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investigated the numbers of intracellular Mtb, since Mtb was
reported previously to grow rapidly inside macrophages (van
der Wel et al, 2007). The numbers of intracellular Mtb
increased after a five day culture of the osteoclasts. Notably,
Mtb grew better in multinuclear osteoclasts than in
mononuclear cells; there were four times as many intracel-
fular Mtb in the mOCs than in pMCs on day 5 of culture
(Fig. 1b). These results suggest that living Mtb has a greater
ability to expand intracellularly following the infection of
multinuclear osteoclasts than mononuclear osteoclast
precursors.

We next evaluated the intracellular localization of the living
Mib in multinuclear osteoclasts using electron microscopic
analysis, because the intracellular localization of Mib inside
the macrophage has been a matter of debate in recent years
(Welin & Lerm, 2012). Mib has the ability to grow in
macrophages by arresting the normal process of phago-
some maturation. As part of their strategy for intracellular
survival, mycobacteria prevent the maturation of the phago-
somes, in which they reside inside macrophages. Notably,
we observed no significant phagosome membrane around
the intracellular Mtb in our study (Fig. 1c and d). These data
demonstrated that Mib escapes from osteoclastic phago-
somes, whereas the bacteria were arrested in phagosomes
of macrophages. Escape from phagosomes could drive the
more rapid expansion of Mtb in osteoclasts. During our
electron microscopic analysis, we did not observed any
significant phagosome membrane formation around intra-
cellular Mitb (Fig. 1d). It is well known that Mitb survives
inside macrophage phagosomes, whose normal maturation
process is arrested by the bacteria (Fratti et al., 2001; Pethe
et al, 2004). Thus, Mib interrupts the acidification of
endosomes, followed by the fusion of acidic endosomes
and lysosomes. As a result, the immature endosomes
maintain a high pH (> 6.4) (Pethe et al., 2004), which leads
to a failure of the cells to supply hydrolytic enzymes and
antimicrobial peptides (Rohde et al., 2007a, b). Our previ-
ous report also provided support for the hypothesis that Mib
resides inside endosomes to form multilocal necrotic lesions
in the lung, liver, and spleen tissues (Yamada et al., 2002),
and that phagolysosomal fusion incorporating many tubercle
bacilli is prominent (Yamada et al., 2001). In contrast, our
current results demonstrated that there are Mib-containing
phagosomes/endosomes inside the multinuclear osteo-
clasts (see Fig. 1d). The fact that Mtb escapes from the
endosome/phagosome might be due to the endosomal
acidification; osteoclasts expressed higher amounts of
acid-producing vacuolar type H*-ATPase (V-ATPase) for
osteolysis. Similar bacterial evacuation from the endosomes
is observed for other mycobacteria species. An acid-fast
bacillus, Mycobacterium marinum, which causes a systemic
tuberculosis-like disease in its natural hosts, such as fish
and frogs, was reported to escape from phagosomes
(Stamm et al., 2003). In addition, intracellular pathogens,
including Listeria monocytogenes, Shigella flexneri, and
Rickettsia rickettsii (Goldberg, 2001) also share the ability to
enter the host cell cytoplasm, induce actin polymerization,
and use actin-based motility to spread between host cells
during intracellular infection.
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Living Mib have the ability to facilitate osteolytic
response by multinuclear osteoclasts rather than
proinflammatory responses

We investigated whether proinflammatory responses
were induced by intracellular Mib-infected mutltinuclear
osteoclasts. To assess the productivity of proinflammatory
cytokines during osteoclastogenesis in response to living
Mib, the production of proinflammatory cytokines (TNF-o
and IL-1B) and proinflammatory chemokines (MCP-1/CCL2
and MIP-1¢/CCL3) in response to intraceliular Mib infection
by mOCs were measured (Fig. 2a and b). We found that
Mtb-infected mOCs lost the ability to produce proinflam-
matory cytokines (TNF-o and IL-18) and proinflammatory
chemokines (MCP-1/CCL2 and MIP-10/CCL3), whereas
Mtb-infected pMCs retained the ability to produce these
proinflammatory factors. Surprisingly, the production level
of another proinflammatory cytokine IL-6 decreased by half,
suggesting that the basal level of IL-6 production of pMCs
was dampened by the early phase of Mib infection.
Notably, we detected no IFN-y production during osteocl-
astogenesis (data not shown), although IFN-y is involved in
Thy-mediated immune response and is followed by the
formation of granulomatous caseous necrosis observed
around destroyed bone tissue (Schiuger & Rom, 1998).
The data demonstrate that the production patterns of
proinflammatory cytokines in inflammatory sites with bone
destruction in tuberculosis lesions might be different from
those of other inflammatory conditions, such as rheumatoid
arthritis.

In addition, the enzymatic activity of tartrate-resistant acid
phosphatase (TRAP), which is the principal osteolytic
enzyme secreted in the culture supernatant, was measured
(Fig. 2c). In pMCs, elevated TRAP activity was observed in
unstimulated pMCs, although Mitb-infected pMCs showed
decreased TRAP production. This was in contrast to several
previous reports suggesting that TNF-o is an enhancer of
inflammatory osteolysis in bone destructive lesions (Abu-
Amer et al., 1997; Lam et al., 2002). As reported previously,
bacterial products, LPS (a ligand for TLR4) and PamzCSK,
(a TLR2 ligand), has the ability to promote TRAP secretion
by pMCs (Fig. 2d), indicating that osteoclastogenesis is
accelerated not only by TNF-o but also by TLR-ligands.
However, intracellular Mib infection in mOCs sustained,
whereas TLR-ligands obstructed, the TRAP secretion (Fig. 2¢
and -d). These findings are in agreement with previous
reports that the ligands for TLR4 inhibit osteoclast differen-
tiation (ltoh et al., 2003; Chang et al., 2007).

In contrast to TRAP activity, the transcriptional level of
another osteolytic enzyme, cathepsin K, was enhanced by
pMCs in response to Mib (Fig. 2e). Thus, intracellular
infection of Mib resulted in a different osteolytic response
than typical microbial responses via TLR-mediated signals.
We confirmed that the expression levels of TLR2 and
TLR4 were not significantly changed during osteoclasto-
genesis (data not shown). Inflammatory activation signals
in response to intracellular Mtb, which seems to be
independent of the TLR-mediated pathways, could inter-
rupt the osteoclast development.
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Fig. 2 The production of pro-inflammatory cytokines, chemokines and an osteoclast-specific enzyme by pre-osteoclasts and multinuclear osteoclasts
after Mtb infection. (a,b) The production of (a) the proinflammatory cytokines TNF-g, IL-18 and IL-6, and (b) the proinflammatory chemokines MCP-1/
CCL2 and MIP-15/CCL3 for 24 h after Mtb infection, were measured by an ELISA. The data show the means £ SD (n = 8). (c,d) The levels of Trap5b
in pMCs and mOCs stimulated with Mtb (10° CFU mL™"), LPS (10 ng mL™") and PamsCSK, (100 ng mL™") were measured by an ELISA. The data
show the means + SD (n = 6). (e) The relative expression levels of an osteolytic enzyme, cthepsin K (CTSK), produced by pMCs and mOCs,
stimulated with Mtb, were measured by real-time Q-PCR. The data show the means + SD (n = 4). (f,g) In (f) the area and the numbers of osteoclasts
after Mtb (10% CFU mL™"), LPS (10 ng mL™"), and PamzCSK, (100 ng mL™") stimulation were visualized by immunohistochemical staining using an
anti-cathepsin K antibody conjugated with Alexa594 (red). F-actin and nuclei were counterstained by phalloidin—AlexaFluor 488 (green) and
hoechstB33258 (blue), respectively. Magnification x400. (g) Histograms of the area distribution of multinuclear osteoclasts delimited with phalloidin and
of the number of multinuclear osteoclasts in (f). The data are presented as the means + SD (n = 3). (h) The relative expression levels of the RANKL
receptor (RANK) and M-CSF receptor (CSF1R) by pMCs and mOCs stimulated with Mtb were measured by real-time Q-PCR. The data show the
means =+ SD (n = 4).

We next investigated whether Mib infection exerts a osteoclast numbers were decreased by Mib stimulation
facilitatory effect on osteoclast formation, because bacterial (Fig. 2g), indicating that intracellular Mib infection facilitates
products are reported to utilize two different pathways via osteoclast formation but abrogates typical osteoclastic
TLR4 in both survival and cytokine production of osteoclasts activation. Therefore, intracellular Mib infection induces
(ltoh et al., 2003). Compared with mOCs, Mib infection irregular osteoclastogenesis by shifting the properties of
by pMCs did not facilitate the formation of multinuclear osteoclasts from osteolytic to inflammation.
osteoclasts (Fig. 2f and ¢). Stimulation of pMCs by We then investigated whether the changes in the prop-
PamzCSK, also resulted in formation of large numbers of erties of Mib-infected osteoclasts were due to the dysfunc-
large multinuclear osteoclasts. In contrast, in response to tion of the RANK-RANKL axis, which is the principal
LPS, pMCs increased the number of osteoclasts with osteoclastic regulator. Mib-infected pMCs exhibited
diminished osteoclast area. The result indicates that LPS decreased expression levels of RANK and c-fms, which
facilitates the osteoclast formation but not osteoclastic encodes CSF-1R, the receptor for M-CSF (Fig. 2h). These
activation directly via TLR4. Notably, we found that the data indicated that Mtb-infected pMCs lost their ability to
osteoclast area increased in response to Mib, although the differentiate into osteoclasts in response to osteoclastogenic
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growth factors M-CSF and RANKL as a result of downre-
gulation of their receptors on osteoclasts. Consequently,
Mib infection by pMCs leads to dysfunction in the physio-
logical osteoclastogenesis process and facilitates the
inflammatory osteoclastic activation. However, it is still
unknown why the development of osteoclasts from the
precursor cells was inhibited by intracellular Mtb infection
but not by the TLR-ligands. Various reports have suggested
that there are differences in the biological responses
induced by TLRs and RANK, although both TLRs and
RANK share a common downstream signaling molecule,
TRAF-6 (Mansell et al., 2004; Takeda & Akira, 2005). One
possible reason for this is that the early secreted antigen,
ESAT-6, facilitates the recognition of Mtb in cooperation with
TLR2 in macrophages (Pathak et al., 2007).

Specific expression profiles of chemokine ligands and
their counterpart receptors are induced by Mib-infected
osteoclasts

Several reports suggested the participation of chemokines
during physiological osteoclastogenesis (Oba et al., 2005;

Osteoclast dysregulation by M. tuberculosis infection

Menu et al., 2006; Hoshino et al., 2009, 2010), which is
induced by the combination of M-CSF and RANKL. The fact
that intracellular Mtb infection disturbs the physiological
osteoclastogenesis prompted us to investigate whether
intracellular Mitb infection could disrupt the chemokine
profiles. Therefore, we compared the chemokine expression
profiles in response to intraceliular Mitb infection. We noted
that various chemokine ligands are selectively produced by
osteoclasts at mRNA transcription level (Supporting Infor-
mation, Fig. S1). Among these ligands, CCL5 (also called
RANTES) was highly upregulated during osteoclastogene-
sis (Fig. 3a), consistent with the chemokine expression
profile in murine osteoclastogenesis (Hoshino et al., 2010).
In addition, pMC expressed small amounts of chemokines,
namely, CCL17, CCL20, CCL22, CCL24, and CCL25
(Fig. 3a). However, mature mOCs failed to produce these
proinflammatory chemokines in response to Mib infection.
To confirm that the immune response to virulent Mtb
strains is different from the response to non-virulent strains,
we measured the transcription of the chemokines by pMCs
and mOCs in response to an avirulent Mib strain (H37Ra)
and a BCG-Tokyo strain. Both the avirulent H37Ra strain
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and the BCG strain had a decreased ability to induce the
production of the chemokine ligands by osteoclasts
(Fig. 3a).

We next investigated the expression profile of C-C
chemokine receptors during human osteoclastogenesis. In
previous murine experiments we reported that the selective
upregulation of two chemokine receptors, CCR1 and CCR5,
which are required for osteolytic enzyme production (Hoshino
et al., 2009), occurred with the downregulation of other
chemokine receptors during murine osteoclastogenesis
{Hoshino et al., 2009, 2010). Among the chemokine recep-
tors evaluated, CCR1 and CCR5 were both upregulated
during human osteoclastogenesis (Fig. 3b). Besides the
virulent Mtb strain, H37Rv infection also upregulated the
expression of CCR1, CCR7, and CCRY, whereas there was
diminished expression of CCR2, CCR3, CCR6, and CX3CR1
(Fig. 3b, Fig. 82). The avirulent Mib strain (H37Ra) had
sustained expression of CCR1 during osteoclastogenesis,
whereas the expression of other chemokine receptors
decreased. The osteolytic enzyme cathepsin K (CTSK)} is
also expressed only following infection with the virulent Mtb
strain (Fig. 3c). An enzyme matrix metalloproteinase-9
(MMP9), which was secreted mainly by epithelial cells
surrounding the growing granuloma and promoted the
recruitment of new macrophages to the granuloma (Volkman
et al., 2010), was also expressed with the virulent Mib
stimulation. As CCR1 is the most abundant chemokine
receptor during osteoclastogenesis, we next investigated the
expression of CCR1 and CCRS5 in multinuclear cells in a
granuloma from a tissue section of the Mib-infected patient
(Fig. 4), and the results suggested that the expression of
chemokine receptors plays a role during multinuclear cell
formation in the pathological condition. Therefore, intracellu-
lar Mtb infection induces the evacuation of Mib into the
cytosol, which leads to irregular osteoclastogenesis as a
result of the dysregulation of chemokines, chemokine
receptors, and osteoclastic molecules, and finally resuits in
a shift in the properties of osteoclasts from osteolytic to
inflammatory.

H&E CCR1
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Infection of osteoclasts with Mib produces specific
chemokines

To further investigate whether these chemokine responses
are specific for Mtb infection, we measured and compared
the production of these chemokines after Mtb infection, and
LPS stimulation by pMCs and mOCs (Fig. 5). As previously
mentioned, inflammatory chemokines CCL2/MCP-1 and
CCL3/MiP-1a. are produced in limited numbers by Mib-
infected pMCs (see Fig. 1b). Instead, abundant production
of several chemokines by mOCs was observed: (1) a
common proinflammatory response to both LPS and
intracellular Mib infection, (2) a Mpycobacteria-specific
chemokine response, and (3) an intracellular virulent Mib
infection -specific chemokine response. The first group of
chemokines, CCL5, CCL24, and CCL17, are commonly
produced in response to both LPS and intracellular Mib
stimulation (Fig. 5a-c), suggesting that the activation of the
CCR5-CCL5, CCR4-CCL17, and CCR3-CCL24 axes is a
common infectious response of multinuclear osteoclasts.
Notably, the CCL17 production was limited to mOCs
(Fig. 5¢), implying that the activation of the CCR4-CCL17
axis reflects abnormal osteoclast activation. The second
group of chemokines, including CCL22, was enhanced by
virulent Mtb H37Rv infection, as well as avirulent H37Ra
infection (Fig. 5d). CCL22 was physiologically produced by
unstimulated mOCs, and its production was pathologically
enhanced by pMCs in response to both LPS and Mib
stimulation, indicating that the aberrant production of CCL22
by pMCs might be a facilitator for the abnormal osteoclastic
activation. Interestingly, the production of the third group of
chemokines, CCL20 and CCL25, which was enhanced by
virulent Mtb infection, was observed only by mQOCs (Figs. 5e
and f). The data suggested that CCL20 and CCL25 might
play pivotal roles in the osteolytic response of virulent
Mib-infected bone tissue. These findings suggest that the
pivotal role of chemokines in pathological osteoclastogen-
esis was via the combined production of osteoclast-specific
chemokines, such as CCL17, and Mib-specific chemokines,

CCR5

Fig. 4 Expression of chemokine receptors CCR1 and CCR5 in Mitb-infected multinuclear granuloma in a tuberculosis patient. (Center panel)
Immunohistochemical staining of chemokine receptor CCR1 visualized by an anti-human CCR1 antibody and followed by DAB chromogen. Nuclei
were counterstained using hematoxylin. Magnification x400. (Right panel) Immunohistochemical staining of chemokine receptor CCRS5 visualized by
an anti-human CCRS5 antibody conjugated with phycoerythrin (red). Nuclei were counterstained by Cyto13® green fluorescent dye in green.
Magnification x400. (Left panel) H&E stain of counterpart section. Scale bar: 100 pm. ‘
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Fig. 5 The production of several chemokines by multinuclear osteoclasts stimulated with Mtb. The production of chemokines CCL5 (a), CCL24 (b),
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including CCL20, CCL22, and CCL25, in response to
evacuated Mib in the cytosol.

The findings of the present study demonstrate that the
intracellular “infection of multinuclear osteoclasts by Mtb
failed to induce the secretion of typical proinflammatory
cytokines and proinflammatory chemokines, such as TNF-a,
IL-1B, CCL2/MCP-1 or CCL3/MIP-10, (Fig. 2), but resulted in
the selective expression of osteoclast-specific chemokines
and their receptors (Fig. 3). However, the combination of
chemokine ligands and their receptors do not have a
one-to-one correspondence; the induction ratio of chemoki-
ne receptors after virulent Mib infection revealed that Mib
infection activates a very limited number of chemokine

ligands, namely CCL5, CCL17, CCL19, CCL20, CCL22,
CCL24, and CCL25 (Fig. 3a, Fig. S1), which was followed
by the induction of their corresponding chemokine recep-
tors, such as CCR1, CCR4, CCR5, CCR7, and CCR9 (see
Fig. 3b). Thus, these chemokine axes could be an important
chemokine-mediated response induced by intracellular Mtb
infection. Among them, the chemokine axes of CCR1/
CCR5-CCL5, CCR4-CCL17/CCL22, and CCR9-CCL25
could play roles in the chemokine-mediated response to
intracellular Mib infection. In support of this, both CCR1 and
CCR5 were highly expressed in multinuclear granuloma
cells by a Mib-infected patient (Fig. 4). In addition, several
clinical papers indicated the involvement of the chemokine
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system in intracellular Mib infection; CCRY7 is related to the
progression of several inflammatory bone diseases, such as
rheumatoid arthritis (Bugatti et al., 2005; Pickens et al.,
2011) and a murine model of tuberculosis (Kahnert et al.,
2007; Khader et al., 2009). The involvement of the CCR9-
CCL25 axis in rheumatoid arthritis was also reported
(Endres et al., 2010; Schmutz et al., 2010). CCL22 and its
receptor, CCR4, are highly expressed in the lungs, espe-
cially in tuberculous lungs (Volpe et al, 2006; Okamoto
et al., 2007; Wu et al., 2010), and it has also been reported
to be produced by human osteoclasts in response to foreign
substances, such as titanium particles (Cadosch et al.,
2010). These data provide new aspects of how CCR4
switches its ligands, CCL17 and CCL22. The mechanism
leading to the switch in the specific chemokine axes could
play a pivotal role during pathological osteoclastogenesis
via virulent Mtb infection. Further investigations will be
needed to clarify the osteolytic mechanism of skeletal
tuberculosis.

In conclusion, we have characterized the pathological
activation of osteoclasts in response to intracellular Mtb
infection. Our data indicate that the inflammatory osteocl-
astogenesis by Mib infection is facilitated not only by
proinflammatory chemokines such as TNF-o, and by the
activation of the RANK-RANKL pathways, but also by the
production of specific chemokines in response to intracel-
lular Mtb infection. Notably, we did not detect any TNF-o.
production by Mitb-infected multinuclear osteoclasts (see
Fig. 2a). TNF-a is responsible for granuloma formation and
maintenance, and the deficiency of TNF-o resulted in
hypersusceptibility to tuberculosis (Ramakrishnan, 2012).
Thus, the unresponsiveness of TNF-a might cause the
defective immune response during the early stages of Mtb
infection. Although early infection of macrophages might be
predicted to promote initial host immunity, Mtb impairs
antigen presentation and an effective adaptive immune
response. Furthermore, we found that the intracellular Mib
inside multinuclear osteoclasts escaped from the endo-
some/phagosome, and led to dysregulation of osteoclast
activation. Aberrant production of chemokines is due to the
evacuation of Mib from the endosome/phagosome, which
accomplishes to avoid acidification. Evacuated Mib in
cytosol might lead to dysregulation of cytokines and
chemokines, which promotes atypical osteoclast activation,
and finally causes pathological bone destruction in the bone
tissue. Consequently, our data suggest that the source of
Mib-activated osteoclasts in spinal tuberculosis could be
derived from tissue-resident multinuclear osteoclasts that
were unexpectedly activated in response to Mtb infection.
Our findings provide novel information about an atypical
type of inflammation that is independent of proinflammatory
cytokine production due, in the case of osteoclast activation
to spinal tuberculosis.

The present observations provide further evidence that
the chemokine/chemokine receptor axes in bone metabo-
lism play pathological roles, including the functional differ-
entiation of osteoclasts following intracellular infection. Our
current findings emphasize the relevance of the chemokine
axes as exacerbating factors for bone destruction dis-

A. Hoshino et al.

eases. The dysregulation of cytokines and chemokines
appears to play a pivotal role in the abnormal differentiation
of macrophage-lineage cells via reprogramming of the
inflammatory responses involved in pathological bone
metabolism. Further studies are needed to clarify the
mechanism of destruction following intracellular infections
with pathogens.
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Simple Multiplex PCR Assay for Identification of Beijing Family
Mycobacterium tuberculosis Isolates with a Lineage-Specific Mutation

in Rv0679c
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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 Rv0679¢ 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 IS6110in 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 Rv0679c¢ 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 ml 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 Rv0679¢ gene fragment
was amplified by PCR. The PCR mixture contained GoTaq PCR buffer
(Promega Co., Madison, WI), 0.2 mM each deoxynucleoside triphos-
phate (ANTP), 0.3 uM 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

2026 jom.asm.org

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.ncbinlmnih.gov/GenBank/) or TB
(hitp:/fgenome.tbdb.org/annotation/genome/tbdb/MultiHome.html)  (32)
databases by the BLASTn algorithm (http://blast.ncbinlm.nih.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 uM (each) two or three prim-
ers (Table 1), 0.5 M betaine, 1 pl 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 s, 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 et al. (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 jl, contained 1X
PCR buffer (1.5 mM Mg; TaKaRa Bio, Inc., Shiga, Japan), 0.5 ul ANTP
solution mix (10 mM each dNTP; New England BioLabs, Inc., Ipswich,
MA), 0.5 wl each of Fw and R1 primers, 0.2 pl R2 primer (primer solu-
tions in 10 wM; Table 1), 1.5 ul of 5 M betaine, 0.45 wl 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 10 s,
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/ul 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).
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TABLE 1 Primers used in the study

M. tuberculosis Beijing Family Identification PCR

Target Primer name Nucleotide sequence Purpose Reference
Rv0679c  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)* TCGGTCACCGTTITTGTAGGTGACCGTC = 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 v 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
RD105EA-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) 122
TbDI1 TbDI1F CGTTCAACCCCAAACAGGTA PCR for ancestral M. tuberculosis determination 25
TbDIR AATCGAACTCGTGGAACACC PCR for ancestral M. tuberculosis determination 25
7977367 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
14775964  Beijing ST-3F GTCGACAGCGCCAGAAAATG MLST for Beijing lineage This study
Beijing ST-3R GCTCCTATGCCACCCAGCAC MLST for Beijing lineage This study
16920679 Beijing ST-5F - GATTGGCAACTGGCAACAGG MLST for Beijing lineage This study
Beijing ST-5R TGGCCGTTTCAGATAGCACAC MLST for Beijing lineage This study
18920157 Beijing ST-6F 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
2532614  Beijing ST-SF 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
41378299  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.

® This assay was used for Beijing genotype strains.
¢ This assay was used for non-Beijing genotype strains.

“ 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 Rv0679¢ gene ob-
tained from 197 clinical M. tuberculosis isolates collected in Japan,
Bangladesh, and Nepal were compared with the Rv0679c 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 Rv0679c sequence was well
conserved among the MTC strains, and the following three
strains in the database showed alterations: M. tuberculosis
strains C and T17 and Mycobacterium canettii CIPT 140010059.
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TABLE 2 Rv0679c multiplex PCR results compared with other typing results in 619 M. tuberculosis clinical isolates

- S RD207, RD105, or other Sequence Rv0679cM-PCR  No.of
Isolate origin . Spoligotype family” typing methods” type type* isolates
Beijing or Beijing-like : ) : . 393

Japan - . Beijing . ND 26 Beijing 10
s - Beijing - . ND 3 Beijing 24
Beijing o 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
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 Undesi}gnated/ new’ RD105%, RD207~ ND Non-Beijing 29
Others ND ND Non-Beijing 16
Bangladesh —& ND ND Non-Beijing 73
Nepal —h 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
EAL2_NTB RD105* ND Beijing 1
EAI5 RD105™ 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, TbD1*¥ 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). ;
b 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.

¢ M-PCR, multiplex PCR.

¢ East Asian lineage.

s Including the clades LAM1, LAMY, T1, T2, T3, T3-Osaka, and new (other than the east Asian lineage).

¢ Including the clades EAT1_SOM, EAI2-MANILA, EAI3_IND, EAI5, EAI6_BGD1, EAI7_BGD?2, EAI unidentified, CAS, CAS1-DHLHI, CAS2, LAM9, T1, T4, H1, H3, X1, X2, and
undesignated/new. .

" Including the clades EAI3_IND, EAI5, CAS, CASI-DHLHI, LAMI, LAMS, T1, T2, T3, H3, S, and undesignated/new.

"Including the clades EAI2_MANILA, EAI2_NTB, EAI5, EAI6_BGD1, EAI7_BGD2, CAS1-DHLHI, LAMY, T1, T3, X2, S, and undesignated/new.

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

¥ 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 productis
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 Identification PCR

10 NG

M 1 2 3 4 &8 6 7 8 9

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 lincage
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 JATA51-1; 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 RELP, or the detection of RD207, which is led by an inser-
tion of 156110 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 Rv0679c 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  Rv0679¢ RD207 RD207 typing
(identification) Spoligotype pattern family” M-PCRtype set1® set2® RDI105 TbD1 result
Japan (0-05-44) COOOOCOOOOn0CTNCODOCODOCDNOODOCDOONDOOnOnTrE . New Beijing — +< + - Beijing
Nepal (no. 51) 000000 O New Non-Beijing - - - + Ancestral”
Myanmar (no. 95) COROOCDONOCOROCCECEOOOOONHOCOOOCDODDOEEEE - New Beijing + + + ND  Beijing
China (2460) OO I OO EErCrrong. 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.
 Ancestral type of M. tuberculosis strain possessing ThD1 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 IS6110 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 Rv0679c 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 Tag 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 PGGI, 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 Rv0679¢-
Asnl142, 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 Rv0679¢ 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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ARTICLE INFO ABSTRACT

The PE (Pro-Glu) and PPE (Pro-Pro-Glu) multigene families are unique to mycobacteria, and are highly
expanded in the pathogenic members of this genus. We determined the intra-subspecies genetic variabil-
ity of the MACPPE12 gene, which is a specific PPE gene in Mycobacterium avium subsp. hominissuis (MAH),
using 334 MAH isolates obtained from different isolation sources (222 human isolates, 145 Japanese and
77 Korean; 37 bathroom isolates; and 75 pig isolates). In total, 31 single-nucleotide polymorphisms
(SNPs), which consisted of 16 synonymous SNPs and 15 nonsynonymous SNPs, were determined through
comparison with the MACPPE12 gene sequence of MAH strain 104 as a reference. As the result, the 334
PE/PPE gene family MAH isolates were classified into 19 and 13 different sequevars at the nucleic acid level (NA types) and
Variable numbers of tandem repeats amino acid level (AA types), respectively. Among the 13 AA types, only one type, the AAO2 type, presented
SNPs various NA types (7 different types) with synonymous SNPs, whereas all other AA types had a one-to-one
correspondence with the NA types. This finding suggests that AA02 is a longer discernible lineage than
the other AA types. Therefore, AA02 was classified as an ancestral type of the MACPPE12 gene, whereas
the other AA types were classified as modern types. The ubiquitous presence of AAO2 in all of the isolation
sources and all different sequevars classified by the hsp65 genotype further supports this classification. In
contrast to the ancestral type, the modern types showed remarkable differences in distribution between
human isolates and pig isolates, and between Japanese isolates and Korean isolates. Divergence of the
MACPPE12 gene may thus be a good indicator to characterize MAH strains in certain areas and/or hosts.

© 2013 Elsevier B.V. All rights reserved.
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manifests as a slowly progressive, often debilitating lung disease.
Recently, middle-aged and elderly females without any predispos-
ing conditions have been suggested to bear the brunt of this dis-

1. Introduction

Mycobacterial infections caused by strains of the Mycobacte-

rium avium complex (MAC) are becoming increasingly prevalent
in animals and humans (Faikinham, 2010; Turenne et al., 2006;
Winthrop, 2010). In particular, Mycobacterium avium subsp. homin-
issuis (MAH) is a frequent agent of human and pig mycobacteriosis
(Mijs et al, 2002). Although MAH is typically considered to be an
opportunistic bacterium for immunocompromised persons, it also
frequently occurs in immunocompetent individuals and generally

* Corresponding author. Tel.: +81 78 302 6251; fax: +81 78 302 0894.
E-mail address: somnotada_fwamoto@office ciry kobeldgip (T. Iwamoto).

1567-1348/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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ease (Inagaki et al, 2009). Therefore, it has been speculated that
MAH-associated mycobacteriosis is caused not only by host char-
acteristics but also by bacterial factors (ichikawa et al,, 2009).
The PE (Pro-Glu) and PPE (Pro-Pro-Glu) multigene families are
unique to mycobacteria and are suspected to be involved in immu-
nostimulation and virulence (Gey van Pittius et al, 2006; Macken-
zie et al, 2009, Sampson, 2011). The PE and PPE gene families are
highly expanded in the pathogenic species of this genus (Gey van
Pittius et al, 2006). Recently, Mackenzie et al, 2009 identified 12
PE and 49 PPE orthologs in the major groups of the MAC; Mycobac-
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terium avium subsp. paratuberculosis, M. avium subsp. hominissuis,
Mycobacterium avium subsp. avium, and Mycobacterium intracellu-
lare. A genomic comparison among them identified the subspe-
cies-specific PE/PPE genes and the missing PE/PPE genes from
one subspecies but present in at least two members of the MAC
(Mackenzie et al., 2009). The former are likely to emerge and/or
be acquired after divergence into the certain subspecies, whereas
the latter are likely to correspond to earlier deletions in the certain
subspecies. Two PPE genes, i.e.,, Mav 0790c and Mav 2006, which
are now denoted as MACPPE4 and MACPPE12, respectively, under
the newly proposed uniform PE and PPE locus names for all mem-
bers of the MAC, were specific for MAH strain 104. The correspond-
ing gene products could be used to identify immune responses
against this M. avium subspecies, and misinterpretations caused
by cross-reactivity in current diagnostics for Johne’s disease would
thus be avoided (Mackenzie et al., 2009).

In this study, we first confirmed that MACPPE12 is ubiquitous in
this subspecies, whereas MACPPE4 is not widely distributed in
strains other than MAH strain 104. To determine the intra-subspe-
cies genetic variations of the MACPPE12 gene, we sequenced the
full length of the gene (1341 bp) using 334 isolates that were ob-
tained from different sources, i.e., 222 human isolates (145 Japa-
nese and 77 Korean), 37 bathroom isolates, and 75 pig isolates.
We also determined whether the genetic variation was associated
with the isolation source.

2. Material and methods
2.1. Bacterial isolates

We used crude DNA extracted from 334 isolates for this study.
Of these isolates, 257 overlapped with 258 isolates that were pre-
viously identified as MAH by hsp65 sequencing analyses and used
to analyze genetic diversity (lwamaoto et al, 2012). One isolate
from our previous study bank was excluded because of a lack of
volume. We newly added 77 isolates from 77 human patients that
were obtained from 7 different cities in Korea between 2010 and
2011. They were originally identified as M. avium through sequenc-
ing of the 16S rRNA gene (Devulder et al, 2005) at the Korean Insti-
tute of Tuberculosis. The hsp65 sequencing analyses that were
performed in this study confirmed that all of the isolates belonged
to MAH. To compare the genetic diversity of the 77 MAH isolates
with the previously obtained data for the other 257 isolates, the
same genetic markers used in the previous study (Jwamoto ef al.,
2012), i.e,, the 3’ portion of the hsp65 gene sequence, presence of
ISMav6, and genotypes of the 19-locus variable number of tandem
repeat (VNTR) sequence, were analyzed for the 77 isolates. The
datasets used in this study consisted solely of sequence data and
no personal data were disclosed at any point.

2.2. PCR and sequencing of MACPPE12

The MACPPE12 gene, the locus name of which in MAH strain
104 (accession number in GenBank, NC_008595) is Mav_2006,
was amplified using the primer sets MAV2006F (5-TGC GTG GTA
ACA AAA GCA AC) and MAV2006R (5-CTT GCT GCG TAA TGC
GAT AA). The PCR reaction consisted of 94 °C for 3 min followed
by 30 cycles of 94 °C for 1 min, 55°C for 1min, and 72 °C for
1 min, with a final extension at 72 °C for 7 min. PCR was performed
using Ex Taq Hot Start Version (TaKaRa Bio Inc., Shiga, Japan) with
GC buffer I (TaKaRa Bio Inc., Shiga, Japan), and the PCR products
were subjected to sequence analysis using an AB3500 genetic ana-
lyzer system (Applied Biosystems, Foster City, CA). The same prim-
ers used for PCR were also used for the sequencing of forward and
reverse fragments. In addition, the interim primers MAV2006F634

(AAC GCG CTG CAG AAT CTC) and MAV2006R824 (TCC GTC ATC
TTG TGT TCA GC) were used for the sequencing of forward and re-
verse fragments, respectively. Detailed information regarding
VNTR genotypes, hsp65 code types, presence of ISMav6, and MAC-
PPE12 sequevars of the 334 isolates in this study are summarized
in Supplemental Table 1 (Table §1).

2.3. Phylogenetic analysis

The split-network phylogeny of the complete MACPPE12 gene
sequence (1341 bp) was computed by NeighborNet analysis in
SplitTree Version 4.8 (Huson and Kloepper, 2005). Recombination
events in the MACPPE12 gene within the 334-isolate set were eval-
uated using DnaSP 4.10 (Rozas et al., 2003).

2.4. Nucleotide accession numbers

Sequences of the complete MACPPE12 gene representing each
sequevar recognized in this study (NA types 2 to 19) were depos-
ited in GenBank under accession Nos. AB820302 to AB820319.

3. Results
3.1. Presence of MACPPE4 and MACPPE12 in MAH

In a preliminary study, we first evaluated the ubiquitous pres-
ence of two previously reported MAH-specific MACPPE genes, i.e,,
MACPPE4 and MACPPE12, in MAH by using 16 randomly selected
MAH isolates obtained from humans (n =6), bathroom samples
(n=2), and pigs (n = 8). We attempted to detect the MACPPE4 gene
using two PCR primer sets, one targeting the outside regions of
MACPPE4, which can amplify the whole MACPPE4 gene with its
flanking region, and the other targeting the inside sequences of
MACPPE4, which can amplify partial regions of the gene. These pri-
mer sets produced expected sizes of PCR products from MAH strain
104 but the amplicons were not obtained from 16 other strains
(data not shown). We therefore assumed that the MACPPE4 gene
is not universally present in this subspecies, MAH. On the other
hand, MACPPE12 was detected from all of the 16 isolates using
the primer set targeting the outside regions of the gene, which
can amplify whole MACPPE12 gene with its flanking region. Our
expanding analysis for all of 334 samples could detect MACPPE12
from all of them. Therefore, it is highly likely that MACPPE12 is a
ubiquitous gene in MAH.

3.2. Sequence variation of the MACPPE12 gene

First, we assured our sample set consisted of reasonably high
heterogeneous isolates for the evaluation of the genetic variability
and distribution of the MACPPE12 gene in MAH by 19-locus VNTR
analysis. Actually, we retrieved the data from our previous study
(lwamoto et al., 2012) for 257 isolates and added newly analyzed
data for 77 Korean isolates. The data demonstrated a reasonably
high degree of genetic diversity in this sample set (Table 1 and
Table $1). In brief, 99 genotypes in 145 Japanese isolates, 49 geno-
types in 77 Korean isolates, 27 genotypes in 37 bathroom isolates,
and 38 genotypes in 75 pig isolates.

The sequence analysis of the full length of the MACPPE12 gene
for 334 MAH isolates identified in total 31 SNPs, which formed 19
different MACPPE12 sequevars at the nucleic acid (NA) level (NA
type) through comparison with the MACPPE12 gene sequence of
MAH strain 104 as a reference (Tabie 1). Of the 31 SNP positions,
15 positions were nonsynonymous SNPs (nsSNPs) that caused ami-
no acid substitutions. This relatively high ratio of nsSNPs resulted
in the formation of 13 different sequevars at the amino acid (AA)
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Table 1

SNPs among the M. avium subsp. hominissuis in comparison with prototype strain M. avium subsp. hominissuis strain 104 (MAH strain 104).

Total number of:”

4* 66 88" 272* 468 558 571* 605* 715" 733 744 752" 765 822 829" 831 834 866" 867 868" 870 877" 924 978 1000 1005 1150 1161 1163” 1192* 1330 sSNP nsSNP Isolates

Nucleotide at the base pair position of strain MAH strain 104"

Nucleic
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acid type acid type

(n=334)
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NAO7

AAO02
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AA02
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CAG A
CG A A
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NA09

AA03

NA10

AAO4
AA05

T

NAT1

NA12

AAO6

NA13

AAO07

NA14
NA15

AA08

TAG A

AA09

CGA A
CAG A

NA16
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NA18
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AA12

CGA A
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 Asterisks denote nonsynonymous position. AAOT and NAO1 is the sequevars for MAH strain 104.
® SSNP, synonimous SNP; nsSNP, nonsynonymous SNP; genotypes were defined by 19-VNTR.

level (AA types) (Table 1). Among the 13 AA types, only AAO2
showed variation in the nucleic acid sequence, i.e., it matched se-
ven different NA types (NA02 to 08) that possessed various synon-
ymous SNPs (sSNPs) (Tabie 1). All other AA types were associated
in a one-to-one correspondence with NA types. These results sug-
gest that AAO2 has a longer history than the other AA types in
MAH. We, therefore, classified AAO2 as the ancestral type of MAC-
PPE 12, whereas the other AA types were classified as modern
types. When we used DnaSP, the minimum number of recombina-
tion events for the MACPPE12 gene in the sample set was esti-
mated to be 3. The unrooted phylogeny for the gene sequences
determined by SplitsTree4 demonstrated complex web-like topol-

ogy (Fig. 1).

3.3. Comparison of the divergence of MACPPE12 in different isolation
sources

The ancestral AA type of MACPPE12, AAO2, was observed in all
of the different isolation sources in this study (Table 2). In contrast,
the modern types varied according to the isolation source. AAO1
and AA07-09 were mostly present in pigs; AA03, in Japanese hu-
mans and bathroom samples; and AA13, in Korean humans. The
topological positions of these AA types in the unrooted tree, except
for that of AAO1, were distinct from the position of the ancestral
type (AA02) (Fig. 1).When we compared variation of MACPPE12
AA types with that of the hsp65 gene sequevar, which consists of
only sSNPs in this sample set, the AAO2 type was observed in all
11 hsp65 code types (Tabie 2). This would be natural due to the
ancestral feature of AA0O2. Apart from the ancestral type, most of
the modern types were distributed across more than two hsp65
code types and not in a single lineage. This data strongly suggested
that these two genes diverged independently, not in paralle] to
each other, during the history of MAH. It would be noteworthy that
57 pig isolates with hsp65 code type 1, which was characterized as
predominant code type of pig isolates in our previous study (fwam-
oo et al., 2012), were subclassified into 5 AA types: AAO1 (n = 26),
AAD2 (n=4), AAD7 (n=12), AAO8 (n=11), and AAO09 (n=4) (Ta-
ble 2, and Table S1). .

A further finding in this study is the commonality and differ-
ences between Japanese and Korean human clinical isolates. A high
prevalence of ISMav6, which was reported in the genetic character-
ization of MAH in Japan (ichikawa et al,, 2009), was also observed
in Korean isolates (42/77, 54.5%) as was reported by (Niimi et al,,
2012). The characteristics of Korean isolates was demonstrated
by their high prevalence of hsp65 sequevar code 16 (26/77,
33.8%), which is a rare sequevar in other countries (ichikawa
et al, 2009 iwamoto et al, 2012; Turenve et al, 2006). The major-
ity of Korean isolates were ancestral type (AA02), whereas Japa-
nese isolates predominated both AA02 and AAO03. Moreover,
other modern AA types showed different distributions between
samples from these two countries.

4. Discussion

The precise functions of the PE and PPE families are still un-
known except for a certain small number of members (Karhoul
et al, 2008; Mishra et al, 2008; Sassetti and Rubin, 2003), but
these families are highly suspected to play key roles in the interac-
tion between pathogens and their host (habitat) (Brennan et al.,
2001 Sampson, 2011). A recent comparative study (Mackenzie
et al, 2009) of the whole genomes of different MAC organisms re-
vealed that two PPE paralogs, MACPPE4 and MACPPE12, were spe-
cifically found in MAH strain 104. Therefore, it would be a
reasonable assumption that the two PPE genes reflect bacteriolog-
ical characteristics of MAH in comparison with other MAC species.
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Table 2 -

Characterization of MACPPE12 gene sequevars according to hsp65 gene sequence and source of the 334 isolates.
MAC PPE 12 hsp65 Code Type ) Source
AA type NA type C1 Cc2 3 7 &) C15 C16 C17 N1 N2 N3 Human (Japan) Human (Korea) Bath-room Pig
AAO1 NAO1 26 4 1 - - - - - - - - 3 - - 28
AAO2 NA02-08 9 68 2 4 3 21 32 2 1 3 1 72 57 12 5
AAO3 NAO9 1 21 - - 1 59 2 5 - - - 57 10 22 -
AAO4 NA10 - 3 - - - 3 - 1 - - - 5 - 2 -
AAD5 NAT1 - - - - - 1 - - - - 1 - - -
AAD6 NA12 - - - - - - - 1 - - - 1 - - -
AAO7 NA13 13 5 - - - - - 1 - - - 2 - - 17
AA08 NA14 11 5 - - 1 1 1 - - - - 4 - - 15
AA09 NA15 4 2 - - - - - 1 3 - - - - - 10
AA10 NA16 - 1 - - - 2 - - - - - - 2 1 -
AAl1 NA17 - - - - - - 1 - - - - - 1 - -
AA12 NA18 - - - - - - - - - 1 - - 1 - -
AA13 NA19 - - 6 - - - - - - - - - 6 - -

NA19_AA13
NA14_AA08

NA15_AA09

NA16_AA10

NA0S_AA03

NA12_AAO6 a0 AAO2

NAO3_AA02  NA02_AA02

NAO7_AA02

NA17_AA11
NA10_AA04

NAO5_AA02
T NAO1_AA01

NA11_AA05

Fig. 1. Phylogenetic representation of each AA and NA type determined in this study and generated in SplitsTree4.

In this study, we evaluated the ubiquitous presence of these two
PPE genes in MAH, and their genetic variability and association
with the isolation sources and different genetic markers.

Our preliminary study using 16 MAH isolates suggested that
MACPPE4 is not ubiquitous in MAH, although it is not certain that
if this PPE gene is specific only for MAH strain104 or limited in sub-
groups of MAH. On the other hand, MACPPE12 was present in all of
the 334 MAH isolates. Since our 334 isolates were a set of high het-
erogeneous isolates, the ubiquitous presence of the PPE gene in
this sample set strongly supports the idea that this gene was pres-
ent in the most recent common ancestor of MAH and universally
retained in the subspecies. Because of the absence of the MAC-
PPE12 gene in other members of the MAC and the ubiquitous pres-
ence in MAH isolates, MACPPE12 can be considered as a relatively
new gene but ubiquitous in MAH.

By using the large number of isolates obtained from different
sources, we demonstrated the variability of MACPPE12, which in-

cludes 19 different NA types and 13 AA types (Tabie 1). The web-
like topology of the unrooted phylogeny (¥Fig. 1) and the estimated
minimum number of recombination events suggest that genetic
recombination plays a role in the divergence of this gene, although
its mechanism is unknown. On the basis of the distribution of SNPs,
isolation sources, and hsp65 code types in the different MACPPE12
gene AA types, we classified the PPE gene into two groups; one is
an ancestral type (AA02) and the other is a modern type. MAH is
generally characterized as its ubiquitous host distribution and het-
erogeneous grouping (Turenne et al, 2008, 2047). However, when
we look closely at the correlation between AA types and isolation
sources, the distribution of the modern AA types well reflect their
isolation sources, whereas the ancestral AA type (AA02) was ob-
served in all of the different isolation sources. Thus, it can be
hypothesized that emergence of the modern AA types somehow
reflects an on-going evolution of MAH toward specialization (nar-
rower range for host specificity and higher fitness to its habitat)
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