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Fig. 1. The pair-wise linkage disequilibrium (LD; r?) blocks of the analyzed variants of SLC11AT in the controls samples from Japanese and European descendents. Tag single
nucleotide polymorphisms (SNPs) are indicated by arrowheads. The strength of LD between any pair of SNPs is represented by the standard color scheme. Shades of gray are

in proportion to the r? value, expressing the strength of the LD.

3.2. Association of SLC11A1 SNP with MAC disease

Four tag SNPs of 8 candidates were identified from our data set
of the Japanese population, as illustrated in Fig. 1. Three tag SNPs
were located in the 3’ LD block and 1 was in the 5’ LD block. Two
frequently reported polymorphisms in Asians, rs17235409
(D543N)andrs17235416 (3’ UTR insertion/deletion of TGTG), were
also added, despite their rarity. In total, 6 variants (rs2276631,
1$2695343, rs17235409, rs17235416, rs1059823, and rs2279014)

were analyzed for possible association with the disease and clinical
phenotypes using allelic, genotypic, recessive, and dominant mod-
els in the Japanese case and control groups. The genotype frequen-
cies in the control group did not deviate significantly from Hardy-
Weinberg equilibrium using the x? test with p < 0.05 as the cutoff
calculated for the level of significance. The minor T allele of
rs2279014 was associated with protection from MAC when com-
paring allele frequencies with an OR of 0.582 (95% C1 0.379-0.894,
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Table 2
Haplotype frequencies in Japanese and European descendents

Marker variants ) " Haplotype frequency (SD)
134674301 1534448891 rs2276631 s3731865 152200708 rs3816560 Ts2695343 152279015 rs17235400 1517235416 1s1059823 152279014 JP : ED
T 3) ¢ 6 oo T 6. G 6 (ns) A ¢ - 0.6676 (0.0075) . 05100 (0.0092)
¢ @ T ¢ i g G gosy G T -~ 0.0803 (0.0017)  0.0300 (0.0018)
T 3) e el S A A @el) G T 00540 (0.0061) 0.0189 (0.0078)
T 6] c G ¢ T A A G C(ins) G ¢ © 0.0400 (0.0000) (Absent)
¢ @ Ty e A A G (ins) G T 0.0390 (0.0032) 02126 (0.0065)

Haplotype structure for the SLC11A1 gene. Major haplotypes differences are shown in boldface.
SD, estimated standard deviation of haplotype frequency; JP, Japanese population; ED, European descendents.

p = 0.013) and this association remained significant in permutation
analysis (perm;go,000) P = 0.044). The genotype frequency of this
SNP also differed in the MAC cases when compared with controls
(p = 0.028; Table 3). In a dominant allelic model (comparing geno-
type AA vs Aafaa), the T allele of 12279014 was also associated
with protection from MAC (OR [95% CI] = 0.511[0.311-0.839],p =
0.008; Table 4). In addition, using logistic regression models, we
confirmed that the T allele demonstrated a significant negative
association with MAC disease, even after adjustment for sex in the
first control panel (OR = 0.523 [0.312-0.877], p = 0.014) and for
sex and age at diagnosis in the second control panel to assess
reproducibility (OR = 0.494 [0.288 -0.848], p = 0.010). None of the
other tag SNPs was associated with altered susceptibility to MAC
infection. Taken together, these results suggest that the T allele of
1s2279014 is associated with protection against MAC infection.

3.3. Genetic polymorphisms in strong LD with rs2279014

To identity possible new variants in strong LD with the disease-
associated tag SNP rs2279014, we sequenced the promoter region,
coding region, and 3’ UTR of SLC11A1 in 35 Japanese individuals.
Three polymorphisms located in the 3’ UTR, rs17229009 (CAAA/-),
rs17229016, and rs13062, were in perfect LD (r? = 1) with
rs2279014 among the 35 Japanese samples.

3.4. Subgroup analysis and MAC disease

The subsets of cases were analyzed to determine whether asso-
ciation differs according to age at onset. The cases were stratified
considering 50 years old as the average menopausal age of Japanese
women and the association was compared. SNP rs2279014 was

significantly associated with late-onset patients (p = 0.031; Table
5). Further, patients were categorized into 2 groups: with and
without comorbidity. In this analysis, higher frequency of the CC
genotype was observed in patients without comorbidity (74.6%)
compared with healthy controls (56.9%; p = 0.021). However, the
subgroup with comorbidity did not exhibit significant associations
compared with healthy controls. Taken together, these results in-
dicate that rs2279014 SNP is associated with late onset (> 50 years
old) and patients without comorbidity.

3.5. Haplotypic analysis and MAC disease

The haplotypes were constructed with the 6 variants
(rs2276631, rs2695343, rs17235409, rs17235416, rs1059823, and
rs2279014) analyzed in the association study and compared, but no
significant associations were observed in these haplotype frequen-
cies between cases and controls (data not shown).

3.6. Allelic expression imbalance of the SLC11A1 gene

Considering a possible modification of mRNA expression in-
duced by 5’(GT)n or disease-associated polymorphisms in the 3’
UTR of the SLC11A1 gene, an allele-specific mRNA imbalance assay
was performed in 12 heterozygous individuals. Pairwise haplo-
types were estimated with 7 polymorphisms: rs34448891,
152276631, 152695343, rs17235409, rs17235416, rs1059823, and
rs2279014. Among them, 3 polymorphisms (rs17235409,
rs17235416, and rs1059823) were included in the PCR amplifica-
tion for SSCP. First, to elucidate the functional role of the associated
SNP marker rs2279014, allelic expression imbalance was evalu-
ated; however, the RT-PCR amplification was not efficient and the

Table 3
Associations of SLC11A1 polymorphisms with Mycobacterium avium complex (MAC) disease in allelic and genotypic analyses
Polymorphisms Allelic model - L Genotypic model . e HWP
A (%) a(%) OR (95% CI) X AA (%) Ad (%) aa(%) ¥ p?
1s2276631: C>T = Lol ‘ L e
“Control 356(844)  66(15.6) : . 150(71.1)  56(265)  5(24) : 0.932
MAC 196(883) . 26(117) = 0.72(0.44-1.16) 183 0176 86(775) . 24(216)  1(09) 196 0.409°
152695343: G>A : e Aaia S S S
Control 283(67.1)  139(32.9) . Cred 97(46.0) 89(42.2)  25(11.8) S 0.511
MAC -~ 156(703) 66(29.7)  0.86(0.61-1.23) 069 0406 ° 52(46.8)  52(46.8) 7(63) - 262 0.268
1517235409;: G>A ; L T G ; T :
Control: 388(91.9) 34(8.1) : - 178(844) - 32(152) 1(0.5) : 0731
CMAC 211(95.0) 11(5.0) 7 0.59(0.30-1.20) 215 0142 101(91.0) 9(8.1) 1(09) 343 oAz
rs17235416: Ins/Del S it : G S S . Vi : s i
-~ Control : 386(91.5) . 36(8.5) : 176(83.4)  34(16.1) " 1(0.5) : S 0636
- MAC 211(95.0) 11(5.0)  0.56(0.28-1.12) ~ 2.75 - 0.097 101(91.0) 9(8.1)" 1(09) 419 0.086°
rs1059823:A>G g : ! k i 8 S :
“Control 285(67.5)  137(325) . ; 94(44.5) 97(46.0)  20(95) 0.482
“ MAC L 163(734) . 59(268) 075(0.52-1.08) " 238 0123 - 59(532) 45(405) . 7(63) - 249 0.307°
1$2279014:C>T - S na ; e (e
Control - . . 322(763)  100(23.7) i g 120 (56.9) 82(389) . 9(43) X i 0.278
MAC o 188(84.7) 34(153)  0.58(0.38-0.89) 62 0.013° . 80(72.1) 28(25.2) 37 114 0.028° :

HWP, Hardy-Weinberg equilibrium analyzed in the control group with a cutoff value of p < 0.05.
aValues in boldface are less than 0.05 for the allelic and genotypic analyses between MAC disease (n = 111; 11 samples were not available) and the first control panel (n = 211).

PFisher’s exact p value.
“Permutation test (n = 100,000), p value = 0.044.
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Table 4
Associations of SLC11A1 polymorphisms with MAC disease in dominant and recessive models
Polymorphisms Recessive model Dominant model :
AA + Aa aa OR (95% CI) X P2 AA Aa + aa OR (95% CI) X p?

1s2276631: C>T

Control 206 (97.6) 5(2.4) : ) 150(71.1) 61(28.9)

MAC 110(99.1) 1(0.9) 0.37(0.04-3.25) 0.86 0.669° 86(77.5) 25(22.5) 0.71(0.42-1.22) 1.52 0.218
152695343: G>A : . : =

Control 186 (88.2) 25(11.8) . 97(46.0) 114 (54.0)

MAC 104(93.7) 7(6.3) 0.50(0.21-1.20) 25 0.114 52 (46.8) 59(53.2) . 0.97(0.61-1.53) 0.02 -0.881
1s17235409: G>A . : .

Control 7 210(99.5) 1(0.5) 178 (84.4) 33(15.6)

MAC” - 110 (99.1) 1(0.9) 1.91(0.12-30:82) 0.21 1.000° 101(91.0) 10(9.0) 0.53(0.25-1.13) 276 0.096
1517235416: Ins/Del :

Control 210(99.5) - 1(0.5) i 176 (83.4) 35(16.6)

MAC 110 (99.1) 1(0.9) 1.91(0.12-30.82) 0.21 1.000° 101(91.0) 10(9.0) 0.50(0.24~1.05) 3.48 0.062
rs1059823: A>G g

Control 191 (90.5) 20(9.5) 94 (44.5) 117 (55.5) : :

MAC 104 (93.7) 7(6.3) 0.64(0.26-1.57) 0.95 0.401° 59(53.2) 52(46.8) 0.71(0.45-1.12) 2.16 0.142
1$2279014: C>T : i

Control 202 (95.7) 9(4.3) 120 (56.9) 91 (43.1)

MAC 108 (97.3) 3(2.7) 0.62(0.17-2.35) 0.5 0.555" 80(72.1) 31(27.9) 0.51(0.31-0.84) 7.14 0.008

3Values in boldface are less than 0.05 for dominant and recessive models between MAC disease (n = 111; 11 samples were not available) and the first control panel (n = 211).

brisher’s exact p value.

amplicon was not sufficient for further analysis. Therefore, we
selected surrogate SNPs (a) rs17235409, rs17235416, and
rs1059823 and (b) rs17235409 because they were located near
the 5’ end of exon 15. These polymorphisms were amplified
efficiently with a sense primer in exon 14 and an antisense
primer in exon 15, which generated the optimal length of PCR
product for (a) SSCP analysis and (b) RFLP. Importantly, the
haplotypes obtained by these surrogate SNPs (GIA/GIG) could
easily distinguish C/T alleles of rs2279014 because GIA was
observed as the major haplotype (3-CGGIAC) and its expression
was compared with that of GIG containing minor haplotypes
(2-TAGIGT, 3-CAGIGC, or 7-CAGIGC), but no difference in allele-
specific expression of mRNA level was observed. The expression
level exhibited by ADG (3-CAADGT, 7-CAADGT) was hard to
interpret with the observed dual bands (Suppl. Fig. 1). Therefore,
a different assay system was tested, targeting rs17235409 using
the RT-PCR-RFLP method. However, the expression level did not
differ. Together, these results indicate that the haplotypes tested
in this study did not appear to exhibit strong effects on mRNA
expression levels in peripheral white blood cells at baseline
levels.

4. Discussion

In this study, first, to determine the reason behind inconsistent
results of disease associations with frequently studied polymor-
phisms within SLC11A1, we investigated the genomic structure of
the SLC11A1 gene and identified variations in LD structures and
haplotype frequencies between different ethnic populations. Next,
we searched for SNPs exhibiting a stronger association with MAC
disease than historical polymorphisms and the newly identified

rs2279014 T allele as an SNP exhibiting protection against MAC
infection in the Japanese population. However, the functional
significance of the polymorphism remains unknown because the
allele-specific mRNA imbalance assay did not detect different
levels of SLC11A1 mRNA expression derived from blood cells in
our analysis.

Patterns of pairwise LD have indicated considerable variation
between different populations. The TGTG insertion/deletion poly-
morphism, rs17235416, in the 3’ UTR was repeatedly associated
with tuberculosis in Asians, but not in Europeans [25,26]. The
functional difference between the TGTG insertion allele and dele-
tion allele is totally unknown and may be in LD with a true disease-
causing variant. Our result indicated that 3’ LD block structures
differed between Japanese and European descendents, and we pro-
pose that in Europeans, a tag SNP rs2279014, more representative
of the 3’ LD block, should be tested for association studies rather
than rs17235416. In addition, the second major haplotype carrying
the T allele of rs2290708 in intron 7 as well as allele 2 of GT repeat
in the promoter region, with a frequency of 21% in European de-
scendents, was rare in the Japanese population in this study. The
4th frequent haplotype in the Japanese population had allele 7 of
5'(GT)n, which is thought to be present only in Asian populations
[33]. Although Bayele et al. demonstrated that allele 3 drove the
highest expression level, whereas the other alleles containing al-
leles 2 and 7 were associated with lower expression {34], the
results of association studies with 5/(GT)n were inconsistent
[25,26]. The differences in the haplotype structure between popu-
lations might influence the disease association with 5'(GT)n alleles.
The combination of 5'(GT)n with other potentially functional vari-
ations located downstream within the gene may confer compli-

Table 5

Association of rs2279014 polymorphism and subgroups of patients with Mycobacterium avium complex (MAC) disease

SNP : Outcome Genotype frequency (%) ¥ P2

: cc CcT T

1s2279014; C>T Control : 120 (56.9) 82(38.9) 9(4.3)
MAC infection, early onset (=50 years)° 11(64.7) 5(29.4) 1(5.9) 0.63 - 0.595
MAC infection, late onset(>50 years)? 71(724) 25(25.5) 2(2.0) -.7.00 0.031
MAC infection with comorbidity 40(67.8) 19(32.2) 0(0.0) 3.99 0.141
MAC infection without comorbidity 47 (74.6) 13(20.6) 3(4.8) 7.18 - 0.021

SNP, single nucleotide polymorphism.

Values calculated by Fisher’s exact test and values less than 0.05 are shown in boldface.

bInformation about age at onset was not available in 7 patients.
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cated effects on gene expression and may partly explain discrepan-
cies in the previously reported association studies.

An SNP, rs2279014, located in the 3’ UTR of the reference se-
quence (NM_000578.3), indicated moderate associations with
MAC disease under several analytic models. However, the mecha-
nism by which this polymorphism itself affects the gene expression
is unclear because it lies ~680 bp downstream of the putative
poly-Asignal. It may be possible that this polymorphismisin strong
LD with other polymorphisms and may serve as a marker for func-
tional difference. We screened genetic polymorphisms in 35 Japa-
nese individuals and observed 3 polymorphisms in perfect LD with
rs2279014. No novel polymorphism in strong LD (r? = 0.8) with
1$s2279014 was identified. The tag SNP rs2279014 was in perfect LD
with rs17229009 (CAAA/-), which is a candidate polymorphism for
functional difference, because it was previously reported to be
associated with tuberculosis or disease outcome of HIV infection
[20,35]. In addition, the association of rs2279014 with MAC disease
cannot exclude a possible role of other polymorphisms of nearby
genes [36,37].

In the subgroup analysis, the SLC11A1 polymorphism indicated a
relatively strong association with MAC infection without comor-
bidity. This finding indicates that a genetic predisposition may be
predominant in this subgroup, whereas patients with comorbidity
may develop the disease, being more affected by extrinsic factors. A
significant association with MAC patients was also observed in a
subgroup with late onset of the disease. Gene-hormonal interac-
tion may be investigated in the future because menopause, changes
in hormonal balance accompanied with aging, has been postulated
to play a role in the development of the disease in elderly women
[38,39].

In this study, we could not confirm previously reported associ-
ations of rs3731865 (INT4) captured by rs2276631 (tag SNP),
rs17235409 (D543N), and rs17235416 (3’ UTR). These polymor-
phisms have previously been reported to be associated with sus-
ceptibility to MAC diseases in some studies [10,11], but not in
others [40,41]. No significant associations were observed in haplo-
type frequencies constructed with the 6 variants analyzed in our
association study. These negative findings could be caused by low
power resulting from the sample size used to detect weak or com-
plicated effects of the variations, like many case-control associa-
tion studies for rare diseases. Furthermore, the significance of the
association was modest. However, the inclusion of 122 well-
characterized patients makes this an important study for genetic
susceptibility to non-HIV MAC disease.

It was repeatedly reported that allele 3 of 5/(GT)n had higher
transcriptional activity than allele 2 [34,42,43]. Considering the
reported difference in promoter activity and a hypothesis that 3’
UTR sequences also affect mRNA stability [44], we examined
SLC11A1 mRNA expression levels and possible allelic expression
imbalance in the single SNP rs17235409 as well as in the haplotype
containing 3 polymorphisms in the 3’ UTR. Detecting allele-specific
mRNA expression is a well-established method to measure relative
amounts of mRNA generated from each of the 2 alleles within each
subject, using a genetic marker in the transcribed region of the gene
[45~47].In our study, no differences in allelic expression imbalance
were observed in tested haplotypes and in the single marker. In
human tissue, SLC11A1 is expressed in monocytes/macrophages
and polymorphonuclear leukocytes [48 -50]. Although the expres-
sion of the SLC11A1 gene may be maximized in tissue macrophages,
whereas it may be suboptimal in circulating monocytes and poly-
morphonuclear leukocytes, we used the peripheral blood in this
study to demonstrate the in situ allele-specific imbalance because
of difficulties in accessing actual pulmonary lesions of MAC infec-
tion. Although the present experimental design was intended to
detect constitutive levels of gene expression in circulating blood
cells, the difference in SLC11A1 gene expression might be more

relevant to the function of activated macrophages at disease sites.
Alternatively, the true causative variant, if any, which is in LD with
1s2279014, must be sought further and analysis of its functional
significance might be required.

In summary, a significant association of SLC11A1 polymor-
phisms with pulmonary MAC diseases was observed in the Japa-
nese population. Although these data are suggestive of an associa-
tion between SLC11A1 and MAC disease, there are certain
limitations of this study, and replication in independent samples is
required to verify these findings. Furthermore, gene expression
analysis in relation to the associated variant and possibly in the pre-
and posttreated samples would further clarify the importance of
this variant. Overall, there is a clear requirement of functional
analysis targeting MAC lesions to validate these findings.
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Abstract

Beijing family strains of Mycobacterium tuberculosis have attracted worldwide attention because of their wide geographical
distribution and global emergence. Peru, which has a historical relationship with East Asia, is considered to be a hotspot for
Beijing family strains in South America. We aimed to unveil the genetic diversity and transmission characteristics of the
Beijing strains in Peru. A total of 200 Beijing family strains were identified from 2140 M. tuberculosis isolates obtained in
Lima, Peru, between December 2008 and January 2010. Of them, 198 strains were classified into sublineages, on the basis of
10 sets of single nucleotide polymorphisms (SNPs}). They were also subjected to variable number tandem-repeat (VNTR)
typing using an international standard set of 15 loci (15-MIRU-VNTR) plus 9 additional loci optimized for Beijing strains. An
additional 70 Beijing family strains, isolated between 1999 and 2006 in Lima, were also analyzed in order to make a
longitudinal comparison. The Beijing family was the third largest spoligotyping clade in Peru. Its population structure, by
SNP typing, was characterized by a high frequency of Sequence Type 10 (ST10), which belongs to a modern subfamily of
Beijing strains (178/198, 89.9%). Twelve strains belonged to the ancient subfamily (ST3 [n=3], ST25 [n=1], ST19 [n=8]).
Overall, the polymorphic information content for each of the 24 loci values was low. The 24 loci VNTR showed a high
clustering rate (80.3%) and a high recent transmission index (RTl,—;=0.707). These strongly suggest the active and on-
going transmission of Beijing family strains in the survey area. Notably, 1 VNTR genotype was found to account for 43.9% of
the strains. Comparisons with data from East Asia suggested the genotype emerged as a uniquely endemic clone in Peru. A
longitudinal comparison revealed the genotype was present in Lima by 1999.
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Beijing family to the tuberculosis (TB) pandemic is vital to improve
global TB control.

The Beijing family is reported to be phylogenetically divisible
into 2 main subfamilies: the modern (typical) and ancient (atypical)
subfamilies, [14,15]. The modern subfamily is highly prevalent in
China, western Russia, South Africa, and Thailand [3,15,16,17],
whereas the ancient subfamily, with a deleted region of difference
(RD) RD181[-] (late ancient type), is endemic in Japan and the
ancient subfamily with RD181[+] (early ancient type) is endemic

Introduction

Strains of the Beijing family of Mycobacterium tuberculosis (M.
tuberculosis), first described in 1995 [1], have attracted worldwide
attention because of their wide geographical distribution and
global emergence. These strains have also been shown to have an
endemic prevalence in certain regions, including Asia, except for
the Indian subcontinent;, northern Eurasia; and South Africa
[2,3,4,5,6,7]. The lineage has been reported to have caused major

outbreaks worldwide, some involving drug-resistant variants
[2,8,9]. These characteristics suggest that strains belonging to this
family might have selective advantages (higher virulence or
transmissibility) over other M. fuberculosis strains [10,11,12,13].
Therefore, a better understanding of the contribution of the
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in Korea [4,18,19,20,21,22,23,24]. Although the reasons for the
phylogeographical differences remain elusive, the above trends can
be used to assess the influence of the Beijing family strains from
East Asian countries, where the prevalence is very high [2,3], on
the prevalence of Beijing family strains in other regions. In fact, a
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large number of Chinese and Japanese immigrants settled in Peru
in 19th century. Korea also has a history of migration to Peru, but
this migration has occurred more recently. This historical
relationship with East Asia encouraged us to characterize the
Beijing family strains in Peru.

Unlike in other South American countries, the proportion of
Beijing family strains of M. tuberculosis in Peru is exceptionally high
[25]. In Brazil, Colombia, Paraguay, Venezuela, Argentina, Chile,
and Ecuador the prevalence of Beijing family strains was reported
to be less than 1% [25,26,27,28,29]. However, the prevalence in
Peru was 5.9% (11/185) in 1999 [25] and 9.3% (30/323) for
samples obtained between 2004 and 2006 [30]. Ritacco et al. [25]
speculated that the Beijing family strains were first introduced into
Peru, and eventually into other South American countries, when
Peru received a significant number of Chinese immigrants in the
mid-19th century. This same study also showed considerable
diversity in the insertion sequence IS6170 restriction fragment
length polymorphism (RFLP) patterns, supporting the concept of
earlier introduction(s) of different ancestral strains during the past
150 years. In addition to the importation of Beijing family strains
from Asia to Peru, there is also evidence that the Beijing strains
were imported into Europe through a South American route,
specifically through Peru [31,32]. Therefore, Peru can be
considered as the South American country that has been most
strongly affected by the introduction of Beijing family and is also
most commonly associated with the spread of these strains to other
South American and European countries.

An in-depth analysis of Bejjing family strains in Peru may have a
significant impact on the understanding of global epidemics
involving the M. tuberculosis Beijing family strains. The aims of the
current study were to unveil the genetic diversity and transmission
characteristics of Beijing family strains of M. twberculosis in Lima,
Peru, and to elucidate the probable impact of past immigration
from East Asian countries.

Materials and Methods

Ethics Statement

Prior to the start of the study, ethical approval was obtained
from both Universidad Peruana Cayetano Heredia and Imperial
College London and institutional approval was obtained from the
Peruvian Ministry of Health. Samples for this study were
anonymized.

Study Samples

The Beljing family strains used in this study were identified on
the basis of deletion of the spacers 1-34 assessed by the
spoligotyping assay [33]. In order to negate the inclusion of
“Pseudo-Beijing strains” [34], all of the strains classified as the
early ancient type of Bejjing family (RD 181[+]) were subjected to
the RD 105 analysis [35].

A total of 200 Beijing family strains were identified from 2140
M. tuberculosis isolates obtained through a population-level imple-
mentation of a new diagnostic test (MODS, Microscopic
Observation Drug Susceptibility) [36,37], which was conducted
in Callao and South Lima between December 2008 and January
2010. Strains from all culture-positive patients with respiratory
symptoms in the study area were included and none of the samples
were duplicated from a single patient. Of the 200 Beijing family
strains, 2 were excluded from this study because of msufficient
DNA samples. For the remaining 198 Beijing strains, detailed
information is provided in Tables 1 and S1.

An additional 70 Beijing family strains isolated in Lima
between 1999 and 2006 were also analyzed in order to make a
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longitudinal comparison. In detail, 26 were obtained from a
previous study in North Lima between 2004 and 2006 [30] and
44 were obtained from 4 distinct areas in Lima (North, South,
East, and Central Lima) through the hospital based studies
between 1999 and 2004. The details of the strains are described
in Tables 1 and S2.

VNTR Typing

Genotypic data for the 24 loci that comprised the interna-
tional standard set of 15 loci of variable number of tandem
repeat(s) of mycobacterial interspersed repetitive units (15-
MIRU-VNTR) [38], and 9 additional loci (2074, 2372, 3155,
3336, 3232, 3820, 4120, QUBI11a, QUBI18) were analyzed. The
9 additional loci were selected as Beijing-type optimized loci
because of their highly discriminatory values in different studies
focused on Beljing family strains [4,24,39,40,41,42,43]. This 24-
loci VNTR was called the 24pjine-VNTR. The polymerase
chain reaction (PCR) primers and the number of repeats for
each locus, based on the M. fuberculosis H37Rv strain, are
described in Table S3; the PCR conditions were as described
previously [4]. The amplicon samples were diluted 20-fold with
ultrapure water and analyzed on an AB3500 genetic analyzer
system (Applied Biosystems, Foster City, CA) at a constant room
temperature of 25°C following the manufacturers’ instruction,
Le., capillary temperature, 60°C; electrophoresis voltage, 8.5 kV;
and separation time, 5800s. A GeneScan 1200 LIZ Size
Standard (Applied Biosystems) was used to provide internal size
markers. Fragment sizes were measured using GeneMapper
Ver. 4 (Applied Biosystems). The numbers of repeats at each
locus were calculated using the offset values of the size, which
correct differences in relative migration between the size
standard and the amplicons depending on the locus. The
reproducibility and accuracy of size calling and the size offsets
were checked by including M. tuberculosis H37Rv and 1 Beijing
family strain (reference for quality control) into every batch of
the analysis (one 96-well plate was used as a batch). For the
large alleles (specifically, for the one larger than 1000 bases) of a
locus, we used stutter peak counting, as shown in Figure S1, to
obtain unambiguous results with high reproducibility [4].
Moreover, we confirmed the reproducibility of our assay by
blindly re-testing 22 selected samples (Table SI). The allelic
diversity of each VNTR locus was evaluated using Nei’s
diversity index [44], i.e., the polymorphic information content
(PIC) (Table S4). Genotypic discrimination of the 198 Beijing
strains, based on 15-MIRU-VNTR and 24pn.-VNTR, were
calculated using the Hunter-Gaston discriminatory index
(HGDI) [45]. A recent transmission index (RTIL,.;) [46,47]
was also calculated using the VNTR profiles. A minimum
spanning tree (MST), based on VNTR types, was constructed
using Bionumerics software (Bionumerics ver. 4.2; Applied
Math., Sint-Martens-Latem, Belgium), as previously described
[23].

Single Nucleotide Polymorphisms at 10 Loci

The sequence types (ST) were determined based on the 10
synonymous SNPs, which were sufficient to divide the Beijing
strains obtained from the global population [48]. Each chromo-
somal position in the whole-genome sequence of H37Rv [49] was
as follows: 797736, 909166, 1477596, 1548149, 1692069,
1892017, 2376135, 2532616, 2825581, and 4137829. The SNP
at position 1477596 is the same as 0g/l2, which discriminates
between the ancient and modern type Beijing strains [16]. The
SNP at 2532616 is the same as adhE2 (codon 124), which further
discriminates the modern type [50]. SNPs at 797736 and 2825581
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can discriminate between the early ancient (RD181[+]) and late
ancient (RD181[-]) Beijing strains [19]. Polymorphic nucleotides
of the respective isolates were determined according to Hanekom
et al. [17]. STs were designated according to Filliol et al. [48] and
Iwamoto et al. [19].

Data Retrieved from Previous Reports

15-MIRU-VNTR data and the results of subfamily classifica-
tions were retrieved from previous publications for the isolates in
China [50], Japan [18], and Korea [20]. In order to compare the
population structure, based on Filliol’s STs, further sublineage
classifications for the Chinese and Korean isolates were deter-
mined according to the phylogenetically informative VNTR loci
data proposed by Wada and Iwamoto [51]. The VNTR data from
Peru and these 3 East Asian countries were compared by
constructing MST, based on 15-VNTR-MIRU, as previously
described [23].

Statistical Analysis

Fisher’s exact test (SPSS 17.0; IBM, NY, USA) was used to
determine the association of large cluster-forming isolates with
patient gender, history of TB treatment, HIV status, and strain
drug susceptibility; the association with the median age of patients
was evaluated by Mann-Whitney U-test using PASW statistics 18
(IBM).

PLOS ONE | www.plosone.org

Table 1. Patient demographics for the Beijing family strains in this study.
Characteristics No. (%) of isolates
: Between 2008 and 2010 Between 1999 and 2006

Total 198 (100) 70 (100)

Sex ! : :

Male ‘ RRET 45 (64)
Ferale : 36 25 (36)
Unknéwn ‘ ' 2(1) 0 (0)

Age group ! o i
<25 85 (43) 19 (27)
25-34 : e 45 (23): 17 24)
35—44 o 32 (16) 8 (11j ’
45-54 ; 106) 3(4)
55-64 ‘ 5(3) 0 (0)
65+ , ~ 84 23
Unknown 13 (7) 21 (30)

Previous TB : : ‘ ‘ :
Yes . 55 (28) ND
No ‘ o @) ND
Unkﬁown‘ ‘ 2(1) 70 (100)

HIV status
Posit’iVek 9 (5) 9 (13)
Negative : o qeglesy 35 (50)
Unknown 1(1) ' 26 (37)

M. tuberculosis resistance -

MDR 17 (9) 10 (’14)’ ‘

~ not MDR ‘ ' ‘ 177 (89) 47 (67)
UnknoWn ' . ‘ 4 (2) 13 (19)

doi:10.1371/journal.pone.0049651.t001

Results

Proportion of Beijing Family Strains in Peru

The Beijing family strain, with a prevalence of 9.3% (200/
2140), was the third largest spoligotyping clade after the H3 and
T1 clades in the study population sampled between 2008 and
2010. This ratio is the same as for the previous study (9.3%, 30/
323) conducted in 2004 and 2006 [30] but higher than in 1999
(5.9%, 11/185) [25]. In another study setting, which collected
Beijing strains between 1999 and 2004 from 4 distinct areas in
Lima, the ratio was 5% (46/912, 2 Beijing strains were excluded in
this study because of the lack of DNA). This would imply an
increasing trend of Beijing family strains in Lima, Peru. We
negated the existence of “Pseudo-Bejjing strains” [34] in our
sample set by the detection of RD 105 [-] [35] for all of the strains
classified as early ancient type by SNP typing.

Classification of Beijing Family Strains by SNP Typing and
MIRU-VNTR

Further subdivision of the Beijing family strains in Peru,
according to the 10 loci SNP panel [17,19,48], revealed similar
population structures between the 2 sample sets (20082010 and
1999-2006) (Table 2). The high prevalence of isolates associated
with the modern subfamily in Peru is consistent with the
worldwide trend, except in the case of Japan and Korea where
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the ancient subfamily predominates [20,50,51,52,53,54]. When we
compared the population structure of the Beijing family strains in
Peru with China, Japan, and Korea (Table 2), the characteristics
of the Peruvian population structure highlighted a high frequency
of the ST10 sublineage. ST19/ST25, which evolved before the
modern subfamily [16,51], predominated in the ancient subfamily,
as has been seen in China. Recently, Wada et al. proposed the use
of SNP at 1576481 instead of 909166 due to the probable
homoplastic behavior of SNP 909166 [55]. This is especially
critical for discriminating between STK and ST3, which are
highly prevalent in Japan. We, therefore, applied it for 4 ST3
stains i our sample set and confirmed them as true ST3
sublineage. Interestingly, the phylogenetic informativity of certain
VNTR loci reported in Asian strains {16,51] was also retained for
the strains in Peru (Table 3). Specifically, VNTR 4156, 1955, and
3155 demonstrated high sensitivity and specificity for the
sublineages classification.

The 15-MIRU-VNTR data from the modern subfamily of
Beijjing strains in China, Korea, and Japan were retrieved from
previous reports [18,20,50] and compared with the data of the
population-based study in Peru (2008-2010) (Fig. 1). Two
extremely large clusters were found in the MST, one (n=103)
composed of almost exclusively Peruvian isolates (101 Peruvian
isolates and 2 Japanese isolates) (Gl in Fig. 1) and the other
(n=288) composed of isolates from all of the 4 countries (C2 in
Fig. 1). None of the large clusters were composed exclusively of
Japanese, Chinese, or Korean isolates. The biggest cluster, C1, did
not show a star-like network with the others; rather, it had a nearly
terminal topological position. In addition, the VNTR profile could
not be found in the MIRU-VNTRplus database [56] or in other
reports from Russia and China [57,58]. Together, these observa-
tions suggested that this genotype emerged as a uniquely endemic
clone in Peru. The other large cluster (C2) was found at the core
position and was connected with many isolates, regardless of their
geographical origin. Because the Peruvian isolates belonging to the
G2 cluster were further subdivided into many different genotypes
by the 24pijine- VINTR analysis (data not shown), it is clear that the
large cluster was formed because of the convergence of VNTR
profiles. Other than these 2 large clusters, all of the other isolates
dispersed equally (Fig. 1), i.e., no other branches consisted solely of
Peruvian isolates.

Diversity of Beijing Family Strains in Peru

Allelic Diversity of 24 VNTR Loci in Peru

The allelic diversity of each of the 24 VNTR loci is listed in
Table S4, including the data from a previous report for Russia,
Japan, and China [43]. Overall, the allelic diversity of the VNTR
loci in Peru was much lower than in China or Japan. This low
diversity was similar to that observed in Russia, where the Beijing
family strains are considered to have recently emerged [57,59].
Only 11 out of the 24 loci had a PIC! value greater than 0.1. Of
these loci, 7 were in the 9 additional VNTR loci described in the
Methods section. The PIC for the 3 hypervariable loci [4] were
high: VNTR 3232 (0.710), VN'TR 3820 (0.592), and VNTR 4120
(0.495). These results clearly supported the necessity of the use of
the 9 additional loci for improving the discriminating power of
VNTR genotyping for these strains. As expected, the use of
243.ijing- VNTR improved discrimination compared to that of 15-
MIRU-VNTR (Table 4).

Transmission Characteristics of Beijing Family Strains

Although  24p.jine" VNTR - improved the power of strain
discrimination, the results showed high levels of clustering
(80.3%) and RTI,,—; (0.707) (Table 4). This strongly suggests the
active and on-going transmission of Beijing family strains in the
survey area. Notably, a large size clustering (43.9%, 87/198) was
identified, which was named Peru Cluster Type 001 (PCT001)
(Fig. 2). The PCTOO01 strains belong to the largest cluster (C1) in
15 MIRU-VNTR (Fig. 1), therefore, they are considered a
singular genotype in Peru. In the MST (Fig. 2), it formed a star-like
VNTR-based network with the probable derivatives from it,
mainly resulting from single locus changes. The results suggest the
continuous evolution of the clone through active transmission and
thus being a “currently successful clone” of the Beijing family
strains in Peru. The second and third largest clusters were much
smaller than PCT001:15 isolates (7.6%) and 10 isolates (5.1%),
respectively. Although the number of multidrug-resistant M.
tuberculosis (MDR-TB) belonging to the PCTO001 cluster is small
at the moment (n=6), this should be an addressed as a potential
public health threat. The comparison between patients harboring
the PCTOO01 strains and those of other patients harboring Beijing
strains revealed that only gender is significantly different (P=0.02)
(Table 5).

To ascertain whether the PCTO001 genotype strains were
present before the surveillance periods (in 2008-2010), an MST
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Table 2. Distribution of Beijing sublineage strains.

SNP type No. (%) of isolates Definition?
e Peru : Japan China' Korea" i

2008-2010 (n=198) 1999-2006 (n=70) ref [18] (n=714) ref [50] (n=187) ref [20] (n=62)

STIY 00 0 304 948 29468 “Early ancient

ST26 0 (0) 4 (5.7) 50 (7.0)

STK 0 000 111 (15.5) 0 e e Late ancient.

ST3 3(1.5) 1(1.4) 182 (25.5) 3(1.6) 3(4.8)

ST25 1.(0.5) 0.(0) ' 6 {0.8) 52 (27.8) 10.(16.1} s :

ST19 8 (4.0) 5(7.1) 195 (27.3)

sTI0 - 178 (89.9) 53(757) 1350189 93.(49.7) - 18(200) Modern

ST22 8 (4.0) 7 (10.0) 32 (4.5) 30 (16.0)

"Two isolates in Korea and 4 isolates in China could not be assigned sublineages and excluded from the analysis.

2Early ancient, RD181 [+]; Late ancient, RD181 [—].

doi:10.1371/journal.pone.0049651.t002

November 2012 | Volume 7 | Issue 11 | e49651

—249—



Diversity of Beijing Family Strains in Peru

Table 3. Specific VNTR allele for Beijing sublineages M. tuberculosis in Peru (n = 268).

) Corresponding
VNTR locus Specific allele sublineage(s) No. of isolates Sensitivity (%) Specificity (%)
4156 Sg ‘Moderm- 246 ; - 246/246 (100) o 1246/248 (99.2)
- Y Eérly Ancient 4  yapon) 44000
S  Late Ancient 46 epe (ool - 16/18 (88.9) -
1955 4 - ”I\‘/y\(;de‘rn' " 246 ‘ 235/246 (95.5) W235/235 (1005 -
3155 2 Early Ancient o S a0 440000

doi:10.1371/journal.pone.0049651.t003

was constructed based on the 24pimg-VINTR profiles of the 268
Beijing family strains, comprised of the 198 strains (2008-2010)
and the additional 70 strains isolated between 1999 and 2006
(Fig. 3). Twelve strains, which formed the second largest cluster
among the 70 Beijing family strains, belonged to PCT001 (1 in
1999, 2 in 2000, 4 in 2001, 2 in 2004, and 3 in 2005), indicating
that the genotype had existed since at least 1999. A striking
difference between the 2 sample sets was found in the ratio of
PCTO001 genotype strains to total Beijing strains, ie., a larger
cluster (13 strains) than PCTO00! was found in the 70 Beijing
strains (PCT002 in Fig. 3). When we just focused on the strains
isolated in South Lima (24/70 [34.3%]), the overlapping arca of
these 2 sample sets, PCT002 was still identified as the largest

cluster (7 strains) followed by PCTO001 (6 strains). These results
suggested that the prevalence of PCTO001 in the survey area
increased over a short period.

Discussion

The high prevalence of Beijing family strains in Peru (5.9%, 11/
185) compared to other South American countries was first
reported as the result of a survey of 7 countries on the continent
[25]. Very recently, Taype et al. [30] reported that the proportion
of TB patients with the Beijing family strains in Peru was 9.3%
(30/323). The report nicely described the genetic diversity of all
the M. tuberculosis in Peru. However, the population size was too

® Peru,moderntype (n=186)
¢ Japan, modern type (n=168)
China, modern type (n=123)

Korea, modern type (n=18)

1locus

Figure 1. A minimum spanning tree based on 15 loci of a variable number of tandem repeat(s) of mycobacterial interspersed
repetitive units (15-MIRU-VNTR) genotyping of the modern subfamily of M. tuberculosis Beijing strains from Peru (n=186), Japan
(n=168), China (n=123), and Korea (n = 18). Circles correspond to the different types discriminated by 15-MIRU-VNTR genotypes. Their sizes are
proportional to the numbers of isolates sharing an identical pattern. The origin of each isolate is represented by different colors. Heavy lines
connecting 2 types denote single-locus variants; thin lines connect double-locus variants; and dotted lines (black), triple-locus variants. The gray
dotted lines indicate the most likely connection between 2 types differing by more than 3 VNTR loci.

doi:10.1371/journal.pone.0049651.g001
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Table 4. Clustering analysis of 198 Beijing family strains (2008-2010) in Peru.

No. clustered

No. of patterns No. of clusters isolates Clustering rate (%) RTIl,_; HGDI
15 UNTR s W 181 914 0843 0688
24 VNTR 58 19 159 80.3 0.707 0.797

doi:10.1 3>71/jouma!.pone.0049651 .t004

small to investigate the Beijing family strains in detail. In the
current study, with a much larger population size and a well-
designed sample collection scheme between 2008 and 2010, the
genetic diversity and transmission dynamics of Beijing strains in
Peru was clarified. The results highlighted the following: 1) an
increasing prevalence of Beijing family strains during a past
decade in Peru, 2) high clonality of the Beijing family strains,
suggesting active and ongoing transmission, 3) the successful clone
“PCTO01 genotype,” which has existed since at least 1999 as a
singular clone in Peru, and 4) China as the greatest contributor of
imported Beijing family strains into Peru. This study is limited by
being unable to determine whether the highly active, ongoing
transmission of Beijing family strains is specific for the family or a
common trend for all strains in Peru. However, we could find a
similarly high clustering rate of Beijing family strains (24/30
[80%]), compared with that of the non-Beijing family strains (174/
293 [59.4%]) in the previous study using 12-MIRU-VNTR and
spoligotyping [30]. This higher clustering in Beijing family strains
implies a high transmission of it in Peru (more successful than non-
Beijing strains). This trend could be confirmed later on by further
VNTR analysis of all of the 2140 isolates.

PCTO001 and its putative derivatives

A longitudinal comparison with the 70-strain sample set
collected between 1999 and 2006 suggested that the successful
clone, PCT001, was already present in Lima, by 1999, but at a
lower prevalence (n=12 [17.1%]) (Fig. 3). This difference in the
ratio of PCTO0! genotype strains to the total Beijing strains
between the 2 sample sets suggests that the increase in PCT001
prevalence occurred recently, over a relatively short period. HIV
infection, one of the high-risk characteristics for a large-scale
outbreak [2], did not explain this high prevalence of PCT001
strains in the survey area (Table 5). One of the possible
explanations for the high prevalence of PCTOO0I strains could be
that it is highly transmissible and/or has increased virulence. The
highly prevalent strains from large clusters have been previously
reported to be more virulent than the sporadic strains of lower
prevalence [59,60]. An attractive hypothesis is that PCT001
strains gained a selective advantage that allowed them to have
spread more easily between the 2 sample collection periods (1999—
2006 and 2008-2010).

The 15-MIRU-VNTR data from the modern subfamily of
Beijing strains in China, Japan, and Korea were retrieved from
previous reports [18,20,50] for comparison with the Peruvian
isolates. The topology of the MST, based on these data (Fig. 1),

@ Callao

Lima South
Callao—-MDR TB
Lima South— MDRTB

Figure 2. A minimum spanning tree of 198 Beijing family strains from Peru based on the 24-loci variable number of tandem repeats
(VNTR). The colors of the circles represent the areas where the strain was isolated and its multidrug-resistant status. The designations for each circle

and line in the tree are the same as in Fig. 1.
doi:10.1371/journal.pone.0049651.g002
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Table 5. Demographics of successful clone “PCT001” and
other strains.
Variable No. of strains (%) P value
o Others :
PCT001 (n=87) (n=111)
Gender

Male : 67:(7’7) 66 (59); : 0.02

Fémale ’ 20k(23) ’43 (39 :

Unkno‘wyn‘ : ; 0(0) o2 (2) o ‘ :
Median age (range) 23.5 (12-69) ' 27 (12-83) 0.07 :
Unknown' 4(5) 9@ ‘
Previous B 1
Nes 2408 3108

w ;63,(72) : e (70);,;
 Unknown o 20
HIV status ‘ \ 0.30 :
Positve 200 7 -

Négative 85 (98) 103 (93)

AR ,
worts N ; : a
T e
No 81 (93) % (36)

Unknown  0(0) 4@
doi:10.1371/journal.pone.0049651.t005

suggested that the PCTO0] genotype was a uniquely endemic
clone in Peru. Except for the 2 largest clusters, the VNTR
patterns from these countries were similarly diverse and none of
the branches was composed exclusively of Peruvian isolates.
This result would further support the earlier introduction of

Diversity of Beijing Family Strains in Peru

different ancestral strains into Peru from Asia during the past
150 years, an idea that was proposed on the basis of the
diversity in IS67/0 RFLP patterns in a previous study [25].

The 10 loci SNPs could identify the modern Beijing lineage
ST10 as the predominant sublineage in Peru. Very recently, this
sublineage was reported as the most common in Taiwan and
Thailand [16,61]. Allelic distribution of VNTR loci in each
sequence type of Peruvian samples revealed the phylogenetic
informativity of 3 MIRU-VNTR loci (4156, 1955, 3155)
(Table 3). This is consistent with the results for East Asian
strains [51] and could be an evidence for sharing the common
ancestors of the Beijing family strains in Peru with those in East
Asian countries. With the tremendous increase in whole-genome
sequencing data, an increasing number of SNP typing systems
have been developed [54,62,63]. The 10 loci SNPs typing is
useful for a classification of Beijing family strains into sublineages
level but apparently needed more discriminatory power to
compensate for the VNTR homoplasy effect (VNTR-based
clusters with mixed SNP sublineages), which was demonstrated
with optical sets of 8 SNPs in Shanghai [50]. Moreover, inclusion
of the lineage specific SNPs for the clades other than Beijing
family [62,63] would expand the potential for phylogenetic
studies. Further elaboration and optimization of the SNP sets
would facilitate future molecular epidemiology and phylogenetic
studies on M. tuberculosis in Peru.

In conclusion, the current results revealed the predominance of
the modern subfamily and active transmission of Beijing family
strains within Peru. Moreover, the emergence of the highly
prevalent strains with the PGTO001 genotype was also detected.
The importation of Beijing family strains into European countries
from Peru has already been reported [31,32], raising concern over
transnational transmission. Future trends regarding the prevalence
of PCGTO001 strains and the changes in population structure need to
be carefully monitored from both the local and global epidemi-
ological standpoints.

® 1999-2000 (n=19)

® 2001-2003 (n=19)
2004 (n=14)
2005-2006 (n=18)
2008-2010 (n=198)

Figure 3. A minimum spanning tree of 268 Beijing family strains comprised of the 198 strains from the population-based study
between 2008 and 2010 and an additional 70 strains isolated between 1999 and 2006. The colors of the circles represent the years of
isolation. The designations for the circles and lines in the tree are the same as in Fig. 1.

doi:10.1371/journal.pone.0049651.g003
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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 [S6110 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 I1S6110 insertion at NTF actually
belong to an ancient sublineage. We also proved that the robustness of branches in the evolutionary tree
established using the putative homoplasious SNP 909166 is relatively low. Our findings highlight the
importance of validating genetic markers used to establish phylogeny, evolution, and phenotypic

© 2013 Elsevier B.V. All rights reserved.

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-

* Corresponding author. Address: Department of Microbiology, Kobe Institute of
Health, 4-6 Minatojima-nakamachi, Chuo-ku, Kobe 650-0046, Japan. Tel.: +81 78
302 6251; fax: +81 78 302 0894.

E-mail address: kx2t-iwmt@asahi-net.or.jp (T. Iwamoto).

1567-1348/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.meegid.2013.02.007

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 IS6110 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 1S6110 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 1S6110 insertion in the NTF Subgroup
sublineages 510149 1692069 797736 2825581 1892017 4137829 1477596 2376135 2532616 909166 2N 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:: 1S6110 Modern
ST22 G A T G C T T G A T 50(4.7%) NTF:: IS6110 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 T G T T C C A G 175(16.6%)* None! Ancient
ST3r¢ 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%)  NoneY 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.
9 Three isolates horboring IS6110 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 (Iwamoto 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 (Iwam-
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 IS6110 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 IS6110 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 IS6110 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:: 1S6110 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:: 1S6110 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 Iwamoto, 2009a).

[S6110 in the NTF region. These rare exceptions can be negligible in
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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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1. Introduction

SUMMARY

The acid-fastness is the most important and the most specific characteristics in mycobacteria, the
mechanism of which is not clear but may be attributed to the lipid rich cell wall of this bacterium. While
the exact component(s) responsible for this staining method remained unidentified, a Mycobacterium
tuberculosis mutant, attenuated strain that produced shorter mycolic acids with defects in trans-
cyclopropanation was shown to be acid fast negative. In this study, we examined the ultrastructure of
the cell envelope (CE) of the mutant strain AkasB (missing a beta-ketoacyl-ACP synthase involved in
mycolic acid biosynthesis), the parental CDC1551 (wild type strain) and kasB complemented strain, and
compared ultrastructural differences among them with conventional transmission electron microscopy
(TEM) and cryo-transmission electron microscopy (CEM). Conventional TEM revealed that there were no
detectable differences in the thickness of the cell envelope among three strains (wild-type:
43.35 + 6.13 nm; AkasB: 45.98 + 11.32 nm; complement: 40.71 + 6.3 nm). However, CEM data demon-
strated that the region between the inner and outer membranes of the mutant strain, which is composed
mainly of cell wall anchored mycolic acids (MA), showed a significant decrease in electron density as
compared to the wild type and kasB complement strain (567.1 & 372.7 vs. 3014 + 262.1, or vs.
235.2 +174.9, p < 0.02 or p < 0.001, respectively). These results suggested that altered MA patterns in the
kasB mutant may have affected the packing of the lipid rich layer of the M. tuberculosis cell envelope,
resulting in a reduced electron density of this layer as seen by CEM and loss of acid-fastness in light
microscopical observation, and we propose a novel model of the cell envelope structure in tubercle bacilli.

© 2012 Elsevier Ltd. All rights reserved.

1.1 million deaths among HIV-negative cases in 2010. The estimated
global incidence rate is 178 cases per 100,000 population, and the

The World Health Organization estimates that there were 8.8
million incidences of tuberculosis, 12 million prevalent cases and

* Corresponding author. Tel.: +81 42 493 5072; fax: +81 42 492 4600.
E-mail address: hyamada®jata.or,jp (H. Yamada).

f present addrerss: Max Planck Institute of Biochemistry, Am Klopferspitz,
1882152, Martinsried, Germany.

g present addrerss: Analysis Technology Center, Recearch and Development
Management Headquarters, Fuji Photo Film Co., Ltd. Nakanuma, Minamiashigara,
Kanagawa 250-0193, Japan.

h present addrerss: National Institutes of Natural Sciences, Okazaki, Aichi 444-
8787, Japan.

1472-9792/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tube.2012.02.006

rate continues to fall from 2004, but too slowly. Furthermore, there
were 650.000 new multidrug resistance tuberculosis (MDR-TB)
cases in 2010. Extensively drug-resistant TB (XDR-TB) cases have
been confirmed in 77 countries.!

In the era of molecular detection method, acid-fast staining has
been sustaining its role as conventional but simple, rapid, and
inexpensive detection method for tubercle bacilli, especially in
developing countries because this method provides not only
quantitative, but also qualitative information, such as the shape of
bacilli. Yamada et al. have recently established an efficient prepa-
ration method of artificial sputum for training of microscopists in
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sputum smear microscopy stained by Ziehl-Neelsen and fluores-
cent staining methods.>™

Mycobacteria have a distinctive cell envelope (CE) that is prin-
cipally composed of a lipid bilayer plasma membrane (PM), pepti-
doglycan, arabinogalactan, mycolic acid (MA) and an outer
membrane (OM), where these fundamental components are
covalently linked.>~” The structure of the mycobacterial CE
provides these organisms with various properties, such as acid-
fastness, prevention of phagosome-lysosome fusion, and inhibi-
tion of cytokine-mediated host responses.®~ 3

Bhatt et al. described a mutant of Mycobacterium tuberculosis
that did not retain the basic fuchsin stain after decolorization with
3% hydrochloric acid-ethanol (i.e., acid-fast negative) and also
failed to cause disease in mice.>® The mutant strain, which lacked
kasB (AkasB), one of the two B-ketoacyl-ACP synthases involved in
the biosynthesis of MA, produced shorter MA chains and was
defective in the trans-cyclopropanation of oxygenated MA.>%14-1

However, the mechanism underlying acid-fastness remains to
be elucidated, although the mechanism underlying Gram stain,
another conventional staining method widely used in microbi-
ology, has already been illustrated by the combination of electron
microscopy and element analysis.'® =20 Despite the fact that a large
number of molecular biological studies have assessed the function
of KasA and KasB, several CEM-based studies of mycobacteria, with
a resolving power of less than 10 nm (i.e., equivalent to the thick-
ness of the PM), have not discussed the mechanism underlying the
correlation between acid-fastness and ultrastructural properties of
CE.'2132122 Recently, Yamada et al. described a novel rapid freeze-
substitution (RFS) electron microscopy method for studying the
ultrastructure of the pathogenic virulent bacteria, such as
M. tuberculosis.® In the present study, we examined the acid-fast-
negative AkasB mutant prepared by RFS as well as CEM after fixa-
tion with glutaraldehyde and performed comparative microscopic
analysis of the CE among acid-fast-positive (wild-type and
complement strains) and acid-fast-negative (AkasB) strains, thus
probing the potential relationship between CE structure and acid-
fastness. We describe the differences in the structure of the CE
among these 3 strains with data from conventional transmission
electron microscopy (TEM) and CEM.

2. Materials and methods
2.1. Bacteria and the construction of the deletion mutant

A specialized transducing phage, phAkasB, containing an allelic
exchange substrate designed to replace kasB with a hygromycin
resistance cassette (hyg), was transduced into the virulent CDC1551
M. tuberculosis strain. The construction of the AkasB mutant and
complemented strains was described previously.” The bacterial
strains were cultured in 7H9 broth (Difco, Sparks, MD, USA) con-
taining 10% Middlebrook OADC enrichment; in addition, 75 pg/mL
hygromycin was supplemented for AkasB mutant culture and
75 ug/mL hygromycin and 20 pg/mL kanamycin were supple-
mented for complement strain culture. All strains were subjected to
Ziehl-Neelsen staining to confirm acid-fastness.

2.2. Rapid freeze substitution (RFS) for transmission electron
microscopy

The sandwich method was performed as described pre-
viously.?>7%® Briefly, the single hole copper grids (hole diameter,
0.1 mm) used in this method were subjected to glow-discharge in
order to be hydrophilized with an ion bombarder (Model PIB-10
Plasma Ion Bombarder; Vacuum Device Inc., Mito, Ibaraki, Japan)
just prior to use. Less than 1 pL of the highly concentrated bacillary

pellet was prepared by centrifugation at 9000xg for 30 s and
transferred to the surface of a single hole copper grid, then, the pellet
was sandwiched with another grid. The sandwiched grids were
picked up with tweezers and quickly immersed in a slush of liquid
propane for 20 s (Model VFZ-101 Multi-Purpose Quick Freezing
Device; Vacuum Device Inc., Mito, Ibaraki, Japan). The sandwiched
grids were detached in liquid nitrogen and transferred into a cooled
2% osmium tetroxide acetone solution in the freezing device
described above. The samples were transferred from the biosafety
facility and placed in a —85 °C freezer for >12 h; thereafter, they were
moved to a —20 °C freezer and to refrigerator to adjust the sample
temperature to room temperature gradually. Once the sample grids
were at room temperature, the osmium solution was discarded and
the grids were washed 3 times with absolute acetone and transferred
to a flat-bottomed BEEM capsule (TAAB Laboratories Equipment Ltd.,
Aldermaston, Berkshire, UK). The capsule was filled with Spurr’s
resin and allowed to polymerize for 16 h at 70 °C.?* The sample grid
was then detached from the polymerized epoxy block. The flat area
containing bacilli clumps was trimmed and ultra-thin sections were
cut with a Reichert Ultracut E microtome (Reichert-Jung, Vienna,
Austria), stained with uranyl acetate and lead citrate, and examined
with a JEM-1230 electron microscope (JEOL, Tokyo, Japan).

2.3. Cryo-electron microscopy (CEM)

As the CEM facility was not inside a biosafety level 3 area, the
pathogenic tubercle bacilli were fixed with 2.5% glutaraldehyde in
phosphate buffer (0.1 N, pH 7.4) overnight at 4 °C, and rinsed 3
times with distilled water. Two pL of the suspension was applied to
a glow-discharged carbon grid with holes (Quantifoil copper grids
R1.2/1.3; Quantifoil MicroTools, Jena, Germany) and mounted in an
environmentally controlled chamber at 100% humidity, excess
water was removed by blotting, and the grids were frozen in
vitreous ice by plunging them into liquid ethane cooled with liquid
nitrogen using a Vitrobot (FEl, Hillsboro, OR, USA). The grid was
transferred into a JEM-3100FFC (JEOL) cryo-EM equipped with
a field emission gun. The microscope was operated at 300 kv
acceleration voltage. The specimen temperature was maintained at
55 K, as described previously.?”*® Data were collected at a nominal
magnification of 10,000 and recorded with a 2 k x 2 k CCD camera
(Megascan 795; Gatan, Pleasanton, CA, USA) at a pixel size of
1.968 nm at the specimen through Digital Micrograph software
(Gatan, Pleasanton, CA, USA).272930

2.4. Image analysis

Printed electron micrographs taken at 30,000x original
magnification for RFS samples were scanned through Adobe Pho-
toshop Elements version 5 with a CanoScan 8800F (Canon, Tokyo,
Japan). The images obtained through CEM were recorded on a CCD
camera with Digital Micrograph software (Gatan). Stored images
were analyzed by Image] software’! in order to measure the length
and width of the bacterial cells as well as the thickness. Electron
density of the CEs were measured. Electron density is the term used
to express the degree of darkness derived from differences in
atomic masses in the samples. This density can be enhanced by the
result of both osmium tetroxide fixation and uranyl acetate/lead
citrate staining in conventional TEM samples. However, because all
materials are composed from atoms, electron density occurs in
every biological sample without osmium fixation or staining in
CEM. The differences in atomic density result in the differences of
the electron density in CEM, which provide images. In our study, we
quantified the electron density of the CE as the relative gray value
(RGV) with the plot profile option menu of Image] software. The
RGV was inversely proportional to the electron density, and the

—260—



