out to contain 4 copies of the 6-
base tandem repeat (GACATC) in the rpoT gene, which is well
established as a tool for M. leprae genotyping (Lavania et al.,
2007; Matsuoka et al., 2000). Therefore, these seven SNPs in
MLO0411 might be useful for studying the geographic distribution
of M. leprae in the South and East Asian (SA & EA) regions or at a
global level. The high frequencies of the standard SNP type I and
Il and the 3 tandem repeats in rpoT are common in SA & EA coun-
tries (Matsuoka et al., 2006). The results from this study seem to
indicate that some M. leprae lineages, showing SNP type Iil, 4 cop-
ies of tandem repeats in rpoT, and the Kyoto-2 SNP pattern in
MLO0411, appear to have disseminated and become established
among the people of neighboring and proximal SA & EA countries
such as China, Korea and Japan. This linkage might have occurred
by genetic linkage in the evolutionary process of M. leprae. There
has been no report of the existence of such a special lineage in
M. leprae globally, and these Northeast Asian (NA) strains of M. lep-
rae should be further characterized. Recently, Mycobacterium
lepromatosis was found and established to be closely related to
M. leprae, but clearly distinct from M. leprae (Han et al.,, 2008;
Vera-Cabrera et al., 2011). Although M. lepromatosis harbors 4 cop-
ies of 6-base tandem repeat in the rpoT gene, five nucleotides differ
in the flanking region of 6-base tandem repeat and M. lepromatosis
contains 3 repeats of 21 nucleotides, CGAGCCACCAATACAGCATCT
in rpoT gene but not M. leprae. All NA strains with 4 copies of 6-
base tandem repeat in the rpoT gene showed identical nucleotide
sequences at flanking region of 6-base tandem repeat with M. lep-
rae and do not contain 21-base repeats, thus NA strains are clearly

belonging to the M. leprae. However, here we describe for the first
time genotyping by using three indexes, namely, SNPs typing, copy
number of 6 base repeats in rpoT, and SNPs pattern in MLO411. The
grouping of the NA strain is the first report of a strain that has dif-
ferent genotype from that of M. leprae strain reported.

The locations of ML0411 and rpoT on the M. leprae genome are
separated by approximately 100 kb. To confirm the possible genet-
ic linkage between ML0411 and rpoT, three separate SNPs of the
Kyoto-2 genome located between the two genes were selected
(coordinates in the M. leprae TN genome are 12324, 34353, and
54342) in several M. leprae isolates. There was no indication that
the SNP pattern can be separated in the Kyoto-2 and TN strains
(Fig. S1). The results indicate that there was no genetic linkage be-
tween ML0O411 and rpoT. Therefore, the non-synonymous muta-
tions on MLO411 and variation of copy number of the 6-base
tandem repeats in rpoT might be evolutionally independent and re-
flect regional characteristics of M. leprae strains. The nucleotide
bases of the 191st codon (GAT) in strain TN are changed to CAT
in strain Br4923. Combining analysis of the rpoT and ML0411 pat-
terns might be useful for identifying not only the NA strain of M.
leprae but also the detailed genotyping of M. leprae strains globally.
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SUMMARY: Buruli ulcer (BU) is an emerging human disease caused by Mycobacterium ulcerans,
which mainly affects the extremities. It is most endemic in sub-Saharan Africa; however, it has been
reported worldwide, including in some non-tropical areas. ‘‘M. ulcerans subsp. shinshuense’’ is
proposed as a subspecies of M. ulcerans, which have been reported from Japan and China. A total of 35
BU cases have been reported as of November 2012. Although M. ulcerans is categorized as nontuber-
culous mycobacteria, it has some unique characteristics that could only be observed in this bacterium. It
possesses a giant virulent plasmid, composed of 174-kbp nucleotides, coding polyketide synthase to
produce macrolide toxin called mycolactone. The discovery of such a linkage of plasmid and its patho-

genesis has-pot been reported in other human disease-causing mycobacteria.

1. Introduction

Buruli ulcer (BU) is a necrotizing skin disease caused
by Mpycobacterium ulcerans, belonging to nontuber-
culous mycobacteria (NTM) family. It has a unique
characteristic of producing a macrolide toxin called
“‘mycolactone’” (1-5), which has not been identified in
any other species of mycobacteria including Mycobac-
terium tuberculosis and Mycobacterium leprae. BU has
been reported in at least 33 countries, and M. ulcerans
disease is probably the third most common mycobac-
terial disease after tuberculosis and leprosy in some en-
demic areas among immunocompetent individuals (6).
BU is categorized as a neglected tropical disease by the
World Health Organization (WHO). The most endemic
areas include sub-Saharan Africa, and a control strategy
has been implemented to minimize morbidity and
disability associated with BU especially in these areas
(Fig. 1). The mode of transmission remains unclear;
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however, it is speculated that an aquatic environmental
source is the origin of infection. Similarities in charac-
teristics are found in other mycobacterial strains, which
mainly infect frogs, fish, or turtles (7-9), and therefore,
they must be differentiated when searching for M. wul-
cerans in environmental sources. In this review, the
history of researches on M. ulcerans and other mycolac-
tone-producing mycobacteria are described, focusing on
mycolactone and their virulent plasmids.

2. Epidemiology and symptoms of BU

2-1. History

Historically, BU first gained notice from two foci.
One focus was in Central Africa where the first related
description was made by Sir Albert Cook. He described
several cases of chronic large ulceration in Uganda in
1897. Later on, the disease was named after Buruli
County in Uganda, where the first large epidemic was
investigated in the 1960s (10,11). At present, sub-Saha-
ran Africa, especially Cote d’Ivoire, Ghana, and Benin
are the highest endemic countries to be controlled. The
other focus is in southeastern Australia. In the first
report, there was a series of unusual painless ulcers in a
patient from Bairnsdale in 1935 (12). Thirteen years af-
ter the first report, MacCallum et al. made the first
description of the mycobacterial infection in 1948 (13).
The name M. ulcerans first appeared in a report by
Fenner in 1952 (14). Currently, Bellarine Peninsula in
Victoria is known to be the highest endemic area in
Australia (15).
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2-2. Symptoms

BU often starts as a painless papule or nodule, look-
ing like an insect bite. However, it gradually leads to the
destruction of skin and ulceration. Interestingly, despite
their severity, the lesions are often painless. The ulcer
usually presents with a yellow-whitish necrotic base with
undermined borders and edematous surroundings.
Major affected sites are the extremities and the face. If
patients seek treatment during early stages, antibiotics
(rifampicin and streptomycin as recommended by the
WHO) can prove to be successful. Delayed treatment
may cause irreversible deformity, long-term functional
disabilities such as restriction of joint movement, exten-
sive skin lesions, and sometimes life-threatening sec-
ondary infections (1-5).

2-3. BU in Japan

The first reported case of BU in Japan was a 19-year-
old woman in 1980 (16). The causative agent was isolat-

71 | Age group| Total E Male 12
0-14 8
6 4 589 | 18 Female 23
5 | 60-89 9
g4 -
8
3 -
Fig. 1. A Buruli ulcer case in Amasaman Hospital (Accra, 2 4
Ghana); a large ulcer on the left elbow extensor of an 8-year-
old boy. The photograph was taken by Nakanaga, K. and 1 A
Yotsu, R. R. at the Amasaman Hospital with the approval of

the patient’s parent, the director of the hospital, and the

. . 2008 9 2010 2011 2012
program manager of the National Buruli Ulcer Control 200

1980 2004 2005 2006 2007

Programme (Dr. Edwin Ampandu), during their visit to Ghana Year
in November 2011 with support of Dr. Kingsley Asiedu from
the Global Buruli Ulcer Initiative, Department of Control of Fig. 2. Buruli ulcer cases in Japan by year diagnosed as of
Neglected Tropical Medicine, WHO, Geneva. November 2012 (28,29).
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Fig. 3. Distribution of Buruli ulcer cases in Japan: a total of 35 cases as of November 2012 (28,29).
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Table 1. Characteristics of cases reported in Japan as of November 2012 (28,29)

Known isolate
International traveling
Mode of transmission
Regional bias

None

“Mycobacterium ulcerans subsp. shinshuense’’

Unknown, not clear with aquatic environment!
Honshu island (northern limit, Akita Prefecture; southern lilmit,

Kagoshima Prefecture; no case in Shikoku island)

Seasonal bias

Age

male cases:female cases

Pain sensation

Sensitivity against antibiotics
Affected regions

Size of ulcer

2-84 years
12:23

Sensitive

Autumn and winter (unclear incubation period)

More outstanding in Japanese cases

Usually extremities (legs, arms, or face)
Mainly <5 cm (category I)

D: Three cases in one family member often contact with tiny stream on their property.

Fig. 4. A Buruli ulcer case in the National Hospital Organization
(NHO) Higashihiroshima Medical Center (Hiroshima, Japan);
an ulcer on the right elbow extensor of a 20-year-old woman
(19,20). The photograph was provided by the attending doctor
(Dr. Hideaki Imada) in the NHO Higashihiroshima Medical
Center.

ed and classified as ““M. ulcerans subsp. shinshuense’’
because it was closely related to M. ulcerans (17). The
second reported case was a 37-year-old woman in 2003
(18). After the second report, there has been a steady in-
crease, summing up to a total of 35 cases as of Novem-
ber 2012 (16-26) (Fig. 2). Among all cases, 23 (65.7%)
subjects were female and 12 (34.3%) were male. The
average age of those affected was 39.7 years (range,
2-84 years) for females and 43.3 years (range, 5-81
years) for males. Eleven cases were found in the
Chugoku region, 9 in the Chubu region, 7 in the
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Tohoku region, 6 in the Kinki region, 1 in the Kanto
region, and 1 in the Kyushu region (Fig. 3). Although
there was no geographical focus in the distribution, 3
out of 4 cases in Fukushima Prefecture (Tohoku region)
were family members. The highest number of cases (9
cases) was found in Okayama Prefecture (Chugoku
region). There has also been one report from China of
which M. ulcerans subsp. shinshuense was isolated from
an ulcer (27). Hence, M. ulcerans subsp. shinshuense is
now speculated to be an endemic species of M. ulcerans
in east Asia (28,29). This subspecies has been isolated or
at least confirmed through direct nucleotide sequencing
in the identified cases. The characteristics of BU in
Japan are shown in Table 1. Though there seem to be
some differences in clinical presentation such as more
painful cases in Japanese cases (Fig. 4), histopathologi-
cal findings do not differ from those of other parts of
the world. Unlike other mycobacterial infections, the
histopathology of BU presents with poor formation of
granulation tissue and little inflammatory cell infiltra-
tion surrounding the ulcerative lesion. Although there is
extensive necrosis, the circumjacent epidermis is usually
unaffected, and the lesions are usually deeper in the sub-
cutaneous areas. Acid-fast bacilli are often evident on
the lower dermis.

3. Mycolactone and mycolactone-producing
mycobacteria

3-1. Isolation of mycolactone

From the very beginning, pathologists were certain
that some toxic substances from M. wulcerans relate to
the unique characteristic of the skin lesions in BU be-
cause histopathological changes were observed distant
from where massive acid-fast bacilli were detected
(30-32). In 1999, mycolactone was isolated as the cause
of cytopathicity and cell-cycle arrest in cultured 1.929
murine fibroblasts (33). Guinea pigs produced lesions
similar to those of BU in humans following purified
mycolactone injection (34). Mycolactone is not a pro-
tein but a smaller molecule, which is composed of a 12-
membered ring (macrolide) to which two polyketide-
derived side chains are attached. It structurally resem-
bles immuno-suppressants such as rapamycin, FK506,
and cyclosporin A. The characteristic mixture of
mycolactone congeners varies in clinical isolates from
geographically different areas (35). The structure that
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Fig. 5. Basic structure of mycolactone and complete structure of mycolactone A/B. Boxed site indicates isomers A

(cis) and B (trans) (33,36).

has the highest activity in mammalian cell lines is
mycolactone A/B, which exists as a 3:2 equilibrating
mixture; the major and minor components are
Z-A44,5'- and E-44’,5’-isomers, respectively, on the
unsaturated fatty acid side chain (36) (Fig. 5).

3-2. Discovery of mycolactone synthetase bearing

plasmid pMUMO001

Attempts to identify genetic bases of the virulent fac-
tor in M. ulcerans started by comparing closely related
mycobacterial strain Mycobacterium marinum (37).
This idea of subtraction was thought of because these
two strains were genetically related species but M.
marinum produced no mycolactone. A type I polyketide
synthase (pks) gene fragment was identified as an M.
ulcerans specific gene based on genomic suppressive
subtractive hybridization between M. ulcerans and M.
marinum (38). In 2004, a giant plasmid, which bears
mycolactone-producing enzymes, was identified using
pks probes identified through subtractive hybridization.
These probes were hybridized using pulsed-field gel
electrophoresed DNA or a BAC library of the M. ul-
cerans Ghana isolate Agy99. The plasmid pMUMO01 is
composed of 174,155 bp, as a 62.8% GC content, and
its 81 protein-coding DNA sequences bears a cluster of
genes for complete mycolactone synthesis (39,40). The
discovery of pMUMOO1 had profound implications for
mycobacterial research because mycobacterial plasmids
have never been directly linked to virulence. Moreover,
the M. tuberculosis complex, the most virulent
mycobacterium for humans, is reported to have no
plasmids.

3-3. Role of mycolactone

The role of mycolactone in M. ulcerans survival in na-
ture is not clarified. On the other hand, during infection
of humans, which causes BUs, the function of mycolac-
tone is thought to cause “‘painless lesions’” and ‘‘poor
acute inflammatory cellular infiltration.”” Although its
mechanisms have not yet been revealed, painless lesions
were successfully demonstrated by M. ulcerans infection
and/or purified mycolactone injection in mice. Nerve
degeneration occurs through invasion of bacilli or
mycolactone at the perineural and endoneurial level, in-
ducing loss of pain sensation or hypoesthesia (41,42).
Mycolactone effectively suppresses the capacity of den-
dritic cells to secrete f-chemokines macrophage inflam-
matory protein (MIP)-1o, MIP-1f, regulated on activa-
tion, normal T cell expressed and secreted, as well as
monocyte chemoattractant protein 1 and interferon y-
inducible protein 10, which may limit initiation of pri-
mary immune responses. Moreover, it inhibits the
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recruitment of inflammatory cells to the infection site
43).

3-4. Other mycolactone-producing mycobacteria

In 2001, there was an outbreak of a new granuloma-
forming disease in a laboratory, which killed a number
of experimental frogs (Xenopus tropicalis). Granulomas
were identified systemically on the skin as well as in
other areas; the causative agent was later identified as
Mycobacterium liflandii (44). It formed orange-pig-
mented colonies after long cultivation, possessed giant
plasmid pMUMO002 similar to pMUMO01, and had
1S2404 and 1S2606 like M. ulcerans. The product of
pMUMO002 has now been identified as mycolactone E
(7). M. liflandii was initially thought to be the causative
pathogen for BU; however, it is now known that it in-
fects mainly frogs (45).

Some M. marinum strains isolated from fish are
known to be Mycobacterium pseudostotisii, which have
1S2404, 1S2606, and pMUMOO03 (similar to plasmid
pMUMO01), and produce mycolactone F (8). M. pseu-
doshottsii has been isolated in Japan, especially from
various types of farm-raised fish such as yellow tail
(Seriola quinqueradiata), greater amberjack (Seriola
dumerili), sevenband grouper (Epinephelus septemfas-
ciatus), striped jack (Pseudocaranx dentex), and yellow-
tail amberjack (Seriola lalandi) (46). M. pseudoshottsii
were isolated from the kidney of the fish that were
lethally affected. The genomes of some of these
mycolactone-producing mycobacteria were analyzed,
and interestingly, it is now evident that these species are
very closely related in their evolution. What is more
striking, differences in the genome sequencing of the
plasmids for pMUMO01, pMUMO002, and pMUMO03
correspond to differences in the structures of the un-
saturated fatty acid side chains for each type of
mycolactone, namely, A/B, E, and F (47,48).

4. Conclusion

Some researchers have reported that mycobacterial
strains that have pMUMO01-like plasmids and produce
mycolactone should be considered a single species (49).
This conclusion emerged from a number of genomic
studies. Nonetheless, infection of these mycobacteria in
fish or frogs, especially in places with high risk of infec-
tion such as fish farms, is causing a considerable anxiety
in people. Therefore, there is a need to understand the
possibility of infection from animals to humans, a need
for invention of easy diagnostic tools, and a need to
raise awareness among people about the mycobacteria



with the right information.
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Basophils Infiltrate the Skin Lesions in Lepromatous Leprosy
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Leprosy is caused by Mycobacterium leprae and is mani-
fested by damage to the skin and peripheral nerves. The
disease is characterized by a spectrum of histologically
different granulomatous skin lesions that reflects the
immune response, varying from predominantly epithe-
lioid cells with an absence or only occasional presence
of bacilli at the tuberculoid end of the spectrum (TT)
to an abundance of bacilli-filled foamy macrophages
at the lepromatous leprosy (LL) end (1). While TT is
characterized by strong Thl immunity in the form of a
systemic antigen-specific Thl cellular immunity, LL is
characterized by a high number of bacilli disseminated
throughout the skin. with lesions expressing high Th2-
type cytokines. The immunologically unstable borderline
patients are classified as borderline tuberculoid (BT),
mid-borderline (BB). and borderline lepromatous (BL).
These types of leprosy depend on the host immune ba-
lance between Thl and Th2.

It is well established that basophils exert effector
functions during allergic responses through the cross-
linking of FceR1 during immediate- or late-phase reac-
tions following allergen exposure. In addition, recent
studies have shown that basophils promote Th2 skewing
by antigen presentation in helminth infection and in re-
sponse to protease allergens, and that dendritic cells are
not necessary for this process to occur (2. 3). However.
it has not been fully determined whether basophils play
a role in the control of leprosy infection.

The monoclonal antibody BB recognizes a unique
granule constituent of basophils. Taking advantage of
this antibody. recent studies have demonstrated that
basophils infiltrate inflammatory skin diseases (4, 5).
It is not known whether basophils actually infiltrate the
skin lesions of leprosy, and it is therefore necessary to
analyse and compare each type of leprosy. We demon-
strate here that basophils are significantly increased in
number in the skin lesions of LL.

MATERIAL AND METHODS

Skin biopsies from 45 patients with leprosy (33 males. 12
females: mean age 54.9 years: LI 24 patients; BL 11 patients:
BT 7 patients: TT 3 patients: diagnosed by dermatopathologists)
were examined by immunostaining, as reported previously (3).
BB1 and 2D7 antibodies were purchased from BioLegend. San
Diego. CA. USA.
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RESULTS

BB 1-antibody-positive cells were observed to infiltrate
only the skin lesions of LL (Fig. 1A}. Consistently.
anti-human basophils 2D7-positive cells (Fig. IB, E)
were observed only in the skin lesions of LL, but not
in the lesions of BL, BT and TT (Fig. ID). As a con-
trol. isotype-matched control mouse IgGl were used
(clone: MOPC-21), which showed negative in the skin
lesions of LL (Fig. 1C). The number of 2D7" basophils
infiltrating the skin lesions of LL range 0—18 (mean 2.5,
standard error of the mean (SEM) 0.87) (Fig. 1F), was
significantly higher than that of BL. BT and TT.

F

Basophils (n) (per field)

Lig. 1. Immunohistochemistry of basophils in leprosy skin lestons. Positive
cells for (A) BB and (B) 2D7. but not for (C) isotype-matched control
antibodies. were observed in the skin lestons of LL, but (D) not in the skin
lesion of TT (E) High-power field of B. (F) The number of 2D7 cells was
calculated in five high-power fields (~20 objective). Data were analvsed
with the paired r-test. A p-value of less than 0.05 was considered statistically
significant (A, B.C.D+¥20)
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DISCUSSION

In this study we evaluated for the first time the presence
of basophils in the skin lesions of patients with leprosy.
Interestingly, basophils infiltrated only into LL but not
into BL. BT and TT. The recruitment of basophils to
LL only might be due to the expression of the chemo-
kine receptor CCR3 on basophils. Eotaxin | and 3.
which are ligands of CCR3, are produced by dermal
fibroblasts in response to Th2-type cytokines. Previous
reports have shown that eotaxin 1 was identified as a
plasma marker of LL and BL (1). In our study. however.
basophils were not detected in the skin lesions of BL.
One possible explanation for this discrepancy might be
the different eotaxin levels of skin lesions in LL and
BL cases. M. leprae antigens normally elicit Jones-
Mote hypersensitivity, peaking at 48—72 h, which is in
contrast to Th-induced delayed-type hypersensitivity,
peaking at 24 h (6). Since the characteristic of Jones-
Mote hypersensitivity is a massive basophil infiltration,
the infiltration of basophils into the skin legions of LL
might be due to Jones-Mote hypersensitivity induced by
M. leprae antigens. Although the role of basophils in the
development of leprosy is still unknown, the presence
of basophils in LL skin lesions raises the possibility
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that basophils may play a role in the pathogenesis of
the LL type of leprosy and in the characterization of
the subtypes of leprosy.
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The Beijing genotype of Mycobacterium tuberculosis is known to be a worldwide epidemic clade. It is suggested to be a possibly
resistant clone against BCG vaccination and is also suggested to be highly pathogenic and prone to becoming drug resistant.
Thus, monitoring the prevalence of this lineage seems to be important for the proper control of tuberculosis. The Rv0679c¢ pro-
tein of M, tuberculosis has been predicted to be one of the outer membrane proteins and is suggested to contribute to host cell
invasion, Here, we conducted a sequence analysis of the Rv0679c gene using clinical isolates and found that a single nucleotide
polymorphism, C to G at position 426, can be observed only in the isolates that are identified as members of the Beijing genotype
family. Here, we developed a simple multiplex PCR assay to detect this point mutation and applied it to 619 clinical isolates. The
method successfully distinguished Beijing lineage clones from non-Beijing strains with 100% accuracy. This simple, quick, and
cost-effective multiplex PCR assay can be used for a survey or for monitoring the prevalence of Beijing genotype M. tuberculosis

strains,

he Mycobacterium tuberculosis Beijing genotype, first identi-
fied by van Soolingen et al. (1), is known to be a worldwide
epidemic clade (2—4). Its possible resistance to BCG vaccination,
in addition to its tendency to have a multidrug-resistant (MDR)
phenotype, might give a selective advantage to the wide geo-
graphic distribution of the Beijing genotype strains (3, 5-7). Al-
though some of the Beijing genotype strains show hypervirulence
in animal infection models (7-9), neither the virulence factor nor
the phenotypically specific factor of this lineage has been eluci-
dated. The origin of the Beijing lineage is thought to be east Asia,
where the prevalence of this clade is from around 40% to >90%
(1, 3, 4, 10-13). However, in some other global areas, i.e., coun-
tries in the former Soviet Union and South Africa, the prevalence
of the Beijing lineage has increased markedly in a short period, and
some increases were suggested to be related to MDR (4, 11, 14). In
those areas, higher clonality of the circulating strains was sug-
gested, and most were categorized as being in the modern or typ-
ical Beijing clade, which is defined as a strain having one or two
1S6110 insertions in the noise transfer function (NTF) chromo-
somal region (11, 15). On the other hand, a higher variety of
strains can be observed in east Asian countries. Especially in Japan
and Korea, the majority of the strains belong to another cluster
called the ancient or atypical Beijing clade (12, 16). Details regard-
ing the higher pathogenicity of the Beijing lineage are controver-
sial. Some studies have suggested that the modern Beijing clade is
more prone to be pathogenic, tends to be drug resistant, and is
likely able to escape from BCG vaccination (4, 8, 11, 14); however,
some of the ancient Beijing clones were also shown to have higher
pathogenicity (17) or a tendency toward acquiring drug resistance
(16).
Since Beijing lineage prevalence has a great impact on the tu-
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berculosis (TB) control program, several methods to distinguish
this clade have been developed. First, van Soolingen et al. (1) iden-
tified this clade by its specific IS6110 restriction fragment length
polymorphism (RFLP) signatures. Soon after, these strains were
shown to have a specific spoligotype pattern lacking spacer num-
bers 1 to 34, and this has been proposed as the definition of the
clade (18, 19), since IS6110 RFLP genotyping is time-consuming,
and comparing results between laboratories is difficult. The dele-
tion of spacers observed in the Beijing spoligotype is caused by the
insertion of IS61101n the direct repeat (DR) region (18). Since this
typical spoligotype pattern has become a specific marker of the
Beijing genotype, some PCR methods to detect this specific dele-
tion, named region of difference 207 (RD207), have been devel-
oped (20-22). In addition to RD207, another deleted region
named RD105 was also shown to be a good marker for discrimi-
nation of the Beijing genotype, although this deletion is common
for all the east Asian lineages, including the non-Beijing strains
(10, 23); however, most of these published detection methods
require expensive real-time PCR equipment and high-cost re-
agents (24). The conventional PCR assay targeting RD207 still
seems to be at a disadvantage, since it relies on an unstable inser-
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tion sequence that is likely to be a target of homologous recombi-
nation.

Instead of unstable repetitive structures, single nucleotide
polymorphisms (SNPs) were recently considered to be a robust
target for defining the accurate position of a strain on the phylo-
genetic tree, since horizontal gene transfer or gene recombination
between different strains is rare in the M. tuberculosis complex
(MTC) (12, 24,25). Filliol et al. (26) drew phylogenetic trees of the
MTC using several typing methods and showed that the dendro-
gram drawn with SNPs most accurately reflected the true evolu-
tion of the MTC. Some of those SNPs are suggested to be specific
to the Beijing or east Asian lineages. In a search for membrane
proteins that are suitable for vaccine antigens and/or are targets
for the specific detection of the MTC, we found a candidate pro-
tein encoded by the Rv0679¢ gene. This protein was expressed on
the cell surface as a lipoarabinomannan-associated protein (27,
28), and the coding sequence has an SNP that seems to be specific
to the Beijing clade. In this study, we confirmed the lineage spec-
ificity of this SNP and developed a simple and low-cost multiplex
PCR assay to distinguish the Beijing lineage strains.

MATERIALS AND METHODS

Preparation of genomic DNA from M. tuberculosis isolates. M. tubercu-
losis was isolated from the sputa or other clinical specimens of patients by
conventional procedures using N-acetyl-L-cysteine (NALC)-NaOH. A
total of 619 isolates obtained in Japan (n = 145), Bangladesh (n = 122),
Nepal (n = 110), Myanmar (n = 198), and China (Heilongjiang Province,
n = 44) were used in this study. Some of these isolates were the same as
those in previous studies, and the details are described elsewhere (13,
29-31). Colonies grown on egg-based medium (either Ogawa or Lowen-
stein-Jensen medium) were resuspended in distilled water and boiled for
20 min, and the supernatant was used in the Bangladeshi and Myanmar
samples. In the Japanese and Nepalese samples, colonies were suspended
in 0.5 ml of 10 mM Tris-HCl, 1 mM EDTA (Tris-EDTA [TE] buffer [pH
8]), and 0.5 mi chloroform; 0.5 g glass beads of 0.17-mm diameter was
added; and they were disrupted with a bead beater (MicroSmash; Tomy
Seiko Co. Ltd., Tokyo, Japan). After centrifugation at 10,000 X g for 5
min, DNA in the supernatant was precipitated by ethanol, and the precip-
itated genomic DNA was resuspended in TE buffer for further use. In
China, bacteria grown in a BACTEC Mycobacterium growth indicator
tube (MGIT) (Becton, Dickinson and Company, Franklin Lakes, NJ) were
used, and DNA was extracted by lysozymes and the phenol-chloroform
method (13). All the DNA samples extracted in each country were
brought to Japan, and the following steps were carried out in the Hok-
kaido University Research Center for Zoonosis Control. To determine the
specificity of the method, DNAs extracted from five reference MTC
strains (i.e., M. tuberculosis H37Rv, Mycobacterium africanum ATCC
25420, Mycobacterium orygis Z0001, Mycobacterium microti TC 89, and
Mycobacterium bovis BCG Tokyo 172) and 30 nontuberculous mycobac-
terial (NTM) species, including Mycobacterium avium, Mycobacterium
intracellulare, and Mycobacterium kansasii, were used.

Gene sequencing and comparison. A subset of 197 M. tuberculosis
samples, 68 from Japan, 92 from Bangladesh, and 37 from Nepal, were
chosen from the total 619 clinical isolates, and the Rv0679c gene fragment
was amplified by PCR. The PCR mixture contained GoTaq PCR butffer
(Promega Co., Madison, WI), 0.2 mM each deoxynucleoside triphos-
phate (ANTP), 0.3 M each primers 0g0001 and 0g0002 (Table 1), 0.5 M
betaine, 1 ng genomic DNA from M. tuberculosis, and 0.5 units of GoTaq
polymerase. Amplification was carried out by applying 35 cycles of dena-
turation at 95°C for 10 s, annealing at 57°C for 10 s, polymerase reaction
mixture at 72°C for 40 s, and a final extension at 72°C for 5 min. The
amplified DNA fragment was subjected to sequence analysis with
BigDye Terminator v3.1 (Life Technologies Co., Carlsbad, CA) re-
agents by a sequencer, the 3130 genetic analyzer (Life Technologies
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Co.), according to the manufacturer’s protocol. The Rv0679c sequence
was also compared with those of 80 whole-genome sequenced MTC strains
registered in the GenBank (http://www.ncbi.nlm.nih.gov/GenBank/) or TB
(http://genome.tbdb.org/annotation/genome/tbdb/MultiHome.html) (32)
databases by the BLASTn algorithm (http://blast.ncbi.nlm.nib.gov/).

Genotyping. The spoligotype of M. tuberculosis clinical isolates was
determined as described previously (33). Briefly, the DR region was am-
plified with a primer pair, and the PCR products were hybridized to a set
of 43 spacer-specific oligonucleotide probes, which were covalently
bound to the membrane. The spoligo-international type (SIT) was deter-
mined by comparing spoligotypes against the international spoligotyping
database (SpolDB4) (3).

The detection of an RD105 deletion was performed by multiplex PCR
in Beijing clones and by conventional PCR in east Asian strains other than
those of the Beijing type, since the deletion pattern is different between
those two groups (10). The reaction mixture consisted of GoTaq PCR
buffer (Promega), 0.2 mM each dNTP, 0.3 M (each) two or three prim-
ers (Table 1), 0.5 M betaine, 1 .l extracted DNA sample, and 0.5 units of
GoTaq polymerase. The target was amplified by 35 cycles of denaturation
at 95°C for 10 s, annealing at 55°C for 10’5, and extension at 72°C for 40's,
with a final extension at 72°C for 5 min. RD207 deletion was detected by
two PCR assays described by Warren etal. (22), and TbD1 was detected by
PCR using the Huard et al. (25) protocol (Table 1). The amplified DNA
fragment was subjected to agarose gel electrophoresis with ethidium bro-
mide (EtBr) to see the size of the band under a UV transilluminator.

The multilocus sequence type (MLST) was determined with 9 SNPs,
which were described by Filliol et al. (26) and were selected for Beijing
subtyping by Iwamoto et al. (16). Each locus was amplified with a primer
pair (Table 1), and the product was subjected to sequencing. SNPs were
detected by comparing the sequences with those of H37Rv (34). The se-
quence type (ST) was identified according to Filliol et al. (26).

Beijing lineage identification by multiplex PCR. Multiplex PCR for
the identification of the Beijing lineage was performed under the follow-
ing conditions. The PCR mixture, in a final volume of 15 ul, contained 1 X
PCR buffer (1.5 mM Mg; TaKaRa Bio, Inc., Shiga, Japan), 0.5 ul NTP
solution mix (10 mM each dNTP; New England BioLabs, Inc., Ipswich,
MA), 0.5 pl each of Fw and R1 primers, 0.2 pl R2 primer (primer solu-
tions in 10 wM; Table 1), 1.5 pl of 5 M betaine, 0.45 pl of 25 mM MgCl,
(to make a final Mg concentration of 2.25 mM), 1 ng of sample DNA, and
0.5 units of TaKaRa Hot Start Taq polymerase (TaKaRa). Amplification
was carried out with the first denaturation at 95°C for 1 min followed by
35 cycles of denaturation at 95°C for 10 s, annealing at 66°C for 10s,
extension at 72°C for 15 s, and the final extension at 72°C for 3 min. The
amplicon was subjected to electrophoresis in a 2% agarose gel that in-
cluded EtBr. DNA samples extracted from the isolate BCG Tokyo 172 and
a well-characterized clinical isolate (Beijing OM-9) were used as controls
for the non-Beijing and Beijing banding patterns, respectively. Sensitivity
was determined with serially diluted genomic DNA obtained from these
BCG and Beijing control strains. A specificity study was performed with
genomic DNA samples (2 ng/pl each) from the MTC and NTM strains
described above.

RESULTS

Spoligotyping and MLST. A total of 619 clinical isolates were
subjected to spoligotyping, and 393 were identified as being in the
Beijing lineage and 226 as a non-Beijing group (Table 2). The
non-Beijing group consisted of a variety of strains belonging to
the following lineages: east African-Indian (EAI), central Asian
(CAS), Latin American Mediterranean (LAM), Haarlem, S, T, X,
and non-Beijing east Asian (3). Ninety-four of the Beijing isolates
were subjected to MLST analysis and were subtyped into 8 se-
quence-type classes, namely, ST26, ST3, STK, ST25, ST19, ST10,
ST22, and ST8, which are listed in evolutional order from ancient
to modern Beijing types (16, 26).

Journal of Clinical Microbiology

-86-



TABLE 1 Primers used in the study

M. tuberculosis Beijing Family Identification PCR

Target Primer name Nucleotide sequence Purpose Reference
Rv0679¢ 0g0001 CCGGGAACTAGGAATGGTAA Sequencing This study
0g0002 AGCAACCTCGCAATCTGAC Sequencing This study
ON-1002 (Fw) GTCACTGAACGTGGCCGGCTC Multiplex PCR for Beijing type identification This study
ON-1258 (R1)* TCGGTCACCGTTTTTGTAGGTGACCGTC  Multiplex PCR for Beijing type identification This study
ON-1127 (R2) AGCAACCTCGCAATCTGACC Multiplex PCR for Beijing type identification This study
RD105 RD105-F (—239~—218) GGAAAGCAACATACACACCACG Multiplex PCR for east Asian type determination®  This study
RD105-R AGGCCGCATAGTCACGGTCG Multiplex PCR for east Asian type determination”  This study
RD105-M (+304~323) TCCTGGGTGCCGAACAAGTG Multiplex PCR for east Asian type determination®  This study
RD105EA-F (—80~—60) TCGGACCCGATGGCTTCGGTG PCR for east Asian type determination” This study
RDI105EA-R (61~42) TGATCACGGTTCGCCCGCAG PCR for east Asian type determination® This study
RD207 RD207-1F (Warren) TTCAACCATCGCCGCCTCTAC PCR for Beijing type identification (set 1) 22
RD207-1R (Warren) CACCCTCTACTCTGCGCTTTG PCR for Beijing type identification (set 1) 22
RD207-2F (Warren) ACCGAGCTGATCAAACCCG PCR for Beijing type identification (set 2) 22
RD207-2R (Warren) ATGGCACGGCCGACCTGAATGAACC PCR for Beijing type identification (set 2) 22
TbD1 TbD1F CGTTCAACCCCAAACAGGTA PCR for ancestral M. tuberculosis determination 25
TbDIR AATCGAACTCGTGGAACACC PCR for ancestral M. tuberculosis determination 25
797736"  Beijing ST-1F GACGGCCGAATCTGACACTG MLST for Beijing lineage This study
Beijing ST-1R CCATTCCGGGTGGTCACTG MLST for Beijing lineage This study
909164*  Beijing ST-2F CGTCGAGCTCCCACTTCTTG MLST for Beijing lineage This study
Beijing ST-2R TCGTCGAAGTGGACGAGGAC MLST for Beijing lineage This study
1477596"  Beijing ST-3F GTCGACAGCGCCAGAAAATG MLST for Beijing lineage This study
Beijing ST-3R GCTCCTATGCCACCCAGCAC MLST for Beijing lineage This study
1692067%  Beijing ST-5F GATTGGCAACTGGCAACAGG MLST for Beijing lineage This study
Beijing ST-5R TGGCCGTTTCAGATAGCACAC MLST for Beijing lineage This study
1892015¢  Beijing ST-GF GCTGCACATCATGGGTTGG MLST for Beijing lineage This study
Beijing ST-6R GTATCGAGGCCGACGAAAGG MLST for Beijing lineage This study
2376133 Beijing ST-7F TCTTGCGACCCGATGTGAAC MLST for Beijing lineage This study
Beijing ST-7R GAGCGCAACATGGGTGAGTC MLST for Beijing lineage This study
25326147  Beijing ST-8F CCCTTTTCTGCTCGGACACG MLST for Beijing lineage This study
Beijing ST-8R GATCGACCTTCGTGCACTGG MLST for Beijing lineage This study
2825579  Beijing ST-9F CCTTGGAGCGCAACAAGATG MLST for Beijing lineage This study
Beijing ST-9R CTGGCCGGACGATTTTGAAG MLST for Beijing lineage This study
41378297  Beijing ST-10F CGTCGCTGCAATTGTCTGG MLST for Beijing lineage This study
Beijing ST-10R GGACGCAGTCGCAACAGTTC MLST for Beijing lineage This study

“ Beijing-type specific mutation-detection primer. Underlined 2-base sequences at the 5" end are not complementary sequences.

b This assay was used for Beijing genotype strains.
€ This assay was used for non-Beijing genotype strains.

4 This SNP nucleotide position on the H37Rv genome is according to references 26 and 34.

Sequence analysis of the Rv0679c¢ gene of M. tuberculosis iso-
lates. Nucleotide sequences of the full-length Rv0679c gene ob-
tained from 197 clinical M. tuberculosis isolates collected in Japan,
Bangladesh, and Nepal were compared with the Rv0679¢ sequence
in M. tuberculosis H37Rv (34). Only a single nucleotide difference
of cytosine to guanine at position 426, which leads to an amino
acid change at codon 142 from Asn (AAC) to Lys (AAG), was
detected in 87 isolates, all of which were identified as being in the
Beijing lineage by spoligotyping and, supportively, by RD207 PCR
(22) (data not shown). One Bangladeshi isolate showed a mixed
peak of C and G at position 426 and was revealed as a mixed
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culture of Beijing and another strain by RD105 and RD207 detec-
tion PCR (Table 2). None of the non-Beijing isolates had the
mutation, and vice versa. In public databases, 14 strains re-
ported from several countries were revealed to have this muta-
tion, and all were confirmed as being in the Beijing lineage by
checking for the RD207 deletion in silico (18). None of the
other 66 MTC strains, which were determined to be non-Bei-
jing, had this mutation. The 498-bp Rv0679¢ sequence was well
conserved among the MTC strains, and the following three
strains in the database showed alterations: M. tuberculosis
strains Cand T17 and Mycobacterium canettii CIPT 140010059.
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TABLE 2 Rv0679¢ multiplex PCR results compared with other typing results in 619 M. tuberculosis clinical isolates

RD207, RD105, or other Sequence Rv0679c M-PCR No. of
Isolate origin Spoligotype family” typing methods® type* type? isolates
Beijing or Beijing-like 393
Japan Beijing ND 26 Beijing 10
Beijing ND 3 Beijing 24
Beijing ND STK Beijing 13
Beijing-like RD207* STK Beijing 1
Beijing ND 25 Beijing 3
Beijing ND 19 Beijing 9
Beijing ND 10 Beijing 12
Beijing ND 22 Beijing 4
Beijing ND ND Beijing 23
Bangladesh Beijing ND 26 Beijing 3
Beijing ND 10 Beijing 12
Beijing ND 22 Beijing 2
Beijing ND 8 Beijing 1
Beijing ND ND Beijing 29
Beijing-like RD105*, RD207" ND Beijing 1
Nepal Beijing ND ND Beijing 64
Myanmar Beijing ND ND Beijing 141
Beijing-like RD105%, RD207" ND Beijing 1
China (Heilongjiang) Beijing ND ND Beijing 40
Non-Beijing or undesignated/new" 216
Japan Undesfnated/new‘ RD105", RD207~ ND Non-Beijing 29
Other: ND ND Non-Beijing 16
Bangladesh —f ND ND Non-Beijing 73
Nepal — ND ND Non-Beijing 45
Myanmar — ND ND Non-Beijing 51
China (Heilongjiang) Undesignated/new ND ND Non-Beijing 2
Mixed clone samples ) 6
Bangladesh Undesignated/new Mixed peak in sequence’ ND Beijing 1
RD105%, RD207*
Myanmar Undesignated/new RD105", RD207* ND Beijing 2
EAI2_NTB RD105™ ND Beijing 1
EAI5 RDI105™* ND Beijing 1
China (Heilongjiang) Undesignated/new RD105* ND Beijing 1
New spoligotype lacking spacers 1-34* 4
Japan New RD105", RD207"* ND Beijing 1
Nepal New RD1057, ThD1*¢ ND Non-Beijing 1
Myanmar ) New RD105*, RD207* ND Beijing 1
China (Heilongjiang) New RD105*, RD207* ND Beijing 1

“ Spoligotype labeling is according to SpolDB4 (3).

¥ A positive superscript indicates that a deletion was detected; a minus superscript indicates that the RD was not deleted or the region was intact. ND, not determined.
< Sequence type is according to reference 26.

4 M-PCR, multiplex PCR.

© East Asian lineage.

/Including the clades LAM1, LAMY, T1, 2, T3, T3-Osaka, and new (other than the east Asian lincage).

¢ Including the clades EAl1_SOM, EAI2-MANILA, EAI3_IND, EAIS, EAl6_BGD1, EAI7_BGD2, EAI unidentified, CAS, CAS1-DHLHI, CAS2, LAMSY, T1, T4, H1, H3, X1, X2, and
undesignated/new.

h Including the clades EAI3_IND, EAIS, CAS, CAS1-DHLHI, LAMI1, LAMS5, T1, T2, T3, H3, S, and undesignated/new.

" Including the clades EAI2_MANILA, EAI2_NTB, EAIS, EAl6_BGD1, EA17_BGD2, CAS1-DHLHI, LAM9, T1, T3, X2, S, and undesignated/new.

7 Overlapped peak of C and G was observed at nucleic acid position 426.

k Details are described in Table 3.
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FIG 1 PCR primers and products of Rv0679¢c-targeting multiplex PCR for
Beijing lineage discrimination. (A) In the Beijing sample, the 163-bp product is
amplified more dominantly than is the 261-bp product. (B) In the non-Beijing
sample, 163-bp product is not amplified because of the mismatch of the 3’ end
of R1. Fw, forward primer; R1, reverse primer 1 (Beijing lineage specific); R2,
reverse primer 2. Two-base noncomplement nucleotides at the 5" end are
shown by black squares.

In strain C, the C185T SNP was observed, and in T17, a cyto-
sine was inserted at position 92. In M. canettii CIPT 140010059,
two SNPs and a codon insertion, ACC at position 154, were
observed.

Beijing lineage identification by multiplex PCR. Multiplex
PCR was developed targeting the Beijing-specific SNP on Rv0679c,
employing a primer with the mutated nucleic acid at the 3 end of
the sequence (primer R1; Fig. 1 and Table 1); the optimal reaction
conditions were determined as described in Materials and Meth-
ods. With this system, a bright band of 163 bp was observed as an
amplified product of the primers Fw and R1 in the Beijing geno-
type samples (Fig. 1A and 2). An additional band of 261 bp, which
is the product of primers Fw and R2, can be seen depending on the
conditions, although it is always significantly thinner than the
163-bp band because of the low R2-primer concentration (see
Materials and Methods). In contrast, only the 261-bp band is ob-
served in a non-Beijing genotype sample (Fig. 1B and 2). Since the
sequences of the primers are specific to the MTC, no amplification
occurs in the absence of MTC genomic DNA (Fig. 2, data for M.
avium and M. kansasii). A total of 619 clinical isolates obtained in
the five Asian countries of Japan, Bangladesh, Nepal, Myanmar,
and China were subjected to this Beijing lineage-identifying mul-
tiplex PCR, and the results were compared with their spoligotypes.
All the isolates determined as having a Beijing or Beijing-like ge-
notype by the SpolDB4 (n = 393) were determined to be in the
Beijing lineage by the multiplex PCR (Table 2). On the other hand,
no samples that included only non-Beijing genotype DNA (n =
216) were identified as being in the Beijing lineage. Twenty-nine
non-Beijing east Asian lineage strains, which were suggested by a
characteristic spoligotype having spacer 34 and were defined by
RD105 detection, were determined to be non-Beijing by the mul-
tiplex PCR. Six isolates that showed a discrepancy between their
spoligotype and the multiplex PCR result were further determined
by RD207 or RD105 detection PCR and were revealed to be a
mixture of Beijing and other subtype strains (mixed clone sam-
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M. tuberculosis Beijing Family ldentification PCR

261 bp

163 bp

FIG 2 Electrophoresis results of the multiplex PCR products. Lane M, 50-bp
ladder DNA size marker; lane 1, M. bovis BCG Tokyo 172 (non-Beijing lineage
control) strain; lane 2, M. tuberculosis OM-9 strain (Beijing lineage control);
lane 3, M. tuberculosis H37Rv; lane 4, M. africanum ATCC 25420; lanes 5-8, M.
tuberculosis clinical isolates (lane 5, non-Beijing east Asian; lane 6, EAl; lane 7,
LAMSY; lane 8, Beijing); lane 9, M. avium strain JATAS1-1; lane 10, M. kansasii
JATA21-1; lane NC, negative control.

ples, Table 2). Four samples from different countries had confus-
ing spoligotypes that lacked spacers 1 to 34 and additionally lacked
some of the spacers from 35 to 43. These samples could also be
identified correctly (Tables 2 and 3). The minimum detection lim-
its were 100 and 1,000 cells per reaction in the Beijing genotype
and BCG strains, respectively (data not shown).

DISCUSSION

In this study, we demonstrated that the SNP of C to G at position
426 in the Rv0679c gene is specific to the Beijing genotype strains.
We developed a new multiplex PCR using this SNP to identify
Beijing lineage isolates. This PCR assay successfully distinguished
Beijing genotype strains from others, including the non-Beijing
east Asian strains, with 100% accuracy. The Beijing lineage geno-
type is usually identified by spoligotyping, specific patterns of
IS6110 RFLP, or the detection of RD207, which is led by an inser-
tion of IS6110 in the DR region. However, spoligotyping is well
known to show gene conversions, and strains having no genetic
relationship sometimes show the same spoligotype (3, 26). Fenner
et al. (35) reported pseudo-Beijing strains that had a typical Bei-
jing spoligotype even though they actually belonged to the CAS
family. This type of confusion seems to occur especially in areas
that have a higher prevalence of principal genetic group 1 (PGG1)
lineages, including the EAI, CAS, and east Asian lineages, since
PGGI strains usually possess spacers 35 and 36, which are lacking
in PGG2 and PGG3 strains (3, 36). In other areas, mixed infections
of more than two strains sometimes disrupt correct spoligotyping
by showing mixed spacer patterns. The Manul-SIT100 and Ma-
nu2-SIT54 types, which lack the spacers 34 or 33 and 34, respec-
tively, are known to be producible by the mixture of Beijing family
and T1 strains (3, 37). In this study, we found that some samples
showed discrepant results between Rv0679¢ multiplex PCR and
spoligotyping that determined a strain to be of the Beijing geno-
type by multiplex PCR, despite having another spoligotype. Using
RD105 and RD207 detection methods, all of these samples were
confirmed to be a mixture of Beijing and another strain. This type
of mixed culture is sometimes observed in countries with a higher
TB burden, where a coinfection of more than two strains is not
rare (22). Some of the spoligopatterns of those samples showed
faint positive spacers, suggesting the mixed presence of other
strains. Even clear and correct spoligotypes can sometimes lead to
misjudgments. In the current study, some samples showed only
one to several spacers to be positive in the Beijing spacer area,
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TABLE 3 Typing result comparison in clinical isolates having confusing spoligotype patterns

Detection type Final
Sample Spoligotype Rv0679c RD207 RD207 typing
(identification) ~ Spoligotype pattern family” M-PCR type set1” set2® RDI05 TbDI result
Japan (0-05-44)  0OOOOOOOOOCOOOCDOCCOOO0000000C000000000000M  New Beijing - +¢ + - Beijing
Nepal (no. 51) OO0OO0OONO000O000000D0000C0O0NN0000ODONRO000 . New Non-Beijing — - - + Ancestral?
Myanmar (no. 95) 000DO0OCO0O000CO0CO00N000D00000000000O0MEME  New Beijing + + + ND  Beijing
China (2460) 0000000000 000NNO0000NN00000C00000CMMOO00000 - New® Beijing + + + ND  Beijing

“These patterns were not found in the SpolDB4 list.

& PCR sets 1 and 2 in reference 22.

< A faint correctly sized band and an additional band of a different size were observed.
4 Ancestral type of M. tuberculosis strain possessing TbD1 region (25).

¢ The spoligotype pattern of this sample has been reported in reference 13.

namely, from spacers 35 to 43. Most were identified as being of the
Beijing genotype by multiplex PCR, while one was judged to be a
non-Beijing strain. All Beijing genotype-positive results were con-
firmed by RD105 and RD207 PCRs, and the non-Beijing isolate
was revealed as an “ancestral type,” which involves EAI but not the
Beijing lineage, by TbD1 detection (Table 3) (25). These examples
support the high specificity and applicability of this SNP-targeting
PCR. The disadvantages of 1S6110 RFLP and RD207 detection
have already been described above. RD207-detection PCR did not
work as expected in the sample that lost spacers 1 to 42 (Japan
0-05-44; Table 3), suggesting that some additional reconstruction
had occurred at the IS6110 insertion site of the DR region. SNPs in
MTC genomes can provide robust lineage information, whereas
repetitive elements, such as direct repeats in the DR region, the
mycobacterial interspersed repetitive unit (MIRU) tandem re-
peats (38), or IS6110, are prone to alteration. One hundred per-
cent concordance of the PCR results with the genetically con-
firmed Beijing type is not surprising because of the rigidity of the
SNPs in the MTC (25, 26). Of the 393 Beijing family isolates, 94
were subtyped by MLST and consisted of 8 STs covering a wide
range of the Beijing family, from ancient to modern types (Table
2). This suggested that a specific mutation in Rv0679¢ seemed to
have occurred in the Beijing lineage at the same time as the RD207
deletion event.

Rv0679¢ is an MTC-specific gene, as shown by Cifuentes et al.
(27), and no significantly similar sequence was detected by an
NCBI BLASTn search in the GenBank database. Thus, this multi-
plex PCR assay can be used for the identification of the MTC, as
well as for the differentiation of Beijing and non-Beijing lineages
(Fig. 2). The Beijing mutation detection primer (R1; Fig. 1 and
Table 1) was designed to have two additional noncomplement
bases at the 5' end to block the second amplification by the PCR
product that produces the 261-bp fragment with an outer R2
primer. Additionally, the higher concentration and melting tem-
perature of the R1 primer compared to those of the outer R2
primer increase the Fw-R1 product more than the Fw-R2 product.
With these techniques, the Beijing band (163 bp) can be shown to
be significantly brighter than the non-Beijing band (261 bp) when
the sample is derived from Beijing lineage M. tuberculosis strains
(Fig. 2). The relatively higher annealing temperature of 66°C gave
good contrast of those two bands and prevented nonspecific am-
plifications. Modified Tagq or other polymerases that have 3'-to-5’
exonuclease activity should be avoided, since those enzymes can
trim the mutated nucleotide at the R1 primer end. It is recom-
mended to check the PCR conditions using positive controls for
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Beijing and non-Beijing types (i.e., BCG) every time (Fig. 2). The
detection limit of 100 to 1,000 copies per reaction might be rela-
tively high; however, it can be improved by about 10 times by
increasing the PCR cycle number to 40, although the necessity of
identifying the MTC lineage in direct clinical specimens seems to
be low.

In papers featuring SNPs as epidemiological markers, syn-
onymous mutations are usually selected to avoid the effect of
evolutional pressure (26). However, both SNPs for the differ-
entiation of PGG1, PGG2, and PGG3 were nonsynonymous
mutations in katG and gyrA (36), and so far, they have provided
robust differentiation results. In the MTC, nonsynonymous
mutations on functional genes can be observed in a relatively
higher frequency than in other bacteria because of extremely
reduced purifying selection pressure (39). Thus, nonsynony-
mous mutations can be preserved unless they are significantly
disadvantageous. Indeed, 100% of the Beijing family strains in
the current study could be identified with this nonsynonymous
mutation, suggesting that it at least has no adverse effect on
those strains. The function of the Rv0679c¢ protein is still un-
clear, although its expression on the cell surface has been con-
firmed (27, 28). Cifuentes et al. (27) reported that the surface-
localized Rv0679¢ protein contributed to the M. tuberculosis
invasion of host cells and proposed the protein as a vaccine
candidate. The substituted amino acid at position 142 was lo-
cated in the C-terminus region of the protein, which was in-
cluded in the “high-activity binding peptide” to target cells
(27). Thus, this highly conserved nonsynonymous SNP, which
results in an amino acid substitution with different character-
istics (Asn —> Lys), might have some biological meaning in
explaining Beijing lineage pathogenicity. Since BCG vaccine
strains, as well as other non-Beijing strains, have Rv0679c¢-
Asn142, this substitution might affect the antigenicity of the
Beijing bacterial surface and might contribute to the possible
evasion of BCG-derived immunity. Further investigation of the
association of the Rv0679c Asn142Lys substitution with Beijing
strain outer membrane characteristics and antigenicity is on-
going.

In conclusion, a simple, robust, and low-cost multiplex PCR
assay for the detection of Beijing lineage M. tuberculosis strains was
successfully developed using a Beijing-specific SNP on Rv0679c.
This PCR assay can be used in local laboratories to monitor the
prevalence of the Beijing genotype, and this is strongly recom-
mended to control this possibly highly pathogenic and drug resis-
tance-prone sublineage.
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