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Fig. 2. Ribbon model of the active site of MtAPA (A) and the comparison of the loop conformation within it (B).

Notes: Ribbon diagrams were generated by PyMOL (W.L. DeLano, http://www.pymol.org). The atomic coordinates of crystal structures were
downloaded from PDB (www.rcsb.org). It is likely that the phosphate ion-binding site of MtAPA (PDB ID; 3ANO) is the bona fide active site. In
this site, Asn-139, Ser-147, His-153, and His-155 coordinate the phosphate ion, whereas Gly-146 is in close proximity.? (A) The loop in the active
site is shown in green, with the start and end of the loop indicated by arrows. Asn-139, Gly-146, Ser-147, Ala-149, His-153, His-155, and the
phosphate ion are represented by sticks. Carbon, nitrogen, oxygen, and phosphorus atoms are shown in green, blue, red, and orange, respectively.
(B) The ribbon models of the active site of MtAPA, Fhit Human (PDB ID; 6FIT), and GalT_Arath (PDB ID; 1Z84) are shown in green, blue, and
red, respectively. The position of Ala-149 in MtAPA is shown in black. The phosphate ion in the active site of MtAPA is represented by sticks.
The positions of the start and end of the loop in the active site are indicated by arrows.

dinucleotide polyphosphates.’® This has led to the
suggestion that the flexibility of this loop might be
correlated with substrate specificity. Therefore, the
flexibility of this loop could be useful for designing
MtAPA-specific inhibitors, which bind the substrate-
binding site of MtAPA.
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Supplemental Figure 1. Kinetic plots of A149A-MtAPA (A and B) and wild-type MtAPA (C and D). Varying concentrations
of Ap,A (A and C) or Ap;A ( B and D) were added to the reaction mixture. One unit (U) of enzyme activity was defined as the
quantity required for the degradation of 1.0 pmol Ap,A in 1 min at 37°C. [1] Error bars indicate the standard error for three
experiments. Figure 1C is adapted from Ref. [1]
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Nucleotides R, n R,
A Ap;A Adenosine 3 Adenosine
B i Ap,A Adenosine 4  Adenosine
O Ap;A Adenosine 5  Adenosine
I l ApgA Adenosine 6  Adenosine
Rl__ O P O Rz Ap,G Adenosine 4  Guanosine
I ' ApG Adenosine 5  Guanosine
OH n Gp,G Guanosine 4  Guanosine

GpsG Guanosine 5  Guanosine
Ap,U Adenosine 4 Uridine
Ap;U Adenosine 5 Uridine
Ap,dT Adenosine 4  Thymidine
Ap,dT Adenosine 5  Thymidine

Supplemental Figure 2. Structures of the nucleotides listed in Table 1. The basic chemical structure (A) and structural
characteristics of nucleotides (B) are shown. R, and R, represent nucleosides and 'n' represents the number of phosphate groups.
In each nucleotide, two nucleoside moieties are linked via their 5'-ribose positions by a variable number of phosphate groups.
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We have previously shown that the serodiagnosis using major membrane protein-II (MMP-II) is quite
efficient in diagnosing leprosy. However, the detection rate of pauci-bacillary (PB) leprosy patients is still low.
In this study, we examined the usefulness of major membrane protein-I (MMP-I} from Mycobacterium leprae.
The MMP-I-based serodiagnosis did not show significantly high detection rate. However, when the mixture of
MMP-I and MMP-II antigens was used, we detected 94.4% of multi-bacillary leprosy and 39.7% of PB patients.
There were little correlation between the titers of anti-MMP-I antibodies (Abs) and that of anti-MMP-II Abs in
PB patients’ sera. Ten out of 46 MMP-II-negative PB leprosy patients were MMP-I positive, so that the
detection rate of PB leprosy patient increased from 39.7% to 53.8% by taking either test positive strategy. We
concluded that MMP-I can complement the MMP-II-based serodiagnosis of leprosy.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Leprosy is chronic infectious disease caused by an infection with
Mycobacterium leprae (M. leprae), and a significant number of new cases
are still detected in 2011; for instance, 219,075 new cases were reported
(WHO, 2012). Leprosy usually leads to peripheral nerve injury and
systemic deformity (Job, 1989; Stoner, 1979), and the development of
the deformity might be preventable, if the sufficient chemotherapy is
initiated at an early stage of infection. Thus, early detection of leprosy is
quite essential. As leprosy is mainly endemic in developing countries,
easy and inexpensive diagnosis is strongly desired.

The diagnosis of leprosy is conducted based on microscopic
detection of acid-fast bacilli in skin smears or biopsies, along with
clinical and histopathological evaluation of suspected lesions. However,
these methods have low sensitivity because M. leprae bacilli cannot be
detected easily (Shepard and McRae, 1968). Although PCR-based
molecular methods have been developed (Donoghue et al, 2001;
Martinez et al,, 2006; Phetsuksiri et al, 2006), it is not practical to
perform PCR in resource-poor settings area. In this respect, serodiag-
nosis is a reasonable method to diagnose leprosy. Phenolic glycolipid-I
(PGL-I), which is supposed to be M. leprae specific, was discovered in
1981 (Hunter and Brennan, 1981). The PGL-1 is currently accepted as the
standard target antigen (Ag) for serodiagnosis of leprosy (Meeker et al.,
1986; Schuring et al., 2006; Sekar et al., 1993). However, the method
using PGL-I may be useful for the detection of multi-bacillary (MB)
leprosy but is not sensitive enough for the detection of pauci-bacillary
(PB) leprosy at least in some countries (Kai et al., 2008; Soebono and
Klatser, 1991). In the previous study, we have focused on major

* Corresponding author. Tel.: +81-42-391-8211; fax: +81-42-391-8807.
E-mail address: ytsuka@nih.go.jp (Y. Tsukamoto).

http://dx.doi.org/10.1016/j.diagmicrobio.2014.06.004
0732-8893/© 2014 Elsevier Inc. All rights reserved.

membrane protein-Il (MMP-II) from M. leprae (Maeda et al., 2007; Kai et
al., 2008). MMP-11 is one of the major proteins in the membrane fraction
of M. leprae, and it induces immune response of host cells during
infection (Maedaet al., 2005; Makino et al., 2005). We applied MMP-I] as
a serodiagnostic tool and found that the MMP-II-based serodiagnosis
can increase the detection rate of PB leprosy patient. However, detection
rate was still low at 39% (Maeda et al,, 2007); thus, it is desirable to
improve the sensitivity of the diagnostic tool.

In this study, we focused on major membrane protein-1 (MMP-1)
from M. leprae. MMP-] is 35-kDa major membrane protein expressed
in M. leprae, which is identified as one of the most dominant Ags of
M. leprae (Winter et al.,, 1995).

Although the function of MMP-I is still unknown, MMP-I may
induce cell-mediated immune responses (unpublished observation)
but has no homology with MMP-II. Therefore, MMP-I could be
recognized by the different population of immune cells of leprosy
patients and might be worth applying as a serodiagnostic Ag for the
improvement of serodiagnosis. We purified recombinant MMP-1 Ag
using Mycobacterium smegmatis and evaluated its usefulness in the
detection of both PB and MB leprosy patients.

2. Materials and methods
2.1. Study population

Sera were obtained with informed consent from healthy volunteers
and leprosy patients in Japan. Frozen sera samples were used for the
study. The samples studied comprised of MB (n = 72) and PB (n = 78)
leprosy patients, either treated or untreated, from the National
Sanatorium Oshimaseishoen. Classification of leprosy was performed
by using the clinical criteria but was re-classified according to WHO
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recommendations (http://www.who.int/lep/classification/en/index.
html) for study purposes. In Japan, children are obligated to get
vaccination with Mycobacterium bovis bacillus Calmette-Guerin (BCG);
therefore, all healthy volunteers (n = 78) are likely to be BCG-
vaccinated. Sera from healthy volunteers were used as negative controls
in the enzyme-linked immunosorbent assay (ELISA) to determine the
cut-off value for the positivity. This study is approved by the ethics
committee of the National Institute of Infectious Diseases, Tokyo, Japan.

2.2. Purification of MMP-I and MMP-II

The MMP-1 gene (ML0841) was cloned from the genome DNA of
M. leprae, using primers: 5'-GAGGATCCACGTCGGCTCAGAATGAGTC-3/
and 5-ATACTAGTTCACTTGTACTCATGGAACT-3'. The amplified gene
was expressed in M. smegmatis using pMV261 expression vector. The
recombinant protein was His6-tagged and purified with Cu®* resin
(ABT Agarose Bead Technologies, Tampa, FL, USA). The protein obtained
was electrophoresed on sodium dodecyl sulfate-polyacrylamide gels,
then the gel was stained with Instant Blue (Expedeon protein solution,
San Diego, CA, USA), and a single band of MMP-I protein was observed.
The MMP-II gene (ML2038c) was expressed and purified as previously
described (Maeda et al., 2007).

2.3. ELISA

The ELISA for the detection of anti-MMP-I antibodies (Abs) was
performed as described previously with several modifications
(Maeda et al., 2007). Briefly, 96-well plates (Nunc Maxisorp, Thermo
Fischer Scientific Inc., Waltham, MA, USA) were coated overnight
with MMP-I Ag at a concentration of 1 pug/mL, MMP-1I Ag at 2 pg/mL,
or the mixture of MMP-I (1 pg/mL) and MMP-1I (2 ug/mL) Ags. All Ags
were diluted in 0.1 mol/L carbonate buffer (pH 9.5). After blocking

with 10% fetal bovine serum (FBS)-containing phosphate-buffered
saline (PBS), the plates were washed 3 times with PBS containing
0.05% Tween 20 (PBS-T). The optimal concentration of both Ags was
determined in advance. Human sera diluted 100-fold were added and
incubated at room temperature for 2 hours. After washing with PBS-
T, biotinylated anti-human 1gG Ab (Vector Laboratories, Burlingame,
CA, USA) was added at a concentration of 0.5 pg/mL and incubated
for 1 hour. Then, the plates were incubated with reagents from a
Vecstain ABC kit (Vector Laboratories) for 30 min. These reagents
include avidin and biotinylated horse-radish peroxidase, and this
enzyme binds to biotinylated anti-human IgG Ab via avidin. After
further washing with PBS-T, a substrate solution consisting of 0.2 mg/mL
of 2,2’-Azino-bis (3-ethylbenzothiazolone-6-sulfonic acid) and 0.02%
H,0, in 0.1 mol/L citrate buffer was added until a blue color developed,
and the reaction was stopped by adding 2 N H,SO,. Optical density (OD)
was measured at 405 nm using a spectrophotometer. Plate-to-plate
variations in OD readings were controlled using a common standard
serum with an OD value of 0.360. The volume of all solutions used in the
96-well plate was 50 pl/well.

2.4. Statisitical analyses

The data were analyzed using MEDCALC software (MedCalc,
Ostend, Belgium). A receiver operating characteristic (ROC) curve
was drawn to calculate the cut-off levels using the OD values of MB
leprosy patients’ sera and healthy controls. The McNemar test was
applied to determine the P value. When the number of inconsistent
pairs was less than or equal to 25, the calculation of 2-sided P value
was done based on the cumulative binomial distribution. The P value
of <0.05 was considered to be statistically significant. The k value was
calculated to determine the agreement between the 2 tests.

A
0.40 e ——
o > .
0.30 , g
] D
. 100-specificity
0.20
0.10
0.00
MB PB Healthy
controls
B Cut-off C Cut-off D Cut-off
1.0+ 1.2 12 R
= 08- =10 51.0@
a ° o 0.8 ° 2 o8
0.6+ =
% L ® = 0.6 - o g 0.6%
E 0.4 < < 044 ..; 8 0.4~§
o 021 utoff O 024 L cutoff ~ 02 Cut-off
0.0 4 { : _ 0.0 4 ’ e — ; 0.0 e BN LL 2 O e
0.00 0.08 0.16 024 032 040 0.00 0.10 0.20 0.30 0.40 0.00 0.02 0.04 0.06 0.08 0.10 0.12
OD (MMP-1) OD (MMP-i) OD (MMP-I)

Fig. 1. OD values of each sample were determined by MMP-I-based serodiagnosis and MMP-II-based serodiagnosis. (A) Sample sera from MB leprosy patients (left), PB leprosy
patients (middle), and healthy controls (right) were subjected to MMP-I-based ELISA. OD value (wave length: 405 nm) of each sample was plotted. The thick horizontal lines show
the average of OD in each group. (Inset) ROC curve analysis of MMP-I-based ELISA. The cut-off value was determined as 0.080, and the area under the ROC curve was 0.952. (B-D)
The results of MMP-I-based ELISA and MMP-II-based ELISA were plotted. Sample sera from MB leprosy patients (B), PB leprosy patients (C), and healthy controls (D) were subjected
to MMP-I-based or MMP-II-based ELISAs. The x-axis shows the OD value of MMP-I-based ELISA, and the y-axis shows that of MMP-II-based ELISA. Thick lines show the cut-off value

of each analysis (MMP-1, 0.080; MMP-II, 0.13).
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Table 1
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Positivity rates of MMP-I- and MMP-II~based serodiagnosis in various groups of subjects by ELISA.

MMP-] MMP-I1 McNemar test Inter-rater agreement
Tested Positive % 95% Cl Tested Positive % 95% Cl MMP-I versus MMP-II K

MB leprosy 72 62 86.1 75.9~93.1 72 58 80.6 69.5-88.9 P = 0.3877 0.403

PB leprosy 78 20 25.6 16.4-36.8 78 32 41.0 30.0-52.8 P = 00518 0.101

Healthy subjects 78 2 2.6 0.3-8.9 78 9 11.5 5.4-20.8 P = 0.0654 ~0.044

The data in Fig. 1 were summarized, CI = confidence interval.

3. Results and discussion
3.1. Detection of leprosy patient by the MMP-I-based serodiagnosis

We purified recombinant MMP-I and MMP-1I Ags and measured the
anti-MMP-11gG Ab levels in the leprosy patients' sera. We also compared
the levels of anti-MMP-I IgG Ab with those of anti-MMP-1I IgG Ab. The
study population consisted of MB leprosy, PB leprosy patients, and normal
healthy BCG-vaccinated individuals from Japan. Some of the patients
were already under treatment, so that not all patients were active leprosy
patients. The OD value of each sample is plotted in Fig. 1A for MMP-I-
based ELISA. The cut-off value was calculated by ROC curve analysis, using
the OD values of MB leprosy patients' sera and healthy controls (Fig. 1A,
inset). The cut-off value was 0.080 for MMP-I-based ELISA, and the area
under the ROC curve was 0.952. The cut-off value for MMP-ll-based
ELISA was 0.13. From the data thus obtained, we determined the
positivity rates of each group and summarized in Table 1. As shown in
Table 1,86.1% of MB (n = 72,62/72), 25.6% of PB leprosy patients (n = 78,
20/78), and 2.6% of healthy subjects (n = 78, 2/78) had positive anti-
MMP-I IgG Ab levels in their sera. We then compared those results with
anti-MMP-I1 IgG Ab levels in their sera. As shown in Table 1, the percent
positivities of anti-MMP-II Ab levels were 80.6% in MB leprosy patients
(58/72), 41.0% in PB leprosy patients (32/78), and 11.5% in healthy
subjects (9/78). The percent positivities of anti-MMP-1 Ab in sera of
both MB and PB leprosy patients were not significantly high in
comparison to anti-MMP-1l Ab (P = 0.3877 and P = 0.0518, by
McNemar test). To represent as a dotplot, MMP-I OD values were
plotted on X axis and that of MMP-1l on Y axis in Fig. 1B (MB leprosy),
1C (PB leprosy), and 1D (healthy controls).

3.2. Usefulness of combination of MMP-I and MMP-II for sensitive
detection of leprosy

We analyzed the effect of the use of the mixture of MMP-I and
MMP-1I Ags for the improvement of the detection rate of leprosy.
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Fig. 2. OD values of each sample were determined by the combinational use of MMP-I
and MMP-II Ags for ELISA. Sample sera from MB leprosy patients (left), PB leprosy
patients (middle), and healthy controls (right) were subjected to MMP-1- and MMP-1I-
based ELISA. OD value of each sample was plotted. The thick horizontal lines show the
average OD value in each group. The cut-off value was calculated by ROC curve shown
in the inset. The cut-off value was determined as 0.094, and the area under the ROC
curve was 0.974.

MMP-I Ag and MMP-II Ag were mixed and were used as the Ag for
ELISA. All sera used in Table 1 were analyzed. The OD value of each
sample is plotted in Fig. 2. The cut-off value was calculated by ROC
curve analysis, using the OD value of MB leprosy patients' sera and
healthy controls (Fig. 2, inset). The cut-off value was 0.094, and the
area under the ROC curve was 0.974. From those data, we determined
the positivity rates of each group and summarized in Table 2. The
percent positivities against Ag-mixture were 94.4% (68/72) for MB,
39.7% (31/78) in PB leprosy patients, and 9.0% (7/78) for healthy
subjects. The detection rate of MB leprosy patients was significantly
higher than that using MMP-II Ag alone (P = 0.002, by McNemar test).
Since both MMP-I and MMP-II Ags are immunogenic (Maeda et al.,
2005, 2007; Winter et al., 1995, and our unpublished observations),
it would be speculated that most MB leprosy patients produce IgG
Abs against either MMP-I or MMP-II. In contrast, the detection
rate of PB leprosy patients remained at the same level as MMP-I1-
based serodiagnosis.

For improvement in the detection rate of PB leprosy, we focused
on the inter-rater agreement between the MMP-I-based and the
MMP-II-based serodiagnosis. As shown in Table 1, the Kk value was
low for PB leprosy (k value: 0.10). This indicates that there is little
correlation between the Ab titers against MMP-I and MMP-II in this
population of leprosy patients (Fig. 1C). This speculation directed us
to conduct more detailed analysis of the titers of anti-MMP-1 and
anti-MMP-1I Abs in those sample sera. We classified the sample sera
into 4 groups, “MMP-I negative and MMP-II negative”, “MMP-I
negative and MMP-II positive”, “MMP-I positive and MMP-II
negative”, and “MMP-1 positive and MMP-II positive” from the
results of ELISA obtained in Table 1 (Table 3A). In PB leprosy sera, the
proportions of the sera classified into the second group and the third
group was higher than expected (28.2% and 12.8%, respectively).
Thus, we reclassified the sera into 2 groups, “Consistent” and “Not
consistent” (Table 3B). “Consistent” group includes “MMP-I negative
and MMP-II negative” and “MMP-1 positive and MMP-1I positive”
groups, those have agreement in the results of ELISA using MMP-1 Ag
and MMP-II Ag, while “Not consistent” group includes “MMP-I
negative and MMP-1I positive” and “MMP-1 positive and MMP-II
negative” sera. Interestingly, only 59.0% of PB leprosy sera showed
consistency between the results of anti-MMP-I Ab-based ELISA and
anti-MMP-II Ab-based ELISA (Table 3B). The results are in contrary
to the results of MB leprosy sera, as 83.3% of sera have consistency
(Table 3B). These results suggested the possibility that the MMP-1 Ag

Table 2
Positivity rates of MMP-1 and MMP-II-mixed serodiagnosis in various groups of subjects
by ELISA.

MMP-I + MMP-II McNemar
Tested  Positive % 95% CI test
Vversus
MMP-II
MB leprosy 72 68 944  864-985 P =0.002
PB leprosy 78 31 397  288-515 P=1
Healthy subjects 78 7 9.0 3.7-17.6 P =0.753

The data in Fig. 2 were summarized.
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Table 3

(A) Sample sera were classified by the positivity of anti-MMP-I Ab and anti—-MMP-1I Ab.
The figures in brackets show the rate positivity in each group. (B) Sample sera were
reclassified by the consistency of the result of the ELISA. The row “Consistent” shows
the number of sera that have been classified in the group “MMP-1 negative and MMP-I1I
negative” or “MMP-I positive and MMP-1I positive”. The row “Not consistent” shows the
number of sera that have been classified in the group “MMP-I negative and MMP-II
positive” or “MMP-I positive and MMP-II negative”.

MB (n = 72) PB (n = 78)

(A)

MMP-I negative and MMP-II negative 6 (7.7%) 36 (46.1%)
MMP-I negative and MMP-II positive 4 (5.6%) 22 (28.2%)
MMP-I positive and MMP-II negative 8 (11.1%) 10 (12.8%)
MMP-I positive and MMP-II positive 54 (75.0%) 10 (12.8%)
(B)

Consistent 60 (83.3%) 46 (59.0%)
Not consistent 12 (16.6%) 32 (41.0%)

can rescue the people who are diagnosed as negative in MMP-II
serodiagnostic test, which may successfully reduce false-negative
results. When MMP-II Ag-based serodiagnosis was followed by
MMP-1 Ag-based analysis, 53.8% of PB leprosy patients (42/78) were
Ab positive, and 91.7% of MB leprosy patients (66/72) were Ab
positive, although relatively high percentages of healthy subjects
(14.1%, 11/78) were Ab positive (Table 4, data of Table 1 were re-
analyzed), and the exact reason for this percentage remains to be
evaluated. Therefore, both MMP-1 Ag and MMP-1I Ag may be quite
useful diagnostic tools for both MB and PB leprosy.

There is the discrepancy between the results obtained by mixing
MMP-I and MMP-1I Ags in the same well and those by individual ELISA in
the detection rate of PB leprosy. We found that the individual serological
tests performed using the Ag mixture are not always successful in
detecting all PB leprosy patients in separate ELISA assays. The theoretical
calculation indicates that MaxiSorp ELISA plate surface has the capacity
to adsorb about 650 ng/cm? of globular protein such as IgG; it is likely
that both MMP-1 and MMP-1I Ags can be adsorbed (150 ng/well). The
probable explanation for the low detection rate of PB leprosy may be the
hydrophobic characteristics of both MMP-I and MMP-II Ags. Such
characteristics may interfere with the adsorption of those Ags on ELISA
plate. However, as far as we tested other ELISA plates including AGC
technoglass Co. Ltd. and the other Ag-coating buffers, we could not
improve the detection rate of PB leprosy using mixed Ags. Another way
to modify the assay such as using specific Abs to MMP-1 and MMP-11 Ags
for coating the plates and then layering the Ag may also help to detect
more Abs, but presently, such specific Abs are not available. On the other
hand, some of MB leprosy patients have polyclonally activated B cells,
which might lead to produce IgG Abs with high affinity; therefore, the
use of mixture of MMP-I and MMP-II Ags could be applicable.

Previous study has shown that the detection rate of serodiagnosis
using MMP-II is similar for leprosy patients in Vietnam to those in
Japan. In contrast, the detection rate of PGL-1-based serodiagnosis is
significantly lower for Vietnamese patients than Japanese (Kai et al.,
2008). The reason why the sensitivity of PGL-I-based serodiagnosis is
different between Vietnamese and Japanese is still unclear. It could be

Table 4
Positivity rates of MMP-1 or MMP-1I ELISAs in various groups of subjects.

MMP-I or MMP-1I

Tested Positive %
MB leprosy 72 66 91.7
PB leprosy 78 42 53.8
Healthy subjects 78 11 14.1
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speculated that the major pathogenic and non-pathogenic mycobac-
terial species found in each region differs and the inhabitants in such
region could be influenced by those mycobacteria that would lead to
production of region-specific Abs. Therefore, the detection rate of
leprosy may differ when MMP-I-based serodiagnosis is applied to
leprosy patients of endemic countries.

The sera used in this study were obtained from both treated and
untreated leprosy patients. However, because of the lack of records on
the treatment history, we could not perform comparative studies
between untreated and treated patients. The detailed cohort studies
are absolutely required to reveal the utility of MMP-1 Ag in primary
diagnosis, especially in endemic areas. Also, we need the testing of
cross-reactivity of MMP-1 and MMP-II Ags with other mycobacterial
diseases, especially because homologs of MMP-I are identified in
several other mycobacteria and possible infection of those bacteria
may have impact on the detection of leprosy. So far, cell-mediated
immune responses using MMP-1 and MMP-II Ags seem not helpful for
the diagnosis of PB leprosy, so that serological tool may be
advantageous for the PB diagnosis. Through the establishment of
simple tool for the serodiagnosis using both MMP-1 and MMP-II Ags,
we may be able to achieve easy and inexpensive diagnosis of leprosy
of both MB and PB type.
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Mycobacterium tuberculosis Beijing family includes a variety of sublineages. Knowledge of the distribution
of a certain sublineage of the Beijing family may help to understand the mechanisms of its rapid spread
and to establish an association between a certain genotype and the disease outcome. We have previously
found that M. tuberculosis Beijing family clinical isolates represent approximately 90% of the clinical
isolates from Heilongjiang Province, China. To clarify the distribution of M. tuberculosis Beijing family sub-
lineages in Heilongjiang Province, China and to investigate the regularity rule for their evolution, we
examined single nucleotide polymorphisms (SNPs) of 250 M. tuberculosis Beijing family clinical isolates
using 10 SNP loci that have been identified as appropriate for defining Beijing sublineages. After deter-
mining the sequence type (ST) of each isolate, the sublineages of all M. tuberculosis Beijing family isolates
were determined, and phylogenetic analysis was performed. We found that 9 out of the 10 SNP loci dis-
played polymorphisms, but locus 1548149 did not. In total, 92.8% of the isolates in Heilongjiang Province
are modern sublineages. ST10 is the most prevalent sublineage (ST10 and ST22 accounted for 63.2% and
23.6% of all the Beijing family isolates, respectively). A new ST, accounting for 4% of the Beijing family
isolates in this area, was found for the first time. Each new ST isolate showed a unique VNTR pattern,
and none were clustered. The present findings suggest that controlling the spread of these modern
sublineages is important in Heilongjiang Province and in China.

© 2014 Published by Elsevier B.V.

1. Introduction

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

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

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

E-mail address: lingh@ems.rbmuedu.cn (H. Ling).

attp:fidx.dolorg/10.1016/]. meegid 201 4.08.004
1567-1348/© 2014 Published by Elsevier B.V.

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

Single nucleotide polymorphisms (SNPs) are used for geneti-
cally classifying M. tuberculosis and identifying sublineages.
Because horizontal gene transfer or genetic recombination among
different strains of M. tuberculosis complex (MTBC) is rare, the
changes in genetic information are almost always obtained though
hereditary from parental strains (Baker et al., 2004; Huard ot al,
2006; Stucki et al., 2012). Therefore, SNPs have been used to clas-
sify M. tuberculosis Beijing family into different sequence types
(STs) and is considered to be a robust target for defining the accu-
rate position of a certain strain in a phylogenetic tree (Chen et al.,
2012; Faksyi et al, 2011, Filliol et al,, 2006; Iwameoto et al, 2012;
Mestre et al, 2011; Nakanishi et al, 2013; Qiao et al, 2010;
Wada et al,, 2008b).

To date, ancient and modern sublineages have been identified by
SNPs. Though modern STs are dominant, the trends in the distribu-
tion of certain sublineages are geographically variable (Chern et al,,
2012; Filliot ef 3L, 20086, lwamoto et al,, 20112). For instance, a mod-
ern sublineage, ST10, prevails in Chongming Island, Taiwan, Thai-
land, and Peru (Chen et al, 2012; Faksri et al, 2011; Iwamoto
et al, 2012; Qlao et al, 2010), while an ancient type, ST19, is the
dominant sublineage in Japan (Nakanishi et al., 2013; Wada et al,,
2(3)9b). However, the worldwide distribution and the epidemiolog-
ical significance of the sublineages have not been well clarified yet.
Extensive investigations regarding the possible reasons for the pre-
dominant prevalence of certain sublineages are needed to explore
the significance of the variable distribution, the correlation
between the evolution of M. tuberculosis Beijing family and its
transmission patterns, and the impact on the spread of tuberculosis.

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

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

prevalence of certain sublineages and the highly epidemic of Bei-

jing family in this area.
2. Materials and methods
2.1. M. tuberculosis clinical isolates

All the M. tuberculosis clinical strains were isolated from the
patients from various regions of Heilongjiang province who were
diagnosed with pulmonary TB at Harbin Chest Hospital. From June
2007 to November 2009, a total of 300 isolates were collected.
Among them, 269 isolates were identified as M. tuberculosis Beijing
family strains. Of these, 250 that had enough DNA for genotyping,
including 60 from 2007, 107 from 2008, and 83 from 2009, were
used in this study. M. tuberculosis H37Rv was used as the reference
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strain. All the patients were HIV-1 negative, and 68.4% (171/250)
were male.

2.2. SNP typing

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

The ten SNP loci shown in Table 1 were chosen because they
have established polymorphisms among M. tuberculosis Beijing
family strains and have been used for analyzing Beijing sublineages
(Chen er al, 2012; Faksri et al, 2011; Iwamoto et al, 2012:
Nakanishi et al, 2013; Qlac ef al., 2010; Wada et al,, 20086). Poly-
merase chain reaction (PCR) amplification was carried out using
the primers of Nakajima et al. {2013). Each PCR mixture was pre-
pared in a volume of 50 pL containing 50 ng of genomic DNA, 2x
Taq PCR Master Mix 25 ul (Nuo Weisen Biotech Co., Ltd., Beijing),
and 0.2 pM of the corresponding primer. The PCR reactions were
performed as follows: 75 °C for 5 min, 30 cycles of 75 °C for 10s,
53 °C for 10, and 72 °C for 20s, and final extension at 72 °C for
5min. The PCR products were sequenced by Sangon Biotech
(Shanghai) Co., Ltd. using the dideoxy chain termination method.

Nucleotide blast was carried out online (isttp://blastnchbinim-
nihhgov/Blast.cgi), and any differences between clinical isolates
and the sequence of the reference Hs,Rv genome were identified.
STs were determined based on the database and as previously
described elsewhere (Chen et al, 2012; Faksri et al, 2011:
fwamuoto et al, 2012; Nakanishi et al, 2013; (Hao et al., 2010;
Wada et al., 2008b).

2.3. Identification of modern/ancient Beijing strains

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

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

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

Reverse: TCGTCGAAGTGGACGAGGAC

1477596 Forward: GTCGACAGCGCCAGAAAATG 232
Reverse: GCTCCTATGCCACCCAGCAC

1548149 Forward: GGCCAAGCCGTGTATTAGGG 306
Reverse: AGTCGGCAGTGACGTTCTCG

1692069 Forward: GATTGGCAACTGGCAACAGG 332
Reverse: TGGCCGTTTCAGATAGCACAC

1892017 Forward: GCTGCACATCATGGGTTGG 278
Reverse: GTATCGAGGCCGACGAAAGG

2376135 Forward: TCTTGCGACCCGATGTGAAC 373
Reverse: GAGCGCAACATGGGTGAGTC

2532616 Forward: CCCTTTTCTGCTCGGACACG 278
Reverse: GATCGACCTTCGTGCACTGG

2825581 Forward: CCTTGGAGCGCAACAAGATG 306
Reverse: CTGGCCGGACGATTTTGAAG

4137829 Forward: CGTCGCTGCAATTGTCTGG 229

Reverse: GGACGCAGTCGCAACAGTTC

? Position of SNP locus in Hsz7Rv genome.
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Beijing), and 0.2 uM of each corresponding primer. The PCRs were
performed as follows: 75 °C for 15 min, 35 cycles of 94 °C for 1 min,
70°C for 1 min and 72 °C for 1 min, and a final extension at 72 °C
for 10 min.

2.4. MIRU-VNTR analysis

To identify the VNTR profile of the M. tuberculosis isolates with
new sequence types, we choose 14 of the 15 MIRU-VNTR loci that
have been recommended for analyzing the VNTR profile of M.
tuberculosis strains worldwide (Supply et al, 2008). One locus,
ETR-C, was excluded because it displayed no discrimination power
based our investigation (data not shown) and findings by others
(Wang et ak, 2011). The PCR conditions and the calculation of copy
number were described previously (Wang et al., 2011). The den-
drogram was drawn by Ward with the 14 selected VNTR locus
results by BioNumerics version 6.6 (Applied Maths, Belgium).

3. Results

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

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

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

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

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

3.2. The prevalence of the sublineages of Beijing family strains

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

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

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

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

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

3.3. VNIR profile of the ST-CH1 isolates

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

4. Discussion

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

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

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

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

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

2 A rate represents the proportion of the isolates collected in the corresponding
year.
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Fig. 1. VNTR patterns and the dendrogram of 10 ST-CH1 isolates. The dendrogram
was drawn with the 14 selected MIRU-VNTR loci by using Ward of BioNumerics
version 6.6 (Applied Maths, Belgium).

robust target for defining the accurate evolutionary lineage of a
strain. Filliol et al. have found that a dendrogram drawn with SNPs
most accurately reflects the true evolution of the M. tuberculosis
complex and, furthermore, have found that some SNPs are specific
to the Beijing family strains (Filliol et al., 20086).

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

We also found that SNP 909166 displays a reversible polymor-
phism among the M. tuberculosis isolates in Heilongjiang Province.
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It has been confirmed that SNP 909166 plays a key role in classify-
ing M. tuberculosis strains into the STK and ST3 sublineages that are
predominant in Japan (Wada et al., 2002h). However, the polymor-
phism at this locus is reversible, and the robustness of the branches
identified using SNP 909166 is relatively low (Mzakanishi et al,
20313). Instead of this locus, locus 1576481 is suggested useful in
evolutionary studies involving the discrimination of STK and ST3
because it is more reliable (Nakanishi et al, 2013). SNP 909166
plays a role in the discrimination between ST19 and ST25, ST11
and ST26, and STF and ST10; therefore, it is still useful for the
discrimination of sublineages of M. tuberculosis clinical isolates in
Heilongjiang Province. It is necessary to perform more analyses
using a larger sample set and isolates from multiple geographic
areas to find more unique and irreversible SNPs for epidemiological
and evolution studies.

Clarifying the distribution of a certain Beijing family sublineage
assists us in understanding the causative events for their rapid
spread and helps us to establish an association between a certain
genotype and the disease outcome. The high prevalence of the
modern sublineage of the M. tuberculosis Beijing family has been
found in Chongming Island, Shanghai, Taiwan of China, Thailand,
and Peru (Table 4). The proportion of strains in Peru, South America
that were the modern sublineage was 85.7% from 1999 to 2006 and
increased to 93.9% in the years 2008-2010 (iwamoto et al,, 2012).
Although the ancient sublineage still dominates in Japan, an
increase in modern sublineages has occurred recently in the home-
less population in Osaka City, Japan (Wada et al, 20(9a). ST 10 is
the dominant ST in Taiwan, China, where the prevalence is 53.3%
(Table 4). Moreover, this sublineage is also dominant in Thailand
(57.7%) (Faksri et al, 2011).

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

However, in a southern region of China, Chongming Island,
Shanghai, a higher prevalence (30.4%) of ST19 has been found com-
pared to that in Heilongjiang Province (1.6%) (Qiao et al, 28610).
Actually, ST19 dominates in Japan and accounts for 31.3% of all Bei-
jing family isolates (Wada et al, 2009b). The high prevalence of
ST19 in both Japan and Chongming Island may suggest an active
transmission between the two geographically close regions due
to active reciprocal trade and tourism.

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

There are two new STs that account for 3.0% (ancient sublin-
eage) and 1.5% (modern sublineage) of Beijing family strains iso-
lated in Chongming Island, Shanghai (Qizo et al, 2010). These
STs are different from ST-CH1, found in Heilongjiang Province.

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

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

(present study) (a0 et ab, 20140) (Chien et al, 201%) (Wada et al, 2009b) (Faksri eval, 2011) (hwamote er al, 2012)

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

* Sequence type.
5 New ST found in Heilongjiang Province.
¢ New STs found in Chongming Island, Shanghai.

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

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

In conclusion, we defined a SNP locus set (a 9-locus combina-
tion) that is suitable for the differentiation of polymorphisms of
Beijing family isolates in Heilongjiang Province. Furthermore, a
new modern ST, the ancestor of ST22, has been identified for the
first time, and we established that the strains of the new ST are
not originally from an outbreak. Moreover, in this area, more than
90% of the Beijing family strains are of modern sublineages,
especially the predominant sublineages ST10 and ST22, which con-
tribute to the high prevalence of the Beijing family in this region.
Hence, extensive investigation of the phenotypes of the isolates of
these modern STs will aid in our understanding of the rapid trans-
mission of Beijing family strains. Monitoring evolutionary dynam-
ics can also predict the epidemic trends of M. tuberculosis in a
local region, as well as throughout China, because rapid evolution
may promote the occurrence of new types or subtypes of the spe-
cies. Understanding the phylogeny of new types of M. tuberculosis
can improve studies of pathogenicity, host specificity, virulence
determinants, host adaptation, and epidemic potential. Here, we
provide a basis for the statement that controlling the spread of
these modern sublineages will be important for decreasing the
disease prevalence caused by these sublineages in Heilongjiang
Province and in China.
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Mycobacterium tuberculosis was cultured from the lung tissues of 3 captive elephants in Nepal that died
with extensive lung lesions. Spoligotyping, TbD1 detection and multi-locus variable number of tandem
repeat analysis (MLVA) results suggested 3 isolates belonged to a specific lineage of Indo-Oceanic clade,
EAI5 SIT 138. One of the elephant isolates had a new synonymous single nucleotide polymorphism (SNP)
T231C in the gyrA sequence, and the same SNP was also found in human isolates in Nepal. MLVA results
and transfer history of the elephants suggested that 2 of them might be infected with M. tuberculosis
from the same source. These findings indicated the source of M. tuberculosis infection of those elephants
were local residents, presumably their handlers. Further investigation including detailed genotyping of
elephant and human isolates is needed to clarify the infection route and eventually prevent the trans-
mission of tuberculosis to susceptible hosts.
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1. Introduction

Tuberculosis (TB) in elephants is an emerging disease primarily
caused by Mycobacterium tuberculosis. Although infection with
Mycobacterium bovis and non-tuberculous mycobacteria (NTM)
species has been documented {5}, the majority of reported cases
in captive elephants have been caused by M. tuberculosis. Many
elephants infected with TB do not manifest clinical signs; however,
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some may have chronic weight loss, anorexia, and weakness. Ex-
ercise tolerance may be seen in working elephants. In some cases,
the elephants may show symptoms only in the terminal stage of
disease or are diagnosed- postmortem {12}. Postmortem lesions
typically include granulomatous nodules in the lungs and bronchial
lymph nodes sometimes with caseous foci. In the advanced stage of
the disease, extensive caseocalcareous and cavitating lesions may
be observed throughout the entire lung with enlarged bronchial
and thoracic lymph nodes {1}

Nepal has a population of more than 200 captive elephants that
are used for patrolling the protected areas, in eco-tourism and for
wildlife research projects { 1. TB was first identified in the Nepalese
captive elephant population in 2002. The government of Nepal has
endorsed the Nepal Elephant Tuberculosis Control and Manage-
ment Action Plan (2011-2015) that detail guidelines for the man-
agement of TB including the diagnosis and treatment of TB in
elephants of Nepal {7]. Nepal is a country with a high burden of TB
in humans |{#}. Since captive elephants are in close contact with
humans, it is likely that elephants contracted TB from humans at
some point in time as TB has not been reported in wild elephants
except for one case in an ex-captive African elephant {$}. Exposure



288 S. Paudel et al. / Tuberculosis 94 (2014) 287-292

to infected elephants has resulted in transmission of TB to humans

disease {13]. To clarify the transmission route, an epidemiological
study including precise typing of isolated bacteria is needed.
However, to date, few genotyping studies have been done on TB
isolates from elephants {4,151, In the current study, we performed
genotyping on three M. tuberculosis isolates obtained from 3 captive
elephants and compared them with human isolates in Nepal.

2. Materials and methods
2.1. Study isolates

2.1.1. Elephant isolates

M. tuberculosis isolates from 3 elephants were included in the
study. All 3 elephants were owned by the Government of Nepal and
kept in 2 protected areas. Elephants A and C were located at Chit-
wan National Park (CNP), and Elephant B was located at Koshi
Tappu Wildlife Reserve (KTWR) (Figure 1). These elephants were
used to patrol the protected areas for wildlife management and
conservation purposes. The elephants were housed in open-air,
roofed stables adjacent to other elephants. The elephants at each
facility foraged and worked together for most time of the day, often
coming in contact with domestic and wild animals such as rhinos
and various deer species. Each captive elephant is taken care by 3
handlers and these handlers spend a long-time together with their
elephants.

Elephant A was an adult female about 65 years old. She was
brought to CNP from Motipur area of Sarlahi district near to the
Indian border (Figzurs 1) when she was about 34 years. She was
suspected to be suffering from TB and was in permanent segrega-
tion for almost 2 years before she died. Several trunk wash cultures
collected from her failed to yield a positive isolate. Her body con-
dition deteriorated significantly in the last 6 months before she
collapsed and died in August 2009.

Elephant B was a female aged approximately 60 years old. She
was brought to KTWR from a town Sitamarhi northern India
(Figure 1) when she was about 30 years old. This town is located
near to Sarlahi, a district where the Elephant A was previously kept.

Nepal

Butawal

® Human TB O Elephant TB

Movement 'g - _)E
of elephant C — => India

.*.,\. ’
Chitwan) - L

She had never been tested for TB before she died in September
2009. For the last 2—3 months before she collapsed, she did not
sleep well and lost weight resulting in poor body condition.

Elephant C was a male elephant aged approximately 31 years
old. He was born in KTWR and was together with Elephant B for 4
years before he was transferred to CNP at the age of 7. He lost
weight and began coughing 6 months before he collapsed in
September 2012.

2.2. Human isolates

M. tuberculosis isolates from 7 patients in Nepal having the same
spoligotypes with the elephant isolates were selected for this study.
All of them were picked up from the isolates banked at German
Nepal Tuberculosis Project (GENETUP), Nepal, which were collected
from 2007 to 2010. One person was from Chitwan near CNP, 4 were
from Kathmandu, 1 from Butwal and 1 from Birgunj (Figure 1). One
person each from Birgunj and Hetauda had migrated to Kath-
mandu. DNA was extracted and the genetic analyses were per-
formed in these isolates as described elsewhere {151

2.3. Necropsy

All 3 postmortem examinations were carried out at the sites
where each elephant collapsed. All personnel involved in the pro-
cedure used personal protective equipment including N-95 masks.
The abdomen was opened first, and the gastro-intestinal tract and
other visceral organs including liver and spleen were observed. The
thoracic cavity was approached through the diaphragm per rec-
ommendations {17 and the caudal lobe of the lung was observed.
Because suspected TB lesions were seen, the thoracic cavity was not
further exposed due to the risk of spreading the organism in the
environment. Representative lung lesions were collected in sterile
screw-top tubes for laboratory analysis.

2.4. Culture

The lung tissue samples were processed according to guidelines
of European Society for Mycobacteriology {i8}. In brief, the lung
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Figure 1. Movement of elephants and the distribution of elephant and human TB isolates in Nepal. Chitwan and Koshi Tappu are locations of the protected areas where the
elephants were kept. Elephant A was stationed at a small town, Motipur, in Southern Nepal near to the Indian border before she was transferred to Chitwan. Elephant B was
previously kept in an Indian town, Sitamarhi, near to the Nepalese border and transferred to Koshi Tappu. And elephant C was kept at Koshi Tappu and transferred to Chitwan.
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tissue was aseptically cut into small pieces using a surgical blade,
mixed with 4% sulfuric acid, and incubated in a sterile falcon tube
for 20 min at room temperature. Then the sample was neutralized
with 4% sodium hydroxide using bromo-thymol blue indicator and
centrifuged at 3000 g for 20 min. The supernatant was discarded
and then sample was washed once with sterile distilled water,
followed by centrifugation at 3000 g for 20 min. The supernatant
was discarded and the inoculation was done from the deposit into
L-] media. The tubes were examined for growth weekly for 8 weeks.

2.5. DNA extraction

The DNA extraction was done for molecular studies using the
GenoType® DNA isolation kit (Hain Lifescience GMBH, Nehren,
Germany) from the colony that grew on the culture media. The
colonies on the culture media were scraped and suspended in
300 pL of molecular biology grade water in a sterile Twist Top 1.7 ml
conical vial and heated for 20 min at 95 °C in water bath. Then the
sample was incubated for 15 min in an ultrasonic bath for cellular
disruption, followed by centrifugation at 13,000 g for 5 min. Finally,
the supernatant was taken containing the bacterial DNA.

2.6. Drug susceptibility test

Drug susceptibility test was performed on the mycobacterial
isolates from all the elephants by the proportional method on L-J
solid media with critical concentration of 0.2 pug/mL of isoniazid,
40 pg/mL of rifampin, 2 pg/mL of ethambutol and 4 pg/mL of
streptomycin on all 3 isolates.

2.7. Genetic analyses

Bacterial species was identified by a multiplex PCR targeting
¢fp32, RD9 and RD12 | 1%} and was confirmed by a gyrB sequence
analysis [Z%]. The spoligotype was determined as previously
described {211 Briefly, the direct-repeat (DR) region was amplified
with a primer pair and the PCR products were hybridized to a set of
43 oligonucleotide probes corresponding to each spacer, which were
covalently bound to the membrane. The spoligo-international type
(SIT) was determined by comparing spoligotypes with the interna-
tional spoligotyping database (SpolDB4) {32}, DR region rearrange-
ment was confirmed by a PCR and sequencing with following
primers,  IS-LiP-TB3’:  CAACGCCAGAGACCAGCCGCCGGCTGAG,
spacer37R: GACTGTGGACGAGTTCGCGCTC and DR region-R:
TCACCGTCAACGCCGCCATCATGCTC. TbD1 detection was carried out
by PCR as previously described {2&]. Multi-locus variable number of
tandem repeat analysis (MLVA) {23 | was performed as described {24}
with following 18 chosen loci, which showed higher variability
among EAI isolates; VNTR424, ETR-C, MIRU4, MIRU40, MIRU10,
VNTR1955, QUB11a, QUB11b, ETR-A, VNTR2401, ETR-B, MIEU26,
MIRU31, QUB3232, QUB3336, VNTR3690, QUB26 and MIRU3S. A
dendogram was drawn by UPGMA with BioNumerics ver. 6.0. Ge-
netic regions thought to be associating with drug resistance, ie.,
partial rpoB, katG, inhA promoter region, gyrA and rrs sequences,
were sequenced and analyzed as described {16,241, Sequences that
had mutations were compared with the public database using NCBI
blast search systemn (hitgp://blastnchbindmnibgov/Blastogl). Seven
human derived isolates having the same spoligotype were also
subjected to the same analyses.

3. Results
The necropsy results of Elephant-A showed that she had lique-

fied caeseous lesions in lungs. The post-mortem findings of
Elephant-B showed that the right lung had tuberculous - like
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lesions. Similarly, the necropsy findings of Elephant-C showed that
the left lung at its dorso-posterior section had abscesses containing
white pus. Upon excision, the mediastinal lymph node contained
yellowish caseated material.

3.1. Culture

There was growth of M. tuberculosis complex from the repre-
sentative lung lesion samples from elephants A, B and C.

3.2. Drug susceptibility testing

The isolates from the elephants A, B and C were susceptible to
isoniazid, rifampin, ethambutol and streptomycin.

3.3. Species determination and genetic analyses

Bacterial species was determined as M. tuberculosis by a multiplex
PCR and was confirmed by gyrB sequencing [i%28L In gyrB
sequence, all the elephant isolates had a single nucleotide poly-
morphism (SNP) from G to C at the position 990 that leads an amino
acid substitution of Met 330 Ile. This mutation was revealed as
lineage specific in strains belonging to EAI or Indo-Oceanic lineage
{22,25] by NCBI blast search. Elephant C isolate (Elp-C) had a spoli-
gotype belonging to the Indo-Oceanic lineage (EAI5, SIT138) while
the other 2 had different new spoligotypes that were not found in
the SpolDB4 database {22} Elephant A isolate (Elp-A) showed only 2
spacers, spacer 38 and 39, positive. In elephant B isolate (Elp-B), the
spacer 1 to 28 and 35 to 39 were positive and the pattern is 1 spacer,
spacer 33, differed from spoligotype SIT 138 belonging to EAI5 clade

‘fable 1). Both of the DR region rearrangements, which were the
cause of the spoligotype alteration, were confirmed by sequencings.
In Elp-A, IS6110 was inserted at the position of spacer 37, and in Elp-
B, the spacer 33 was deleted presumably by a homologous recom-
bination (Figure 2) {261 In TbD1 detection PCR, all 3 samples were
positive and determined as ancestral type of M. tuberculosis { 3{:1. The
gyrA sequence of Elp-A had a synonymous SNP from T to C at the
position of 231, while Elp-B and C had a wild type sequence. This
gyrA SNP was not found in the public database, however, the same
SNP was detected in two human samples, having spoligotype SIT138,
collected in Nepal {16} (Table 1, Figure ). Other drug resistance
determination region sequences, rpoB, katG, inhA promoter region
and rrs, were wild type in all the samples. In MLVA, Elp-B and Elp-C
made a cluster with 1 locus difference. Elp-A formed a cluster with
human isolates having the same gyrA SNP, T231C (Figure 2).

4. Discussion

M. tuberculosis infections in 3 Asian elephants with extensive TB
lesions in the lungs are described. The clinical signs shown by these
3 elephants varied although the body condition of all elephants was
deteriorating. All 3 elephants had similar lesions in the lungs during
necropsy. As in humans, TB in elephants appears to primarily affect
the lungs {271

The diagnosis of TB by culture is considered the gold standard;
however, it has very poor sensitivity, especially for ante-mortem
diagnosis in elephants {Z&--G1 A study in Thailand reported that
M. tuberculosis was isolated from only 2 out of 60 trunk wash
samples from 3 elephants with positive postmortem culture iso-
lations {151 In another study, only 58% of elephants with confirmed
TB infection at necropsy had positive isolations from trunk wash
samples {28} All of the trunk wash samples of Elephant A were
negative on culture in the current study.

Our findings demonstrated that these 3 elephants were infected
with M. tuberculosis. For the first time, M. tuberculosis was isolated
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Table 1

Genotypic characteristics of elephant isolates compared with human isolates in Nepal.
Sample Spoligotype” MPCR! TbD1 gyrAl gyrB

Binary code SIT Clade c912

Elp-A 0000000000000000000000000000000000000110000 New New A+ 4+ + T231C G990C
Elp-B 11111111111111171111111111111000000111110000 New New A+ + WT G990C
Elp-C 1111111111111111111111111111000010111110000 138 EAI5 + ok + WT G990C
h3? 1111111111111111111111111111000010111110000 138 EAI5 + 4+ -+ ND T231C G990C
hog* 11111711111111111111111111111000010111110000 138 EAIS + A+ ND WT G990C

» Spoligotype was determined according to Brudey et al. (2006). new: not found in the SpolDB4 list.
t Multiplex PCR results for the species determination, ¢: ¢fp32, 9: RD9, 12: RD12, +: detected, triple positive + -+ + : M. tuberculosis
¥ Mutations in a partial sequence of gyrA and gyrB. gyrA T231C is synonymous while gyrB G990C is non-synonymous. WT: wild type sequence having no mutatxons

§ Two human isolates (h3 and h8) had same genetic features. ND: not done.
¥ Five human isolates (h98, h200, h277, h294 and h296) had same genetic features.

from elephants of Nepal from the tissue samples. The drug sus-
ceptibility test showed that all elephant isolates were susceptible to
first-line TB drugs. As those elephants had not received any anti-TB
drugs, this result was plausible.

Genetic analyses of those isolates, i.e., spoligotyping, lineage
specific deletion and mutation analyses, showed that all belonged
to the ancestral type of M. tuberculosis, so-called EAl or Indo-
Oceanic lineage {22,25]. This lineage is predominantly observed
in Indo-Oceanic areas hke south India or the Philippines {31,32};
however, its prevalence in Nepal is relatively low. In the recent

A

Spoligotype
spacer
DVR

38 39

report {25}, the prevalence of Indo-Oceanic lineage was 11.5% in
Nepal and our observation results were also very similar (unpub-
lished data). Spoligotypes of 2 elephant isolates were different from
known EAI patterns; however, those patterns are producible from
EAI by massive spacer deletions by an IS6110 insertion or a ho-
mologous recombination, which is occasionally observed in this
region consisted of repetitive sequences | 21}.

One of the isolate Elp-A had a new synonymous SNP in its gyrA
sequence, T231C, and the same SNP was found in 2 human isolates
from Kathmandu, the capital city of Nepal. Both of the human

52 53 54 55 56 57 58 59 60 61 66 67 68

[ H HH AR HHHHH R

&=

ATCAGAGAGTCTCCGGACTCACCGGGGCGGTTCAGAGAGGGGACGGAAAC
1S6110 3’ end ---]

GCCCCGTGGATGGCGGATGCGTTGTGCGCGCAAGTGTCGTCAGACCCAAAA...
DVR 52 (spoligotype spacer 38)

direct repeat

direct repeat

Spoligotype
spacer
DVR

25 26 27 28

1S6110

35 36
35 36 37 38 45 46 47 49 50 51

37

direct repeat

...TGCCCCGGCGTTTAGCGATCACAACACCAACTAATGGTCGTCAGACCCAAAACCCC
DVR 38 (spoligotype spacer 28)

GAGAGGGGACGGAAACGCGGATGGTGGGCAAGTTGGCGCTGGGGTCTGAGT...

direct repeat

DVR 45

Figure 2. Structural rearrangement in the DR region. A, Elp-A; B, Elp-B. DVR, direct variant repeat composed of a direct repeat and the adjacent spacer. Rectangles depict in-
dividual DVRs. Spacer numbers used in the spoligotyping are shown above the DVR numbers, which were given according to their position in the DR region (ref. 26). IS6110 and its
orientation is shown as a black arrow. Small white arrows are showing the position and the orientation of the used primers: left, IS-LiP-TB3'; A-right, DR region-R; B-right,
spacer37R. Nucleotide sequences of each rearrangement position are shown in the balloons. DVR50, 67 and 68 had the same mutations as ref. 26 (shown in shadowed rectangles).
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s 8 8 Sample Genetic typing

2 2 & "

2 3 = iD Origin Location Spoligotype  gyrA
8 4 1 Elp-A elephant Chitwan (Motipur) new T231C
g8 4 1 h8 human  Kathmandu (Hetauda) SiT138 T231C
8 4 4 b3 human Kathmandu SiT138 T231C
3 4 1 Elp-B elephant Koshi Tappu (Sitamarhi} new WT

3 4 1 Eip-C elephant Chitwan (Koshi Tappu} SIT138 WT
5 4 1 h-294 human  Butwal SiT138 WT
5 4 1 h-296 human  Chitwan SiT138 WT
7 4 1 h-277 human  Kathmandu (Birgunj)  SIT138 WT
5 4 4 h-200 human  Kathmandu SiT138 WT
2 5 4 h88 human Birgunj SiT138 WT

Figure 3. Phylogenetic comparison of elephant and human derived M. tuberculosis isolates by MLVA. Dendrogram was drawn with the multi-locus VNTR analysis (MLVA)
results of 18 loci. Place of former locations of human patients and elephants are shown in parenthesis in Sample Location.

isolates had spoligotype SIT138 categorized as EAI5 {22}, which is
the most frequently observed EAI type in this country { 25} This SNP
seems to have occurred on a specific lineage of the clade, since
other EAI5-SIT138 isolates obtained in Nepal did not have the SNP
(Figure 3). SNP information accurately reflects the evolutionary
relationship between M. tuberculosis isolates when compared with
other typing methods depending on repetitive genetic structures
like spoligotyping or MLVA [ 2{}}. Having the same SNP suggests that
those isolates are closely related and have the same origin. Elp-A
isolate is obviously a progeny of this T231C mutated strain, in
which massive spacer deletions in the DR region occurred (Tabie 1,
Figure 3). Thus, elephant A was infected with a M. tuberculosis strain
that seemed to be a local lineage that evolved domestically, and we
suspect that the elephant was infected from a native elephant
handler.

Elephant B was also infected with a strain, which seemed to be a
derivative of EAI5-SIT138 lineage and Elephant C was infected with
an EAI5-SIT138. The reason why all the elephants were infected
with EAI lineage was unclear as the elephants were kept in 2
distanced locations (Figure 1) and the prevalence of this lineage in
Nepal is relatively low. The EAI lineage is an ancestral type of
M. tuberculosis that is closer to the animal type lineage, which
shows preference to other animals rather than human, including
species like M. bovis or M. microti {32]. It can be speculated that this
lineage might show higher adaptability to elephants than other
lineages. However, in a previous study in Thailand, only 1 elephant
out of 4 was infected with an ancestral type M. tuberculosis {15}.
Thus, the reason may be simply the prevalence of this lineage
among people in the animal habitat areas was higher than in the
city area in Nepal. The locations, where human isolates having the
same spoligotype SIT138 were obtained, are shown in Figure 1
(black filled circle). Those, other than Kathmandu, are located
near the Nepal - Indian border from middle of the country to the
east, which includes areas where the captive elephants were
located. The majority of the human samples were from Kath-
mandu; however, most of the residents of Kathmandu had come
from other areas as seen in sample number h8 from Hetauda,
locating between Kathmandu and Birganj, and h277 from Birgunj
(Figure 1 and ). From Birgunj residents, we have obtained 6 iso-
lates and 4 out of them were EAI lineage (unpublished data). Thus,
EAI lineage prevalence in this area seems to be high and infection of
the elephants might be a reflection of the prevalence of local
M. tuberculosis strains in humans.

Elp-A and Elp-C isolates had totally different genetic charac-
teristics. Thus their infection origins should be different although
they had been kept together for about 20 years in CNP. Elephant A
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might have been infected with TB in previous town before she
developed active TB later in her life while she was in CNP. On the
other hand, Elp-B and Elp-C had very similar VNTR pattern, and
they made a cluster (Figure 3). These two elephants were together
for four years in KTWR, so they might have been infected from the
same source. Elephant B might also have been infected with TB
while in India and had it for more than 20 years before getting the
active TB. Due to the open border between India and Nepal, there is
movement of people from one country to another. This might have
provided opportunities for Nepalese people and elephants to be
exposed to Indo-oceanic lineage of M. tuberculosis, which is more
common lineage in India {33} than Nepal. However, the possibility
of TB transmission from elephant B to C seemed to be low, since the
spacer number in the spoligotype in Elp-B isolate was smaller than
Elp-C (lacking spacer 33), and also, they had not shown any
symptoms until their terminal stage. They might have been infec-
ted with the bacteria from their handlers; however it is unclear
whether from the same person or from different persons having
closely related strains. Comprehensive TB screening of personnel
who work directly with elephants will help to solve the trans-
mission route and prevent the spread of TB in future.

This study has revealed the important basic information about TB
in elephants of Nepal and has identified the novel polymorphisms
which may be very useful in monitoring the transmission of TB in
these animals. Our findings emphasize the immediate need of
screening of the personnel who work directly with the elephants and
to treat the infected handlers for the prevention of transmission of
this disease to the elephants. Since little information has been
published on TB genotypes in elephants, further investigation is
needed to better understand the epidemiology of this disease in
elephants and the relationship to TB in humans.
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