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from the generalism that is characterized by the ancestral AA type.
Further investigations in combination with phylogenetic analysis
would provide clear evidence for this hypothesis, i.e., evidence to
judge if the emergence of modern AA types relies on convergent
evolution, which has the advantage of adaptation to the hosts.

The ancestral AA type, AAO2, was observed in all of the different
hsp65 code types (Table 2). This implies that AAO2 had existed in
the MAH (or its immediate ancestor) prior to the occurrence of
the divergence of the hsp65 gene in MAH. Although no NA type
variations were found in any of the modern AA types (one-to-one
correspondence between NA types and AA types), most of them
were distributed in more than two hsp65 sequevars (Table 2).
The absence of sSNPs suggests that insufficient time has elapsed
since the emergence of these variants to fix them in the genome.
Therefore, it is unlikely that the modern AA types were present
prior to the occurrence of the divergence of the hsp65 gene in
MAH. These two genes, MACPPE12 and hsp65, would diverge inde-
pendently; thus the combination of these two genes can provide
further discrimination of sub-groups. Indeed, 57 pig isolates with
hsp65 code type 1, which was characterized as predominant code
type of pig isolates in our previous study (lwamoto et al, 2012),
were subclassified into 5 AA types; AAO1 (n=26), AAOZ (n 4),
AA07 (n=12), AA08 (n=11), and AA09 (n=4) (Table 2, and
Table $1). This subclassification might be a useful approach when
we compare the clinical significance at the strain levels.

In conclusion, the present study highlighted the variability of
the MACPPE12 gene, which is absent in subspecies other than
MAH. The MACPPE12 variants were classified into two groups:
ancestral type (AA02) and modern types. AAO2 reflects the general
concept of MAH, i.e., ubiquitous host distributions and heterogene-
ity. The distribution of the modern types correlated with their ma-
jor habitats (hosts). The divergence of the MACPPE12 gene and its
distribution may be a good indicator to characterize MAH strains
prevalent in certain areas. Further studies using global sample sets
may shed light on the variation and distribution of the MACPPE12
gene at a global level.
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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
ofthe 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 etal. (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 (1 = 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 Léwen-
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 (Le., 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 (dNTP), 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
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Co.), according to the manufacturer’s protocol. The Rv0679c sequence
was also compared with those of 80 whole-genome sequenced MTC strains
registered in the GenBank (http://www.ncbinlm.nih.gov/GenBank/) or TB
(http://genome.tbdb.org/annotation/genome/thdb/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 GoTag 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 i, contained 1X
PCR buffer (1.5 mM Mg; TaKaRa Bio, Inc., Shiga, Japan), 0.5 w1 ANTP
solution mix (10 mM each dNTP; New England BioLabs, Inc., Ipswich,
MA), 0.5 pl each of Fw and R1 primers, 0.2 pl R2 primer (primer solu-
tions in 10 pM; Table 1), 1.5 pl of 5 M betaine, 0.45 pl of 25 mM MgCl,
(to make a final Mg concentration of 2.25 mM), 1 ng of sample DNA, and
0.5 units of TaKaRa Hot Start Taq polymerase (TaKaRa). Amplification
was carried out with the first denaturation at 95°C for 1 min followed by
35 cycles of denaturation at 95°C for 10 s, annealing at 66°C for 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,
§T22, 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)* TCGGTCACCGTTTTTGTAGGTGACCGTC  Multiplex PCR for Beijing type identification This study
ON-1127 (R2) AGCAACCTCGCAATCTGACC Multiplex PCR for Beijing type identification This study
RD105 RD105-F (—239~-218) GGAAAGCAACATACACACCACG Multiplex PCR for east Asian type determination®  This study
RD105-R AGGCCGCATAGTCACGGTCG Multiplex PCR for east Asian type determination®  This study
RD105-M (+304~323) TCCTGGGTGCCGAACAAGTG Multiplex PCR for east Asian type determination”  This study
RD105EA-F (—80~—60) TCGGACCCGATGGCTTCGGTG PCR for east Asian type determination® This study
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) 22
TbD1 TbD1F CGTTCAACCCCAAACAGGTA PCR for ancestral M. tuberculosis determination 25
TbD1R AATCGAACTCGTGGAACACC PCR for ancestral M. tuberculosis determination 25
797736 Beijing ST-1F GACGGCCGAATCTGACACTG MLST for Beijing lineage This study
Beijing ST-1R CCATTCCGGGTGGTCACTG MLST for Beijing lineage This study
9091647 Beijing ST-2F CGTCGAGCTCCCACTTCTTG MLST for Beijing lineage This study
Beijing ST-2R TCGTCGAAGTGGACGAGGAC MLST for Beijing lineage This study
1477596%  Beijing ST-3F GTCGACAGCGCCAGAAAATG MLST for Beijing lineage This study
Beijing ST-3R GCTCCTATGCCACCCAGCAC MLST for Beijing lineage This study
1692067  Beijing ST-5F GATTGGCAACTGGCAACAGG MLST for Beijing lineage This study
Beijing ST-5R TGGCCGTTTCAGATAGCACAC MLST for Beijing lineage This study
1892015°  Beijing ST-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-8F CCCTTTTCTGCTCGGACACG MLST for Beijing lineage This study
Beijing ST-8R GATCGACCTTCGTGCACTGG MLST for Beijing lineage This study
2825579%  Beijing ST-9F CCTTGGAGCGCAACAAGATG MLST for Beijing lineage This study
Beijing ST-9R CTGGCCGGACGATTTTGAAG MLST for Beijing lineage This study
4137829¢  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.

9 This SNP nucleotide position on the H37Ry genome is according to references 26 and 34.

Sequence analysis of the Rv0679¢c 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 Rv0679¢ sequence
in M. tuberculosis H37Rv (34). Only a single nucleotide difference
of cytosine to guanine at position 426, which leads to an amino
acid change at codon 142 from Asn (AAC) to Lys (AAG), was
detected in 87 isolates, all of which were identified as being in the
Beijing lineage by spoligotyping and, supportively, by RD207 PCR
(22) (data not shown). One Bangladeshi isolate showed a mixed
peak of C and G at position 426 and was revealed as a mixed

July 2013 Volume 51 Number 7

culture of Beijing and another strain by RD105 and RD207 detec-
tion PCR (Table 2). None of the non-Beijing isolates had the
mutation, and vice versa. In public databases, 14 strains re-
ported from several countries were revealed to have this muta-
tion, and all were confirmed as being in the Beijing lineage by
checking for the RD207 deletion in silico (18). None of the
other 66 MTC strains, which were determined to be non-Bei-
jing, had this mutation. The 498-bp Rv0679¢ sequence was well
conserved among the MTC strains, and the following three
strains in the database showed alterations: M. tuberculosis
strains C and T17 and Mycobacterium canettii CIPT 140010059.
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TABLE 2 Rv0679¢ multiplex PCR results compared with other typing results in 619 M. tuberculosis clinical isolates

RD207, RD105, or other Sequence Rv0679¢ M-PCR No. of
Isolate origin Spoligotype family” typing methods” type* type” isolates
Beijing or Beijing-like 393
Japan Beijing ND 26 Beijing 10
Beijing ND 3 Beijing 24
Beijing ND STK Beijing 13
Beijing-like - RD207" STK Beijing 1
Beijing ND 25 Beijing 3
Beijing ND 19 Beijing 9
Beijing ND 10 Beijing 12
Beijing ND 22 Beijing 4
Beijing ND ND Beijing 23
Bangladesh Beijing ND 26 Beijing 3
Beijing ND 10 Beijing 12
Beijing ND 22 Beijing
Beijing ND 8 Beijing 1
Beijing ND ND Beijing 29
Beijing-like RD105%, RD207™" ND Beljing 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;;nated/new" RD105™, RD207~ ND Non-Beijing 29
Others’ ND ND Non-Beijing 16
Bangladesh —* ND ND Non-Beijing 73
Nepal - ND ND Non-Beijing 45
Myanmar o ND ND Non-Beijing 51
China (Heilongjiang) Undesignated/new ND ND Non-Beijing 2
Mixed clone samples i 6
Bangladesh Undesignated/new Mixed peak in sequence’ ND Beijing 1
RD105%, RD207*
Myanmar Undesignated/new RD105%, RD207™ ND Beijing 2
EAI2_NTB RD105* ND Beijing 1
EAI5 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 RD105™, 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.

4 M-PCR, multiplex PCR.

¢ East Asian lineage.

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

¢ Including the clades EAI1_SOM, EAI2-MANILA, EAI3_IND, EAI5, EAI6_BGD1, EAI7_BGD2, EAI unidentified, CAS, CAS1-DHLHI, CAS2, LAMSY, T1, T4, H1, H3, X1, X2, and
undesignated/new.

" Including the clades EAI3_IND, EAIS, CAS, CAS1-DHLHI, LAM1, LAMS, T1, T2, T3, H3, S, and undesignated/new.

Including the clades EAI2_MANILA, EAI2_NTB, EAI5, EAI6_BGD1, EAI7_BGD2, CAS1-DHLHI, LAM9, T1, T3, X2, S, and undesignated/new.

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

¥ Details are described in Table 3.
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FIG 1 PCR primers and products of Rv0679c-targeting multiplex PCR for
Beijing lineage discrimination. (A) In the Beijing sample, the 163-bp product is
amplified more dominantly than is the 261-bp product. (B) In the non-Beijing
sample, 163-bp product is not amplified because of the mismatch of the 3" end
of R1. Fw, forward primer; R1, reverse primer 1 (Beijing lineage specific); R2,
reverse primer 2. Two-base noncomplement nucleotides at the 5’ end are
shown by black squares.

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

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

M 1t 2 3 4 5 6 7 8 8

10 NC

261 bp

163 bp

FIG 2 Electrophoresis results of the multiplex PCR products. Lane M, 50-bp
ladder DNA size marker; lane 1, M. bovis BCG Tokyo 172 (non-Beijing lineage
control) strain; lane 2, M. tuberculosis OM-9 strain (Beijing lineage control);
lane 3, M. tuberculosis H37Rv; lane 4, M. africanum ATCC 25420; lanes 58, M.
tuberculosis clinical isolates (lane 5, non-Beijing east Asian; lane 6, EAI; lane 7,
LAMO; 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 RFLP, or the detection of RD207, which is led by an inser-
tion of IS6110 in the DR region. However, spoligotyping is well
known to show gene conversions, and strains having no genetic
relationship sometimes show the same spoligotype (3, 26). Fenner
et al. (35) reported pseudo-Beijing strains that had a typical Bei-
jing spoligotype even though they actually belonged to the CAS
family. This type of confusion seems to occur especially in areas
that have a higher prevalence of principal genetic group 1 (PGG1)
lineages, including the EAI, CAS, and east Asian lineages, since
PGG1 strains usually possess spacers 35 and 36, which are lacking
in PGG2 and PGG3 strains (3, 36). In other areas, mixed infections
of more than two strains sometimes disrupt correct spoligotyping
by showing mixed spacer patterns. The Manul-SIT100 and Ma-
nu2-SIT54 types, which lack the spacers 34 or 33 and 34, respec-
tively, are known to be producible by the mixture of Beijing family
and T1 strains (3, 37). In this study, we found that some samples
showed discrepant results between Rv0679¢ multiplex PCR and
spoligotyping that determined a strain to be of the Beijing geno-
type by multiplex PCR, despite having another spoligotype. Using
RD105 and RD207 detection methods, all of these samples were
confirmed to be a mixture of Beijing and another strain. This type
of mixed culture is sometimes observed in countries with a higher
TB burden, where a coinfection of more than two strains is not
rare (22). Some of the spoligopatterns of those samples showed
faint positive spacers, suggesting the mixed presence of other
strains. Even clear and correct spoligotypes can sometimes lead to
misjudgments. In the current study, some samples showed only
one to several spacers to be positive in the Beijing spacer area,
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TABLE 3 Typing result comparison in clinical isolates having confusing spo

ligotype patterns

Detection type Final
Sample Spoligotype Rv0679c RD207 RD207 typing
(identification) Spoligotype pattern family” M-PCRtype set1’ set2” RDI105 TbD1 result
Japan (0-05-44)  COOCCOOCODDOOCOO000000CO0000000000C00000008 — New Beijing - +€ + - Beijing
Nepal (no. 51) OO OOOOODCCDOOO0OonOD0OOnoOCDNODEE0000. New Non-Beijing — - - + Ancestral’
Myanmar (no. 95) COOOOCCOOOOOOCO0O0000000OCO000000000000MEEE  New Beijing + + + ND  Beijing
China (2460) COnOODOnO0O000O0000000N000000000000 0000000 . 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 EAT but not the
Beijing lineage, by TbD1 detection (Table 3) (25). These examples
support the high specificity and applicability of this SNP-targeting
PCR. The disadvantages of 1S6110 RFLP and RD207 detection
have already been described above. RD207-detection PCR did not
work as expected in the sample that lost spacers 1 to 42 (Japan
0-05-44; Table 3), suggesting that some additional reconstruction
had occurred at the IS6110 insertion site of the DR region. SNPs in
MTC genomes can provide robust lineage information, whereas
repetitive elements, such as direct repeats in the DR region, the
mycobacterial interspersed repetitive unit (MIRU) tandem re-
peats (38), or IS6110, are prone to alteration. One hundred per-
cent concordance of the PCR results with the genetically con-
firmed Beijing type is not surprising because of the rigidity of the
SNPs in the MTC (25, 26). Of the 393 Beijing family isolates, 94
were subtyped by MLST and consisted of 8 STs covering a wide
range of the Beijing family, from ancient to modern types (Table
2). This suggested that a specific mutation in Rv0679¢ seemed to
have occurred in the Beijing lineage at the same time as the RD207
deletion event.

Rv0679¢ is an MTC-specific gene, as shown by Cifuentes et al.
(27), and no significantly similar sequence was detected by an
NCBI BLASTn search in the GenBank database. Thus, this multi-
plex PCR assay can be used for the identification of the MTC, as
well as for the differentiation of Beijing and non-Beijing lineages
(Fig. 2). The Beijing mutation detection primer (R1; Fig. 1 and
Table 1) was designed to have two additional noncomplement
bases at the 5’ end to block the second amplification by the PCR
product that produces the 261-bp fragment with an outer R2
primer. Additionally, the higher concentration and melting tem-
perature of the R1 primer compared to those of the outer R2
primer increase the Fw-R1 product more than the Fw-R2 product.
With these techniques, the Beijing band (163 bp) can be shown to
be significantly brighter than the non-Beijing band (261 bp) when
the sample is derived from Beijing lineage M. tuberculosis strains
(Fig. 2). The relatively higher annealing temperature of 66°C gave
good contrast of those two bands and prevented nonspecific am-
plifications. Modified Taq 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

2030 jcm.asm.org

Beijing and non-Beijing types (i.e., BCG) every time (Fig. 2). The
detection limit of 100 to 1,000 copies per reaction might be rela-
tively high; however, it can be improved by about 10 times by
increasing the PCR cycle number to 40, although the necessity of
identifying the MTC lineage in direct clinical specimens seems to
be low.

In papers featuring SNPs as epidemiological markers, syn-
onymous mutations are usually selected to avoid the effect of
evolutional pressure (26). However, both SNPs for the differ-
entiation of PGG1, PGG2, and PGG3 were nonsynonymous
mutations in katG and gyrA (36), and so far, they have provided
robust differentiation results. In the MTC, nonsynonymous
mutations on functional genes can be observed in a relatively
higher frequency than in other bacteria because of extremely
reduced purifying selection pressure (39). Thus, nonsynony-
mous mutations can be preserved unless they are significantly
disadvantageous. Indeed, 100% of the Beijing family strains in
the current study could be identified with this nonsynonymous
mutation, suggesting that it at least has no adverse effect on
those strains. The function of the Rv0679c¢ protein is still un-
clear, although its expression on the cell surface has been con-
firmed (27, 28). Cifuentes et al. (27) reported that the surface-
localized Rv0679¢ protein contributed to the M. tuberculosis
invasion of host cells and proposed the protein as a vaccine
candidate. The substituted amino acid at position 142 was lo-
cated in the C-terminus region of the protein, which was in-
cluded in the “high-activity binding peptide” to target cells
(27). Thus, this highly conserved nonsynonymous SNP, which
results in an amino acid substitution with different character-
istics (Asn — Lys), might have some biological meaning in
explaining Beijing lineage pathogenicity. Since BCG vaccine
strains, as well as other non-Beijing strains, have Rv0679c-
Asnl42, 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.

Journal of Clinical Microbiology

—228—

ojowem epejowo] Aq €107 ‘gl 1equaides uo /6o wse wol//:dny wolj papeojumod



ACKNOWLEDGMENTS

This work was supported in part by a grant from the U.S.-Japan Cooper-
ative Medical Science Programs from the Ministry of Health, Labor, and
Welfare of Japan (to Y.S.), by the Global Center of Excellence (COE)
Program “Establishment of International Collaboration Centers for Zoo-
nosis Control,” Ministry of Education, Culture, Sports, Science, and
Technology of Japan (MEXT) (to Y.S.), by the Japan Initiative for Global
Research Network on Infectious Diseases (J-GRID) from MEXT (to Y.S.),
and by a grant for the Joint Research Program of the Research Center for
Zoonosis Control, Hokkaido University by MEXT (to Y.S., C.N., and
T.M.), as well as by grants-in-aid for scientific research from the Japan
Society for the Promotion of Science (JSPS) (to Y.S. and C.N.).

REFERENCES

1.

10.

12.

13.

July 2013 Volume 51

van Soolingen D, Qian L, de Haas PE, Douglas JT, Traore H, Portaels
F, Qing HZ, Enkhsaikan D, Nymadawa P, van Embden JD. 1995.
Predominance of a single genotype of Mycobacterium tuberculosis in coun-
tries of east Asia. J. Clin. Microbiol. 33:3234-3238.

. Bifani PJ, Mathema B, Kurepina NE, Kreiswirth BN. 2002. Global

dissemination of the Mycobacterium tuberculosis W-Beijing family strains.
Trends Microbiol. 10:45-52.

. Brudey K, Driscoll JR, Rigouts L, Prodinger WM, Gori A, Al-Hajoj SA,

Allix C, Aristimufio L, Arora J, Baumanis V, Binder L, Cafrune P,
Cataldi A, Cheong S, Diel R, Ellermeier C, Evans JT, Fauville-Dufaux
M, Ferdinand S, Garcia de Viedma D, Garzelli C, Gazzola L, Gomes
HM, Guttierez MC, Hawkey PM, van Helden PD, Kadival GV, Kre-
iswirth BN, Kremer K, Kubin M, Kulkarni SP, Liens B, Lillebaek T, Ho
ML, Martin C, Martin C, Mokrousov I, Narvskaia O, Ngeow YF,
Naumann L, Niemann S, Parwati I, Rahim Z, Rasolofo-Razanamparany
V, Rasolonavalona T, Rossetti ML, Riisch-Gerdes S, Sajduda A, Samper
S, Shemyakin IG, et al. 2006. Mycobacterium tuberculosis complex genetic
diversity: mining the fourth international spoligotyping database
(SpolDB4) for classification, population genetics and epidemiology. BMC
Microbiol. 6:23. doi:10.1186/1471-2180-6-23.

. Hanekom M, Gey van Pittius NC, McEvoy C, Victor TC, Van Helden

PD, Warren RM. 2011. Mycobacterium tuberculosis Beijing genotype: a
template for success. Tuberculosis (Edinb.) 91:510~523.

. Colditz GA, Brewer TF, Berkey CS, Wilson ME, Burdick E, Fineberg

HV, Mosteller F. 1994. Efficacy of BCG vaccine in the prevention of
tuberculosis. Meta-analysis of the published literature. JAMA 271:698—
702.

. de Steenwinkel JE, ten Kate MT, de Knegt GJ, Kremer K, Aarnoutse RE,

Boeree MJ, Verbrugh HA, van Soolingen D, Bakker-Woudenberg
JAJM. 2012. Drug susceptibility of Mycobacterium tuberculosis Beijing
genotype and association with MDR TB. Emerg. Infect. Dis. 18:660—663.

. Parwati I, van Crevel R, van Soolingen D. 2010. Possible underlying

mechanisms for successful emergence of the Mycobacterium tuberculosis
Beijing genotype strains. Lancet Infect. Dis. 10:103-111.

. Lépez B, Aguilar D, Orozco H, Burger M, Espitia C, Ritacco V, Barrera

L, Kremer K, Hernandez-Pando R, Huygen K, van Soolingen D. 2003.
A marked difference in pathogenesis and immune response induced by
different Mycobacterium tuberculosis genotypes. Clin. Exp. Immunol. 133:
30-37.

. Reed MB, Domenech P, Manca C, Su H, Barczak AK, Kreiswirth BN,

Kaplan G, Barry CE, II1. 2004. A glycolipid of hypervirulent tuberculosis
strains that inhibits the innate immune response. Nature 431:84~87.
Chuang PC, Chen HY, Jou R. 2010. Single-nucleotide polymorphism in
the fadD28 gene as a genetic marker for east Asia lineage Mycobacterium
tuberculosis. J. Clin. Microbiol. 48:4245-4247.

. Mokrousov I, Ly HM, Otten T, Lan NN, Vyshnevskyi B, Hoffner S,

Narvskaya O. 2005. Origin and primary dispersal of the Mycobacterium
tuberculosis Beijing genotype: clues from human phylogeography. Ge-
nome Res. 15:1357-1364.

Wada T, Iwamoto T, Maeda S. 2009. Genetic diversity of the Mycobac-
terium tuberculosis Beijing family in east Asia revealed through refined
population structure analysis. FEMS Microbiol. Lett. 291:35-43.

Wang J, Liu Y, Zhang CL, Ji BY, Zhang LZ, Shao YZ, Jiang SL, Suzuki
Y, Nakajima C, Fan CL, Ma YP, Tian GW, Hattori T, Ling H. 2011.
Genotypes and characteristics of clustering and drug susceptibility of My-
cobacterium tuberculosis isolates collected in Heilongjiang Province,
China. J. Clin. Microbiol. 49:1354-1362.

Number 7

—229—

14.

15.

16.

17.

18.

19.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

M. tuberculosis Beijing Family Identification PCR

Cowley D, Govender D, February B, Wolfe M, Steyn L, Evans J,
Wilkinson RJ, Nicol MP. 2008. Recent and rapid emergence of W-Beijing
strains of Mycobacterium tuberculosis in Cape Town, South Africa. Clin.
Infect. Dis. 47:1252-1259.

Plikaytis BB, Marden JL, Crawford JT, Woodley CL, Butler WR, Shin-
nick TM. 1994. Multiplex PCR assay specific for the multidrug-resistant
strain W of Mycobacterium tuberculosis. ]. Clin. Microbiol. 32:1542-1546.
Iwamoto T, Yoshida S, Suzuki K, Wada T. 2008. Population structure
analysis of the Mycobacterium tuberculosis Beijing family indicates an as-
sociation between certain sublineages and multidrug resistance. Antimi-
crob. Agents Chemother. 52:3805-3809.

Kato-Maeda M, Shanley CA, Ackart D, Jarlsberg LG, Shang S, Obregon-
Henao A, Harton M, Basaraba R], Henao-Tamayo M, Barrozo JC, Rose
J, Kawamura LM, Coscolla M, Fofanov VY, Koshinsky H, Gagneux S,
Hopewell PC, Ordway DJ, Orme IM. 2012. Beijing sublineages of My-
cobacterium tuberculosis differ in pathogenicity in the guinea pig. Clin.
Vaccine Immunol. 19:1227-1237.

Beggs ML, Eisenach KD, Cave MD. 2000. Mapping of IS6110 insertion
sites in two epidemic strains of Mycobacterium tuberculosis. J. Clin. Micro-
biol. 38:2923-2928.

Kremer K, Glynn JR, Lillebaek T, Niemann S, Kurepina NE, Kreiswirth
BN, Bifani PJ, van Soolingen D. 2004. Definition of the Beijing/W lineage
of Mycobacterium tuberculosis on the basis of genetic markers. J. Clin.
Microbiol. 42:4040-4049.

. Hillemann D, Warren R, Kubica T, Riisch-Gerdes S, Niemann S. 2006.

Rapid detection of Mycobacterium tuberculosis Beijing genotype strains by
real-time PCR. J. Clin. Microbiol. 44:302-306.

Sun JR, Lee SY, Dou HY, Lu JJ. 2009. Using a multiplex polymerase
chain reaction for the identification of Beijing strains of Mycobacterium
tuberculosis. Eur. J. Clin. Microbiol. Infect. Dis. 28:105-107.

Warren RM, Victor TG, Streicher EM, Richardson M, Beyers N, Gey
van Pittius NC, van Helden PD. 2004. Patients with active tuberculosis
often have different strains in the same sputum specimen. Am. J. Respir.
Crit. Care Med. 169:610—-614.

Tsolaki AG, Gagneux S, Pym AS, Goguet de la Salmoniere YOL,
Kreiswirth BN, Van Soolingen D, Small PM. 2005. Genomic deletions
classify the Beijing/W strains as a distinct genetic lineage of Mycobacterium
tuberculosis. ]. Clin. Microbiol. 43:3185-3191.

Stucki D, Malla B, Hostettler S, Huna T, Feldmann J, Yeboah-Manu D,
Borrell S, Fenner L, Comas I, Coscolla M, Gagneux S. 2012. Two new
rapid SNP-typing methods for classifying Mycobacterium tuberculosis
complex into the main phylogenetic lineages. PLoS One 7:e41253. doi: 10
1371/journal.pone.0041253.

Huard RC, Fabre M, de Haas P, Lazzarini LC, van Soolingen D,
Cousins D, Ho JL. 2006. Novel genetic polymorphisms that further de-
lineate the phylogeny of the Mycobacterium tuberculosis complex. J. Bac-
teriol. 188:4271—-4287.

Filliol I, Motiwala AS, Cavatore M, Qi W, Hazbén MH, Bobadilla del
Valle M, Fyfe J, Garcia-Garcia L, Rastogi N, Sola C, Zozio T, Guerrero
MI, Leén CI, Crabtree J, Angiuoli S, Eisenach KD, Durmaz R, Joloba
ML, Rendén A, Sifuentes-Osornio ], Ponce de Leén A, Cave MD,
Fleischmann R, Whittam TS, Alland D. 2006. Global phylogeny of
Mycobacterium tuberculosis based on single nucleotide polymorphism
(SNP) analysis: insights into tuberculosis evolution, phylogenetic accu-
racy of other DNA fingerprinting systems, and recommendations for a
minimal standard SNP set. ]. Bacteriol. 188:759-772.

Cifuentes DP, Ocampo M, Curtidor H, Vanegas M, Forero M, Patar-
royo ME, Patarroyo MA. 2010. Mycobacterium tuberculosis Rv0679¢ pro-
tein sequences involved in host-cell infection: potential TB vaccine candi-
date antigen. BMC Microbiol. 10:109. doi:10.1186/1471-2180-10-109,
Matsuba T, Suzuki Y, Tanaka Y. 2007. Association of the Rv0679c
protein with lipids and carbohydrates in Mycobacterium tuberculosis/
Mpycobacterium bovis BCG. Arch. Microbiol. 187:297-311.

Poudel A, Nakajima C, Fukushima Y, Suzuki H, Pandey BD, Maharjan
B, Suzuki Y. 2012. Molecular characterization of multidrug-resistant
Mycobacterium tuberculosis isolated in Nepal. Antimicrob. Agents Che-
mother. 56:2831-2836.

Rahim Z, Nakajima C, Raqib R, Zaman K, Endtz HP, van der Zanden
AG, Suzuki Y. 2012. Molecular mechanism of rifampicin and isoniazid
resistance in Mycobacterium tuberculosis from Bangladesh. Tuberculosis
(Edinb.) 92:529-534.

Tamaru A, Nakajima C, Wada T, Wang Y, Inoue M, Kawahara R,
Maekura R, Ozeki Y, Ogura H, Kobayashi K, Suzuki Y, Matsumoto S.

jomasmorg 2031

ojowem| epejowo] Ag €10z ‘gL lequeydag uo /Bio wse woly/:dny wolj pepeojumoq



Nakajima et al.

32.

33.

34.

2032

2012. Dominant incidence of multidrug and extensively drug-resistant
specific Mycobacterium tuberculosis clones in Osaka Prefecture, Japan.
PLoS One 7:¢42505. doi:10.137 1 /journal.pone.0042505,

Reddy TB, Riley R, Wymore F, Montgomery P, DeCaprio D, Engels R,
Gellesch M, Hubble J, Jen D, Jin H, Koehrsen M, Larson L, Mao M,
Nitzberg M, Sisk P, Stolte C, Weiner B, White J, Zachariah ZK,
Sherlock G, Galagan JE, Ball CA, Schoolnik GK. 2009. TB database: an
integrated platform for tuberculosis research. Nucleic Acids Res. 37(Da-
tabase issue):D499-D508. doi:10.1093/nar/gkn652.

Kamerbeek J, Schouls L, Kolk L, van Agterveld M, van Soolingen D,
Kuijper S, Bunschoten A, Molhuizen H, Shaw R, Goyal M, van Embden
J. 1997. Simultaneous detection and strain differentiation of Mycobacte-
rium tuberculosis for diagnosis and epidemiology. J. Clin. Microbiol. 35:
907-914.

Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D, Gordon
SV, Eiglmeier K, Gas S, Barry CE, III, Tekaia F, Badcock K, Basham D,
Brown D, Chillingworth T, Connor R, Davies R, Devlin K, Feltwell T,
Gentles S, Hamlin N, Holroyd S, Hornsby T, Jagels K, Krogh A,
McLean J, Moule S, Murphy L, Oliver K, Osborne J, Quail MA,
Rajandream MA, Rogers J, Rutter S, Seeger K, Skelton J, Squares R,
Squares S, Sulston JE, Taylor K, Whitehead S, Barrell BG. 1998. Deci-

jcm.asm.org

—230—

35.

36.

37.

38.

39,

phering the biology of Mycobacterium tuberculosis from the complete ge-
nome sequence. Nature 393:537-544.

Fenner L, Malla B, Ninet B, Dubuis O, Stucki D, Borrell S, Huna T,
Bodmer T, Egger M, Gagneux S. 2011. “Pscudo-Beijing”: evidence for
convergent evolution in the direct repeat region of Mycobacterium tuber-
culosis. PLoS One 6:¢24737. doi:10.137 1/journal.pone.0024737.
Sreevatsan S, Pan X, Stockbauer KE, Connell ND, Kreiswirth BN,
Whittam TS, Musser JM. 1997. Restricted structural gene polymorphism
in the Mycobacterium tuberculosis complex indicates evolutionarily recent
global dissemination. Proc. Natl. Acad. Sci. U. S. A. 94:9869-9874.
Lazzarini LC, Rosenfeld J, Huard RC, Hill V, Lapa e Silva JR, DeSalle
R, Rastogi N, Ho JL. 2012. Mycobacterium tuberculosis spoligotypes that
may derive from mixed strain infections are revealed by a novel compu-
tational approach. Infect. Genet. Evol. 12:798-806.

Supply P, Mazars E, Lesjean S, Vincent V, Gicquel B, Locht C. 2000.
Variable human minisatellite-like regions in the Mycobacterium tubercu-
losis genome. Mol. Microbiol. 36:762-771.

Hershberg R, Lipatov M, Small PM, Sheffer H, Niemann S, Homolka S,
Roach JC, Kremer K, Petrov DA, Feldman MW, Gagneux S. 2008. High
functional diversity in Mycobacterium tuberculosis driven by genetic drift
and human demography. PLoS Biol. 6:e311. doi:10.1371/journal.pbio
0060311,

Journal of Clinical Microbiology

ojowem| epejowo] Ag €10z ‘gl leqwaldeg uo /610 wse wol//:diy wouy papeojumo(



Infection, Genetics and Evolution 16 (2013) 174-177

Contents lists available at SciVerse ScienceDirect -

Infection, Genetics and Evolution

jourhal homepage: www.elsevier.com/locate/meegid

Short communication

Evolutionary robust SNPs reveal the misclassification of Mycobacterium
tuberculosis Beijing family strains into sublineages

Noriko Nakanishi ?, Takayuki Wada ®, Kentaro Arikawa?, Julie Millet ¢, Nalin Rastogi ¢, Tomotada Iwamoto **

4 Department of Microbiology, Kobe Institute of Health, Kobe, Japan
® Department of International Health, Institute of Tropical Medicine, Nagasaki University, Nagasaki, Japan
€ WHO Supranational TB Reference Laboratory, Unite de la Tuberculose et des Mycobacteries, Institut Pasteur de Guadeloupe, Abymes Cedex, Guadeloupe, France

ARTICLE INFO ABSTRACT

Article history:

Received 22 October 2012

Received in revised form 12 February 2013
Accepted 13 February 2013

Available online 22 February 2013

Genotypic classification in Mycobacterium tuberculosis has greatly contributed to the comprehension of
phylogenetic and population genetic relationships. It is, therefore, necessary to verify the robustness of
the genetic markers for phylogenetic classification. In this study, we report some examples of homoplasy
for two molecular markers, the I1S6110 insertion at the NTF region, and a single nucleotide polymorphism
(SNP) at locus 909166, through genotyping of 1054 Beijing family strains. Our data revealed that a small
fraction of strains traditionally classified into modern sublineages by IS6110 insertion at NTF actually

Iég’.‘i’;mg:m i belong to an ancient sublineage. We also proved that the robustness of branches in the evolutionary tree
G e;‘lot%/ ping v established using the putative homoplasious SNP 909166 is relatively low. Our findings highlight the
1S6110 importance of validating genetic markers used to establish phylogeny, evolution, and phenotypic

Molecular epidemiology characteristics.
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1. Introduction

Recent progress in research on genetic diversity of Mycobacte-
rium tuberculosis has brought new evidence that the outcome of
infection and disease may differ depending on the genotype, line-
age, and sublineage of the strain involved (Coscolla and Gagneux,
2010; Malik and Godfrey-Faussett, 2005). Both large sequence
polymorphisms (LSPs), and single nucleotide polymorphisms
(SNPs) have facilitated comprehension of phylogenetic and popula-
tion genetic relationships (Comas and Gagneux, 2009; Comas et al.,
2009), because they exhibit minimal rates of homoplasy. More-
over, highly discriminatory markers, including multilocus variable
number of tandem repeats (VNTRs), are widely used to track par-
ticular strains in the community (Comas et al., 2009).

The Beijing family of M. tuberculosis strains is the most fre-
quently analyzed lineage (Coscolla and Gagneux, 2010), and vari-
ous genetic markers have been developed for subdividing the
species into the Beijing family and its sublineages (Dou et al,
2008; Faksri et al., 2011; Filliol et al, 2006; Hanekom et al,,
2007; Kremer et al,, 2004; Luo et al, 2012; Mokrousov et al,,
2002, 2005; Tsolaki et al., 2005; Wada et al., 2009b). On the other
hand, some recent reports have indicated the risk of misclassifi-
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cation of Beijing family strains based on traditional molecular
markers due to their homoplasy (Faksri et al., 2011; Fenner et al.,
2011). We therefore decided to investigate the robustness of sub-
lineage categorization using two molecular markers that have al-
ready shown their usefulness for evolutionary studies, namely:
(i) the 1S6110 insertion at the NTF region, which is traditionally
used to divide the family into modern (typical) and ancient (atyp-
ical) sublineages (Mokrousov et al.,, 2005), and (ii) SNP locus
909166, which is 1 of the 10 SNPs in a set used to classify the fam-
ily into Filliol’s sequence types (STs) (Filliol et al., 2006).

2. Materials and methods

We obtained 1340 M. tuberculosis isolates from newly diag-
nosed tuberculosis (TB) in Kobe, Japan, between 2002 and 2009.
Of these, 909 isolates overlapped with the isolates which were pre-
viously used for population structure analysis (Iwamoto et al.,
2009). In total, 1054 isolates were identified as Beijing family
based on spoligotyping (Kamerbeek et al., 1997), and subsequent
confirmation by LSPs (RD181 and/or RD105) and SNPs described
below. These isolates included 67 Beijing variant spoligotyping
patterns that lack some of the spacers between 35 and 43. These
67 isolates were confirmed by RD181 and/or RD105 analysis as
belonging to the Beijing family (Tsolaki et al., 2004). All the Beijing
family strains were classified into ancient and modern Beijing sub-
lineages based on the presence of IS6110 in the NTF region (Mok-
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Table 1
Distribution of 1054 Beijing family strains in each sublineage according to SNPs.

175

Beijing SNPs No. (%) of IS6110 insertion in the NTF Subgroup
sublineages 540149 1692069 797736 2825581 1892017 4137829 1477596 2376135 2532616 909166 U 4INS region
a. Classification based on phylogeny using published SNPs
ST11 G A C T T C C A G C 4(0.4%) None Ancient
ST26 G A C T T C C A G T 68(6.5%) None Ancient
STK G A T G T C C A G T 167(15.8%)  None® Ancient
ST3 G A T G T C C A G C 271(25.7%)  None! Ancient
ST25 G A T G C T C A G C 10(0.9%) None Ancient
ST19 G A T G C T C A G T 288(27.3%)  None® Ancient
ST10 G A T G C T T A G T 196(18.6%)  NTF:: IS6110 Modern
ST22 G A T G C T T G A T 50(4.7%) NTF:: 1S6110 Modern
1548149 1692069 797736 2825581 1576481 1892017 4137829 1477596 2376135 2532616
b. Classification based on phylogeny using published SNPs and the additional SNP at position 1576481
ST11/ST26 G A C T T T C C A G 72(6.8%) None Ancient
STKr¢ G A G T T C C A G 175(16.6%)* None! Ancient
ST31r¢ G A T G G T C C A G 263(25.0%)° None! Ancient
ST25/ST19 G A T G G C T C A G 298(28.2%)  None! Ancient
ST10 G A T G G C T T A G 196(18.6%)  NTF:: IS6110 Modern
ST22 G A T G G C T T G A 50(4.7%) NTF:: 1S6110 Modern

2 Twelve isolates originally classified as ST3 were re-classified as STKr by using SNP 1576481 instead of SNP 909166.

b Four isolates originally classified as STK were re-classified as ST3r by using SNP 1576481 instead of SNP 909166.

¢ Previously STK and ST3 sublineages were renamed STKr and STK3r according to the definition of the new 10-SNP set, respectively.
4 Three isolates horboring 1S6110 insertion in the NTF region belonged to the STKr, ST3r and ST19 sublineages, respectively,

rousov et al., 2005; Wada et al., 2009b). They were also classified
into ST sublineages using Filliol’s 10 SNPs (Filliol et al., 2006; Han-
ekom et al., 2007; Iwamoto et al., 2008). In addition to the 10-SNP
set, SNP locus 1576481 recently introduced in the panel as the
replacement with SNP 909166 (Wada et al., 2012), was also ana-
lyzed to assess the homoplasious behavior of SNP 909166. We ne-
gated the existence of “Pseudo-Beijing strains” (Fenner et al., 2011)
in our sample set by the detection of RD105 (Tsolaki et al., 2004)
for all of the strains classified as ST11 and ST26 sublineages using
SNP genotyping (Ilwamoto et al., 2008; Iwamoto et al., 2012). All
strains were subjected to Supply's optimized 15-locus variable
number of tandem repeats (15-MIRU-VNTR) analysis (Supply
et al., 2006; Iwamoto et al., 2012).

3. Results and discussion

Recently, Faksri et al. (2011) pointed out that three of the tradi-
tional 10-SNP set (SNPs 909166, 1548149, and 4137829) did not
represent unique, irreversible events. Although they noted that
the robustness of branches harboring these reversible SNPs is rel-
atively low, this has not yet been formally evaluated using large
number of sample sets. Of these three SNPs, in particular, SNP
909166 has played a key role in facilitating division of strains into
the STK and ST3 sublineages that are predominant in Japan (Ilwam-
oto et al., 2008, 2009; Wada et al., 2009b). Therefore, evaluation of
the robustness of the sublineage categorization for evolutionary
studies is imperative.

The results obtained on the classification of 1054 Beijing family
strains using published SNPs and the additional SNP at position
1576481 are summarized in Tables 1a and b. When we applied
SNP 1576481, which is expected to compensate for the probable
homoplasious behavior of SNP 909166 (Wada et al., 2012), to our
sample set, all of the 1054 Beijing family isolates could be classified
into sublineages without considering the reversibility of the SNP
(Table 1b).The striking difference of this classification from that
using SNP 909166 (Table 1a) confirmed that SNP 1576481 (T to
G) is evolutionarily a more informative SNP than the former SNP.

Given this result, we aimed to verify the robustness of classifi-
cation of sublineages using SNP 909166 (a reversible SNP), in com-

parison with classification using SNP 1576481 (an irreversible
SNP). The results revealed a discrepancy in the classification of
16 isolates (16/438 [3.7%]) between these two SNPs (Tables 1a
and b). Specifically, 12 isolates originally classified as ST3 isolates
were re-classified as STKr, and four isolates originally classified
as STK isolates were re-classified as ST3r, when SNP 1576481
was used (Table 1b). A minimum spanning tree (MST), based on
15-MIRU-VNTR which included phylogenetically informative loci
for Beijing family strains (Wada and Iwamoto, 2009a; Faksri
et al, 2011), was consistent with the classification using SNP
1576481 (Fig. 1). These results strongly suggest that the robustness
of the branches identified using SNP 909166 is relatively low, while
an evolutionarily more reliable classification for STKr and ST3r was
possible using SNP 1576481. Although we could not verify the
robustness of classification using the other two reversible SNPs,
1548149 and 4137829, in our sample set, their utilization as genet-
ic markers may be reconsidered using the same approach.

The IS6110 insertion in the NTF region is well established as a
genetic marker for grouping Beijing family strains into “modern”
and “ancient” sublineages (Mokrousov et al., 2002, 2005). Although
all of the modern-type strains in our study (ST10 and ST22) as clas-
sified by SNPs, certainly possessed an 1S6110 insertion in the NTF
region, we also found three ancient strains (3/1,054, 0.3%) harbor-
ing an IS6110 insertion in the NTF region (Table 2). Since there was
no double peak in the VNTR profiles, mixed infection was elimi-
nated (Table 2). For these three ancient strains, IS6110 insertion
in the NTF region was identified by PCR amplification and its se-
quence analysis. IS6110 insertion sites in the NTF region in three
strains exhibited distinctive patterns (data not shown). When we
investigated the I1S6110 insertion sites at NTF region in the 10 mod-
ern-type strains, they were identified in the same position but dif-
ferent from that of the three ancient strains (data not shown).
These results suggested that IS6710 insertion in the NTF region oc-
curs independently in these ancient strains. They belonged to the
ST3r, ST19, and STKr sublineages, based on SNP data. These isolates
presented sublineage-specific VNTR allele profiles, as previously
described (Wada and Iwamoto, 2009a) (Table 2), which supports
their assignment as ancient types. This result provided clear evi-
dence that some of the ancient type isolates could be misclassified
as modern type under the current definition, i.e.,, presence of
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Fig. 1. A minimum spanning tree based on 15-MIRU-VNTR genotyping of 271 ST3 (red) and 167 STK (green) sublineage isolates, which were categorized using SNP 909166.
Red arrows show 16 misclassified isolates. Twelve ST3 and 4 STK sublineages, as defined by SNP 909166, belonged to the STK and ST3 branches, respectively.(For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

15-MIRU-VNTR alleles in the three isolates harboring IS6110 insertion in NTF region.

No. Years Beijing IS6110 insertion in the

15-MIRU-VNTR loci allele profile®

sublineages  NTF region
MIRU MIRU MIRU16 MIRU MIRU MIRU ETR ETR QUB- QUB- QUB- Mtub04 Mtub21 Mtub30 Mtub39
4 10 26 31 40 A C 11b 26 4156
1 2007 ST3r NTF:: IS6110 2 1 3 7 4 3 4 4 7 8 5 4 3 4 3
2 2009 ST19 NTF:: 1S6110 2 3 4 7 5 3 4 4 7 2 5 3 3 4 3
3 2009 STKr NTF:: IS6110 2 3 3 7 5 3 1 4 3 7 4 4 3 2 3

" Boldface data indicate specific VNTR alleles observed in the ancient phylogenetic sublineage of Beijng family as previously reported (Wada and lwamoto, 2009a).

[S6110 in the NTF region. These rare exceptions can be negligible in
population-based studies. However, when exploring strain-specific
differences in experimental or clinical phenotypes, we need to be
careful of these rare but important exceptions to the classification
of modern type Beijing.

In conclusion, we demonstrated homoplasious events in two
molecular markers: the IS6110 insertion in the NTF region and
SNP 909166. Our findings highlight the importance of validating
such genetic markers used to establish phylogeny, evolution, and
phenotypic characteristics. With the tremendous increase in
whole-genome sequence data, verification of the robustness of
polymorphic loci has become very important for establishing the
valid SNP-based classification scheme for M. tuberculosis strains.
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