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Abstract

Background: The Beijing family of Mycobacterium tuberculosis is dominant in countries in East Asia. Genomic
polymorphisms are a source of diversity within the M. tuberculosis genome and may account for the variation of virulence
among M. tuberculosis isolates. Till date there are no studies that have examined the genomic composition of M. tuberculosis
isolates from the high TB-burden country, Myanmar.

Methodology/Principle Findings: Twenty-two M. tuberculosis isolates from Myanmar were screened on whole-genome
arrays containing genes from M. tuberculosis H37Rv, M. tuberculosis CDC1551 and M. bovis AF22197. Screening identified 198
deletions or extra regions in the clinical isolates compared to H37Rv. Twenty-two regions differentiated between Beijing and
non-Beijing isolates and were verified by PCR on an additional 40 isolates. Six regions (Rv0071-0074 [RD105], Rv1572-1576c
[RD149], Rv1585c-1587c [RD149], MT1798-Rv1755c [RD152], Rv1761c [RD152] and Rv0279c) were deleted in Beijing isolates, of
which 4 (Rv1572-1576c, Rv1585c-1587c, MT1798-Rv1755c and Rv1761c) were variably deleted among ST42 isolates, indicating
a closer relationship between the Beijing and ST42 lineages. The TbD1 region, Mb1582-Mb1583 was deleted in Beijing and
ST42 isolates. One M. bovis gene of unknown function, Mb3184c was present in all isolates, except 11 of 13 ST42 isolates. The
CDC1551 gene, MT1360 coding for a putative adenylate cyclase, was present in all Beijing and ST42 isolates (except 1). The
pks15/1 gene, coding for a putative virulence factor, was intact in all Beijing and non-Beijing isolates, except in ST42 and
ST53 isolates.

Conclusion: This study describes previously unreported deletions/extra regions in Beijing and non-Beijing M. tuberculosis
isolates. The modern and highly frequent ST42 lineage showed a closer relationship to the hypervirulent Beijing lineage
than to the ancient non-Beijing lineages. The pks15/1 gene was disrupted only in modern non-Beijing isolates. This is the
first report of an in-depth analysis on the genomic diversity of M. tuberculosis isolates from Myanmar.
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Introduction

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB)

is an intracellular pathogen which has evolved to infect and persist

inside the host macrophage, a cell which is specialized to kill

intracellular bacteria [1]. Once inside the macrophage the bacilli

may evade or subvert the host immune response causing either a

latent infection or active disease [2]. The outcome of infection is

dependent on both host-specific and pathogen-specific factors [3].

Different strains of M. tuberculosis possess varying degrees of

virulence resulting in different immune responses [4] . The genetic

determinants causing variations in virulence and transmissibility

have not yet been elucidated. However, a polyketide synthase

(pks)-derived phenolic glycolipid (PGL) has been suggested to be

involved in down-regulation of the immune response in W/Beijing

strains [5].

Although the M. tuberculosis genome exhibits very little genomic

sequence diversity [6] the sequencing and comparison of the

genomes of M. tuberculosis H37Rv and Mycobacterium bovis has

revealed large sequence polymorphisms (LSPs) distinguishing these

two strains from each other [7]. Due to considerable in vitro

passages of laboratory strains, the relevance of the M. tuberculosis

H37Rv genome to clinical M. tuberculosis strains has been

questioned [8]. The sequencing of the M. tuberculosis strain

CDC1551, which is a more recent clinical isolate known to be

transmissible and virulent in humans, may therefore provide

information about genes involved in in vivo infection that are

retained in clinical isolates, but may have been lost during in vitro

passage of M. tuberculosis H37Rv [8]. According to WHO, 40% of

the estimated 10 million new cases of TB each year are located in

Southeast-Asia. Myanmar is one of the 22 countries that combined

account for 80% of the world’s total new TB cases [9]. One family
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of M. tuberculosis strains, Beijing, has attracted special attention.

This hypervirulent family is reported to be common in several

Asian studies and may possess selective advantages compared to

other genotypes [10,11]. This family is also more often associated

with multi-drug resistance [12]. Strains belonging to the Beijing

family share genetic markers, such as similar IS6110 restriction

fragment length polymorphism (RFLP) and spoligotype pattern

[13,14]. The similarities between different Beijing strains may

suggest clonal expansion, and the detection of LSP’s can provide

insights into the evolution and biology of this family. A study by

Tsolaki et al using comparative whole-genome hybridization of

Beijing/W strains against M. tuberculosis H37Rv, revealed 7

previously unreported LSP’s, of which one (RD105) could serve

as a genetic marker for Beijing/W strains and 3 additional LSP’s

(RD142, RD150 and RD181) that could be used for sub-typing of

this family [15]. Thus, with the aim to understand the genetic

diversity of Beijing and non-Beijing isolates from Myanmar and to

determine if previously reported genetic markers can differentiate

between Beijing and non-Beijing M. tuberculosis from a defined

area, we have screened M. tuberculosis isolates on whole-genome

microarrays that represent all genes contained in M. tuberculosis

H37Rv, M. tuberculosis CDC1551 and M. bovis 2122/97.

Materials and Methods

M. tuberculosis isolates
Sputum specimens were collected from pulmonary TB patients

attending four district diagnostic and treatment centers run by the

National TB Program, Yangon division, Myanmar. Following

ethical approval to obtain sputum samples (REK Vest, Norway;

03/09931 and Ethical committee on Medical Research, Yangon,

Myanmar; 3/2002) in the periods April to August 2002 and

October to December 2002, 567 patients older than 14 years of

age with pulmonary TB were included [16]. Following verbal and

written consent, two smear-positive sputum samples from each

patient were obtained and all participants were interviewed by

trained physicians using structured questionnaires, as described

previously [16]. The information collected included socio-

economic and demographic characteristics, current and previous

history of M. tuberculosis infection, history of contact with a TB

case, history of previous anti-tuberculosis treatment and chest X-

ray findings. The Yangon division with its ,6 million habitants is

the most densely populated area in Myanmar representing about

10% of the country’s population. Of 310 well-characterized M.

tuberculosis isolates (S. Phyu, et al., unpublished data), 22 (11 Beijing,

4 ST42, 2 ST89 and 3 previously unreported [UR] shared-types

[ST]) were chosen for further characterization by comparative

genomic hybridization (CGH) based on a high degree of IS6110

RFLP clustering isolates within each genotype. Among the 11

Beijing isolates, two pairs of isolates (TB29/TB30 and TB33/

TB35) with identical IS6110 RFLP pattern were included. In

addition, two isolates with low-copy number of IS6110 by RFLP (1

ST947 and 1 UR) were selected. M. tuberculosis H37Rv was used as

a reference strain. An additional 24 (8 Beijing, 2 ST42 and 14

other non-Beijing) isolates from the same collection of clinical

isolates from Myanmar and 16 (9 Beijing and 7 ST42) well-

characterized isolates (M. Mphahlele, et al., unpublished data) from

South Africa were included in the study in order to verify the

results observed by CGH for the respective genotypes.

DNA isolation
Chromosomal DNA used in array hybridization experiments

and in PCR reactions was isolated as described by van Embden et

al [17] or by heat-extraction using a loopful of cells suspended in

200 ml of TE buffer (10 mM Tris-Cl, 1 mM EDTA), and heat-

killed by incubation at 95uC for 20 min. The supernatant

containing the extracted DNA was collected by centrifugation at

12000 rpm for 10 min.

Microarray hybridization
Twenty-two M. tuberculosis isolates (11 Beijing and 11 non-

Beijing) were analyzed by whole-genome comparative micro-

arrays, which include genes from M. tuberculosis H37Rv with

updated genome annotations [18], M. tuberculosis CDC1551 and

M.bovis AF2122/97 as previously described [19]. The array design

is available in BmG@Sbase (accession number: A-BUGS-34;

http://bugs.sgul.ac.uk/A-BUGS-34) and also ArrayExpress (ac-

cession number: A-BUGS-34). Each array consisted of a total of

10944 features and included duplicates of each of the 4410 genes

as PCR-generated elements (size-range 60–1000 bp; mean

517 bp) which were spotted onto Corning UltraGaps aminosilane

coated glass slides [20]. The signal intensities observed were the

result of a competitive hybridization between 5 mg of clinical

genomic M. tuberculosis DNA and 5 mg genomic control DNA (M.

tuberculosis H37Rv). The DNA was labeled with Cy3 (test strain) or

Cy5-labeled (control strain) dCTP (Amersham) by random

priming (Invitrogen Life Technologies) [19] and purified (Qiagen

MinElute PCR purification kit). Purified Cy5-labelled M.

tuberculosis H37Rv and Cy3-labelled genomic DNA from the M.

tuberculosis isolates from Myanmar were mixed and added to the

hybridization solution and applied to the array [19]. The slides

were then sealed in a humid hybridization cassette and incubated

in the dark at 65uC for 16 hrs. Following washing [19], slides were

scanned using a dual-laser scanner at a level just below saturation

of the most intensely fluorescent spots on each array. The images

were quantified using GenePix Pro Image Analysis 5.

M. tuberculosis CGH microarray data analysis
Background subtracted intensities in the red and green channel

of non-flagged spots on each array were submitted to quantile

normalization [21] and transformed using glog transformation

[22]. The channel difference obtained by using glog transforma-

tion, referred to as the glog ratio, was set to 0 for flagged spots.

The array-probes were organized in the same manner as their

respective genes appear on the M. tuberculosis H37Rv genome, with

the addition of probes from the genome of M. bovis and M.

tuberculosis CDC1551 interspersed between the probes from M.

tuberculosis H37Rv. The glog ratios for each spot were ordered

accordingly. To estimate the parameters needed for glog

transformation, we minimized the dependency of the variance of

the glog ratios to the signal intensity as described previously

[22,23]. During this search, 5% of the extreme outlier glog ratios

compared to the global median glog ratio were excluded. To find

deleted or extra regions in the clinical isolates compared to M.

tuberculosis H37Rv, the ordered glog ratios were scanned to locate

regions with outlier populations of glog ratios, and the standard

deviation s of non-flagged glog ratios was estimated with the inter-

quartile range (IQR, s = IQR/1.34898). The z-score was calcu-

lated by taking the average glog ratio of a region, trying region

sizes from one to ten probes, divided by the expected standard

deviation of an average coming from an N(0,s) distribution.

Regions with z-scores of more than 64.42 (absolute value)

occurring in one or more samples, corresponding to a standard

normal P-value of 0.00001 (1e-5), were reported and the data in

these regions inspected to define borders for deletions/extra

regions. If at least one of the isolates gave a z-score above the

threshold in a region, it was taken as evidence to make a call, and a

lower z-score threshold of 62.58 (corresponding to P = 0.001) was
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used in the analysis of the other isolates in calling deleted or extra

regions. As signal intensity and hence, channel difference could be

affected by sequence divergence, copy number or cross-hybrid-

ization effects, the degree of evidence was graded into categories

for each call: deletions or extra regions with z-scores correspond-

ing to P-values between 1e-3 and 1e-5 were not strong enough in

themselves to call a region, z-scores corresponding to P-values

between 1e-5 and 1e-9 indicated sufficient evidence to call a

region, strong evidence was supported by z-scores corresponding

to P-values between 1e-9 and 1e-16, and even stronger evidence

was indicated by z-scores corresponding to P-values lower than 1e-

16. The criteria for selecting regions to be verified by PCR were:

regions with three or more isolates containing a deletion or an

extra region with a z-score corresponding to a P-value of at most

1e-5 that could differentiate the Beijing from the non-Beijing

isolates.

Verification of extra regions and deletions in clinical
isolates

Deletions or extra regions detected by CGH, meeting the

criteria stated above, were analyzed further by PCR. Thus, for all

reactions amplifications were performed in a total volume of 25 ml

containing 1 ml of DNA, 0.4 mM of each primer (Table 1), and

Hotstart Taq polymerase Master Mix (Qiagen). All reactions were

subjected to 95uC for 15 min, followed by 30 cycles of 40 sec at

94uC, 40 sec at 55uC, 1–4 min at 72uC and terminated by 7 min

at 72uC. Fragments were visualized by UV transillumination or by

Bioanalyzer 2100 DNA 1000 LabChip kit in accordance with the

manufacturer’s instructions (Agilent Technologies, USA).

RD207 verification
PCR of the RD207 region was performed on isolates which had

discrepant results between spoligotyping, CGH and RD105

verification, or if a mixed M. tuberculosis sub-population in a

sample was suspected. The RD207 deletion has only been

observed in strains of the Beijing lineage and is reported to be a

Beijing defining deletion [15]. Four sets of primers were used for

RD207 PCR verification; two overlapping sets unique to an

IS6110 insertion only found in Rv2820 in strains of the Beijing

lineage, and two sets complementary to Rv2819, which will only

produce a PCR product in strains of the non-Beijing lineage [24].

MIRU-VNTR
In cases where mixed infections were suspected, the isolates

were genotyped by variable number tandem repeat of mycobac-

terial interspersed repetitive units (MIRU-VNTR) by amplification

of 15 loci as described by Supply et al [25]. PCR amplification was

performed in a total volume of 20 ml containing 1 ml DNA, 0.04–

0.4 mM of all 15 primer sets, and Hotstart Taq Plus polymerase

Master Mix (Qiagen). All reactions were subjected to 95uC for

5 min, followed by 30 cycles of 30 sec at 94uC, 1 min at 55uC,

1.5 min at 72uC and terminated by 7 min at 72uC. Genotyping

was performed using multiplex PCR with a Rox-labeled

MapMarker 1000 size standard (PE Applied Biosystems) for sizing

of the PCR products. The PCR fragments were analysed using a

capillary-based electrophoresis sequencer (ABI 3700), and sizing of

the various VNTR alleles were done using the Peak Scanner

Software v1.0 (PE Applied Biosystems).

Further sub-typing of clinical isolates
Two regions, RD142 and RD181, previously described by

Tsolaki et al [15] as variably deleted in strains of the Beijing/W

lineage, were chosen for further sub-typing of the isolates. The

primers used for the PCR were: RD142: L_primer GGACC-

TCGCGTTTCGTATGGTA and R_primer GTGACTCCAG-

TGGCGCAGGAT (Rv1189), and L_primer CTGTTGCCTG-

TGT and R_primer GATGGCGAATTCATGCACGTCT

(Rv1192); RD181: L_primer CGCAACGGCCGCGGTGAA-

CTCT and R_primer CGGGCGGCTGCGGGAACCTT [15].

pks15/1 polymorphism
The presence of the pks15/1 polymorphism in the M. tuberculosis

isolates was determined by PCR and sequencing as described [15].

The sequencing reaction consisted of an initial 5 min for

denaturation at 96uC, 25 cycles of 96uC for 15 sec, 50uC for

10 sec, 60uC for 4 min and elongation time of 72uC for 15 min

using the BigDye 3.1 Terminator Cycle Sequencing Kit (Applied

Biosystems Inc). The sequencing was carried out in an ABI 377

automatic DNA sequencer (Applied Biosystems Inc., Foster, CA)

and nucleotide sequences were analyzed using DNASTAR

software (DNASTAR, Inc., USA).

Results

The CGH analysis of 22 M. tuberculosis isolates from Myanmar

revealed a total of 198 regions where the genomic composition of

the isolates tested were different (deletions or extra regions) from

that of the reference strain, M. tuberculosis H37Rv (Figure 1). The

number of deletions/extra regions detected by CGH ranged from

29–78 for the Beijing isolates, with an average of 41.7 per isolate,

23–61 for the ST42 isolates, with an average of 40.4 per isolate,

and 17–56 for other non-Beijing isolates, with an average of 37.8

per isolate. CGH also revealed several strain-specific genomic

variations between the Beijing and non-Beijing strains. Further-

more, the two pairs of isolates (TB33/TB35, TB29/TB30) with

identical IS6110 RFLP pattern, and where no close epidemiologic

connection between the patients could be established, could be

distinguished from one another by CGH analysis.

Of the 198 regions that showed either deletions or extra regions

compared to H37Rv on the arrays, 22 (Figure 2) were selected

according to the predefined criteria for further verification by PCR

on the extended battery of isolates. Fully annotated microarray

data has been deposited in BmG@Sbase (accession number: E-

BUGS-66; http://bugs.sgul.ac.uk/E-BUGS-66) and also Ar-

rayExpress (accession number: E-BUGS-66).

Deletions
RD207 (Rv2815c-Rv2820c) was deleted in all Beijing isolates,

but present in all non-Beijing isolates, except TB21. RD207

is a Beijing-defining deletion, which is also detected by

spoligotyping.

Rv0279c was deleted in 8 of the 11 Beijing isolates on array, but

present in all non-Beijing isolates, except TB21 (Figure 2). PCR

verification detected a deletion in this region for all Beijing isolates

in the study, and TB21 (Figure 3).

RD105 was by CGH, deleted in all Beijing isolates, except

TB23 and TB25. PCR verification confirmed a deletion in RD105

for all Beijing isolates, including TB23 and TB25. However, PCR

analysis also revealed an RD105 deletion in two non-Beijing

isolates, TB21 and ST126.

RD149 (Rv1573-Rv1584c) was, by CGH, observed to be deleted

in all Beijing isolates, except TB23, and all 4 ST42 isolates. PCR

verification confirmed a deletion in Rv1572c-1576c for all Beijing

isolates, including TB23, and in 8 of 13 ST42 isolates as well as 3

other non-Beijing isolates (ST48, ST947 and TB50). Rv1585c-

1587c was deleted in all Beijing, 10 ST42 and 5 other non-Beijing

isolates (Figure 3).

M. tuberculosis Diversity
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Table 1. Primers used for the PCR verification of deleted and extra regions as observed by CGH analysis.

Regions Primer sequence (59 to 39)
Annealing
temperature

Expected
product (bp) References

Rv0071-0074 (RD105) GGAGTCGTTGAGGGTTGTTCATCAG 55uC 3500 [35]

CGCCAAGGCCGCATAGTCACGGTC

Rv0279c GCAATGGCGGTAACGGTGGTAG 60uC 164 *

GGGCTCGTTGATCGCGTTGAGG

MT1360 TTGTTGATCAGTCCGTGGTG 60uC 1100 This study

GTGCGGATTCAGATCATCCT

Rv1524-1525 CCTACACGGGGCTGGACTTGAATC 62uC 2076 This study

CGGGCAGGTGAGCGGAAATGACTT

Mb1583-1585 (TbD1) CTAACGGGTGCAGGGGATTTCAGT 60uC 3700 This study

ATCAGCGGGGTCTTACGGAGTTTG

Rv1572c-1576c (RD149) CGGATCGTCGTGGTTGTCCTC 55uC 1800 *

TCCCATCGCTGCACGACAGTC

Rv1585c-1587c (RD149) GACGATCACGATGTTGTGGTGC 55uC 1950 *

CACCCTGACCGACCTGCAAAC

Rv1672c-1673c RD150 TGTGGCGTGGCTCGGCAAATAG 62uC 2500 [35]

CGGGACGGCAAACGGGTGAT

MT1798/Rv1755c (RD152) CGTCAGCTGGAAGGTGTATCGCA 57uC 1900 *

GTCACCGGATGTCACATGAACTC

Mb1785 (RvD2) GTTCAGGTCGCCAACTTCTATG 60uC 773 *

CGAGATGAAACCGGTGAAGT

Mb1786 (RvD2) CGATCAATGCGTTCTACGTC 60uC 768 *

CGACAGAGACATCAACTCGTTC

Mb1787 (RvD2) CAACAGGCGATAACCAAACTTC 60uC 790 *

CAAGCGCACAGATATACGATGT

Rv1761c (RD152) CGACCTCGTAACGCCAGTCACC 60uC 178 *

TCGATACCGAGCGAGTGAGCC

MT1812-1813 (RvD3) CGGACGTGAATGACTTCTCA 60uC 800 *

TCACACGCTGTTCACAGACC

Rv1765c (RD152) GGAGCGCCGATGAGCAGTTCAG 60uC 600 *

GATACGGGCACACCAGCACCAG

Rv1994c-1997c a (RD174) CGGCCTTGCGGTTACTGG 55uC 2500 This study

TGAGCTCACTCGCAACATTC

Rv1994c-1997c (RD174) CAGCTACCTGTCATCTCGACC 55uC 1500 *

ATACTCAAATGCCCACCCTTCC

MT1968 GTCATTAACGTGGGATCGATTT 60uC 729 *

GGTGTTGTAGAGGCCTGAGACT

Mb1951c CAACTCTGGCAACTACAGCAAC 60uC 750 *

AACTACTCACACCCAAACCGAT

Rv3018c GCCGCAACCATAACCCCATTCC 60uC 307 *

CACCAAACAGATTCCCAATAACCC

Rv3019c GATGATGGCTCATGCCGGGGAC 60uC 188 *

ACATCGACTGATAGGCCCGCAC

Rv3179 GCCGGTGGTTCTCGGACTATCT 60uC 600 *

CCGGGCACCAGTGTAGAAGAGA

Mb3184c CGGTAGTACAAACCTCGGTAGC 55uC 767 *

CAATATTCTGGAAGCCTGAGGT

Rv3351c-3353c TGGAGTTGAGCACAAGACGCTG 65uC 1100 This study

TTGAAGATCTGCTTTCCGCTCG

Rv3425-3429 (RD6) CCATGGTGAATATGCTGCTG 60uC 2900 This study

M. tuberculosis Diversity
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The RD152 region (Rv1754c-1765c) was variably deleted in

isolates of the Beijing and ST42 lineages, as well as in 1 other non-

Beijing isolate (TB21) [Figure 2]. However, as shown in Figure 4,

not all genes within this region were deleted. Thus, PCR

verification of MT1798-Rv1755c revealed a deletion in all Beijing

and 10 of 13 ST42 isolates (Figure 3). Rv1761c was deleted in all

Beijing, 8 of 13 ST42 isolates and 2 other non-Beijing isolates

(ST89 and TB21), whereas Rv1765c was variably deleted only

among Beijing isolates (2 of 28) [Figure 3].

Two regions, RD174 (Rv1994-1997) and Rv3351c-3353c were

deleted in all ST42 isolates analyzed by CGH. PCR confirmed a

deletion in all 6 ST42 isolates from Myanmar, whereas only 2 out

of 7 South-African ST42 isolates had deletions in these two

regions.

CGH analysis of RD6 (Rv3425-3429) showed a deletion in four

ST42 isolates and in ST947. PCR validated a deletion in 3 of the

ST42 isolates tested on array, whereas 1 isolate, TB28, gave a

product of the expected size. Furthermore, PCR also detected an

RD6 deletion in 3 additional ST42 isolates, and 3 other non-

Beijing isolates (Figure 3). A PCR product that was larger than the

expected size was obtained for 22 of 28 Beijing isolates.

Two regions, Rv1524-1525 and Rv3651 were, by CGH analysis,

deleted in all non-Beijing isolates, except the ST42 isolates and

TB21. PCR verification confirmed a deletion of Rv1524-1525

among the non-Beijing isolates, except 4 isolates; TB21, ST26,

ST53 and ST126. PCR of Rv3651 showed a deletion in all non-

Beijing isolates, except TB21, ST26 and ST53.

Rv3179 was, by CGH, variably deleted among Beijing isolates.

PCR analysis on the extended battery of strains detected a deletion

in two additional Beijing isolates and 2 other non-Beijing isolates;

ST48 and 1 ST292. Two ST42 isolates contained an extra insert

of ,900 bp.

CGH and PCR analysis showed that all non-Beijing isolates had

an intact RD150 (Rv1672c-1673c) region. Among the 11 Beijing

Regions Primer sequence (59 to 39)
Annealing
temperature

Expected
product (bp) References

GATGCTCGATTTGGTCGAGT

Rv3651 GTAAGGCCAACATCGACCAC 60uC 1400 This study

TTCACGACAAGCAACGGTAG

*:http://xrl.us/6cg3
The annealing temperature for each primer set and the expected PCR product size based on the published sequences of M. tuberculosis H37Rv, M. bovis AF22197 or M.
tuberculosis CDC1551 are also provided.
doi:10.1371/journal.pone.0001973.t001

Table 1. cont.

Figure 1. Genetic diversity among 22 Mycobacterium tuberculosis isolates tested by CGH. The dendogram was produced by weighted pair
group method (WPGMA) clustering using a Pearson correlation based distance measure defined on regional z-score values. The red color indicates
deletions in the clinical isolates compared to the reference strain M. tuberculosis H37Rv, whereas the green color shows extra regions in the clinical
isolates not present in the reference strain M. tuberculosis H37Rv.
doi:10.1371/journal.pone.0001973.g001
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isolates screened by CGH, 3 were observed to have a deletion in

this region. PCR also detected two additional Beijing isolates with

a deletion in RD150 (Figure 3).

The region Rv3018c-3020c, was on array examination reported

to be deleted in 2 out of 11 Beijing isolates (TB27 and TB34 ) and

4 out of 6 non-Beijing isolates; 2 ST89 (TB24 and TB26) and 2

UR shared-types (TB31 and TB36) [Figure 2]. Further examina-

tion of this region using the J-Express Pro 2.7 package (Molmine)

showed that the two Beijing isolates (TB27 and TB34) only had

Rv3019c, deleted. The extended PCR verification of this region

showed that Rv3018c was deleted in 1 additional Beijing isolate

and 1 additional non-Beijing isolate (ST292), whereas TB27 and

TB34 gave a product of the expected size (Figure 3). Rv3019c was

deleted in 15 Beijing isolates (including TB27 and TB34) and 13

non-Beijing isolates (Figure 3). Rv3018c and 3019c were present in

all ST42 isolates.

Figure 2. Regions chosen for PCR verification based on the CGH array analysis. The dendogram based on CGH array analysis of 22 M.
tuberculosis isolates from Myanmar (11 Beijing, 4 ST42, 2 ST89 and 5 previously unreported [UR] shared-types [ST]) was produced by weighted pair
group method (WPGMA) clustering using a Pearson correlation based distance measure defined on regional z-score values, corresponding to P-
values between 1e-3 and 1e-16. The green color indicates extra regions that are present in the clinical isolates, but not in the reference strain M.
tuberculosis H37Rv, whereas the red color depicts deletions in the clinical isolates compared to the reference strain M. tuberculosis H37Rv.
doi:10.1371/journal.pone.0001973.g002
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Figure 3. PCR results from the 22 regions chosen for verification in 60 clinical M. tuberculosis isolates. The dendogram based on PCR
results from 16 deletions and 6 extra regions chosen for verification on 60 clinical M. tuberculosis isolates (28 Beijing, 13 ST42 and 19 other non-
Beijing) was produced by unweighted pair group method (UPGMA) clustering using a Pearson correlation based distance measure.
doi:10.1371/journal.pone.0001973.g003
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Extra regions
CGH analysis indicated the presence of two extra regions, M.

bovis AF2122/97 (Mb) 1785-1787 and CDC1551 (MT) 1812-1813

in 6 of 11 non-Beijing isolates tested. PCR confirmed the presence

of Mb1785-1787 in all non-Beijing isolates, except 9 ST42 and

TB21. The PCR analysis for MT1812-1813 revealed that all non-

Beijing isolates, except 6 ST42 and TB21, contained this extra

region. PCR also detected the presence of this extra region in 12

Beijing isolates.

Mb1582-Mb1583 (TbD1) was, by CGH analysis, present in 5 of

6 non-Beijing isolates, but absent from the non-Beijing isolate

TB21 as well as all Beijing and ST42 isolates. PCR on the larger

battery of strains verified the presence of Mb1582-1583 in all non-

Beijing isolates, except ST53, ST126, TB21 and all ST42.

MT1360 was by CGH, present in 8 of 11 Beijing, 4 non-Beijing

isolates; 3 ST42 isolates and TB21. The extended PCR

verification showed that all Beijing isolates, 4 non-Beijing (TB21,

ST26, ST53 and ST126) and 12 of 13 ST42 isolates had this extra

region. Of the 12 ST42 isolates with this extra region, 10 had a

PCR product which was 900 bp larger than in the Beijing and the

other 6 non-Beijing isolates (Figure 3).

Mb3184c was, by CGH, detected in all Beijing and non-Beijing

isolates, except ST42. PCR verified the CGH results for all

isolates, except for 1 ST42 (TB20) which gave a product of the

expected size. All isolates, except 11 ST42 from the extended

battery, contained this region (Figure 3).

Four Beijing isolates and 7 non-Beijing isolates, appeared by

array examination to contain the extra MT1968-Mb1951c region.

One Beijing (TB13) and 1 ST42 (TB20) isolate showed deletions in

this region. PCR analysis showed that all isolates had this extra

region, except 10 ST42 isolates (Figure 3).

Sub-typing
RD181 (Rv2262c-2263), which has previously been reported to

be variably deleted in Beijing strains, appeared to be present in all

isolates tested on the arrays. However, PCR verification revealed

that RD181 was deleted in all but one Beijing isolates tested.

RD142 (Rv1189-1192) has previously been reported to be

variably deleted in Beijing/W strains. The array analysis indicated

that this region was intact in all isolates tested on array. Further,

PCR verification on the larger battery of isolates confirmed the

array hybridization results and did not detect any isolates with

deletions in RD142.

MIRU-VNTR
As RD105 is reported to be a Beijing-specific deletion, two non-

Beijing isolates (by spoligotyping) [TB21 and ST126], that showed

an RD105 deletion, were subjected to PCR verification of the

RD207 region using 4 primer sets which are designed to

discriminate specifically between Beijing and non-Beijing strains

[24]. PCR of RD207 for TB21 and ST126 produced products for

all four primer sets, suggesting a mixed M. tuberculosis sub-

population. Thus, further characterization of these two isolates

was undertaken using MIRU-VNTR. MIRU-VNTR of TB21

showed two PCR products for locus Mtub04 (645/681) and

Mtub30 (362/471 bp), whereas ST126 showed two PCR products

for the MIRU 10 (596/633 bp), Qub-4156c (581/702), Qub-11b

(311/542 bp), Mtub21 loci (202/257) and Qub-26 (734/887).

Two other isolates (ST53 and ST26), where a mixed M. tuberculosis

sub-population was suspected, were also subjected to PCR of the

RD207 region. PCR produced products for primer sets 3 and 4,

indicating the presence of non-Beijing DNA only. MIRU-VNTR

analysis showed single PCR products for all loci in both isolates.

Figure 4. Gene graph of the M.tuberculosis H37Rv 1754c-1765c, Mb1785-1787, MT1808 and MT1812-1813 regions. The graph is based on
region z-scores, with each line representing one isolate analyzed by CGH. Region z-scores of more than 64.42 (absolute value) occurring in one or
more samples, corresponding to a standard normal P-value of 0.00001 (1e-5) indicate deletions (above the 0-line) or extra regions (below 0-line). Red
lines represent isolates of the Beijing lineage, green lines; ST42 lineage and blue lines; non-Beijing isolates other than ST42.
doi:10.1371/journal.pone.0001973.g004
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pks15/1 polymorphism
The pks15/1 operon was screened for the previously described 1

or 7 base pair deletions by PCR and sequencing [26]. The results

from this analysis revealed an intact open reading frame in all

Beijing and non-Beijing isolates, except for 14 isolates, of which 13

belonged to the ST42 lineage and 1 to the ST53 lineage, all having

a 7-bp deletion at this locus.

Discussion

The M. tuberculosis Beijing family is highly prevalent in Asian

countries [27,28] and the identification of strain-specific LSP’s in

the genome of this hypervirulent family may aid in the

identification of important virulence factors. The Beijing/W

family of strains share highly similar multicopy IS6110 RFLP

pattern [14] as well as possess both strain-specific LSPs and

polymorphisms which it shares with other families [15]. We have

recently shown (S. Phyu, et al, unpublished data), that isolates of

the ST42 lineage from Myanmar also share highly similar RFLP

patterns. ST42 strains belong to the LAM superfamily and are less

common in Asia [29]. Thus, 22 M. tuberculosis isolates from

Myanmar, were screened for genomic deletions or extra regions by

CGH, and selected regions which on array analysis potentially

differentiated the Beijing isolates from the non-Beijing isolates

were verified by PCR.

Array examination revealed no significant difference in the

number of deletions/extra regions between the Beijing, ST42 and

the other non-Beijing lineages. A previously unreported Beijing

specific deletion in Rv0279c was detected. PCR analysis verified

this deletion in all Beijing isolates, whereas all but one (TB21) non-

Beijing isolates had this region intact. Rv0279c belongs to a family

consisting of other PE-PGRS genes whose transcripts have been

suggested to have fibronectin-binding abilities [30]. Rv0278c and

Rv0279c are contiguous sequences and share a high sequence

homology with PE-PGRS81 [30]. As a result of high sequence

homology among members of the PE-PGRS family and the many

repetitive sequences in these genes, PCR and hybridization-based

characterization of the PE-PGRS regions may be difficult to

interpret. However, in this study, the 164 bp deletion observed in

Rv0279c could consistently differentiate between the Beijing and

the non-Beijing isolates included.

RD105 and RD207 deletions have previously been reported to

be Beijing specific [15]. As expected, all Beijing isolates included in

the study had RD105 deleted. However, two non-Beijing isolates,

1 UR (TB21) and 1 ST126, also showed deletions in the RD105

region. Further investigation of these two isolates using PCR [15]

and MIRU-VNTR [25], confirmed the presence of a mixed sub-

population of M. tuberculosis. Two other non-Beijing isolates, 1

ST53 and 1 ST26 were, based on PCR verification of the 22

regions, also suspected of having a mixed M. tuberculosis sub-

population. PCR of the RD207 region showed the presence of

only non-Beijing DNA and MIRU-VNTR indicated the presence

of a homogeneous M. tuberculosis population.

One M. bovis gene, with unknown function, Mb3184c, was

present in all isolates, except 11 ST42 isolates. As compared to the

annotated H37Rv strain [31], Mb3184c is located between PPE53

(Rv3159c) and Rv3160c. The Mb3184c insert codes for an

additional hypothetical protein, PPE70, which is equivalent to

MT3248 of the M. tuberculosis CDC1551 strain [32].

The previously reported 7-bp deletion of the pks15/1 locus [26]

was observed in all ST42 isolates and in one ST53 isolate. Pks15/1

codes for an enzyme involved in the production of PGL, which is a

virulence factor in Beijing/W isolates. PGL has been shown to

inhibit the release of pro-inflammatory mediators in monocyte-

derived macrophages, and loss of PGL correlated with an increase

in the release of pro-inflammatory cytokines, tumor necrosis

factor-a and interleukins 6 and 12 [5]. As can be seen in Figure 1

and 2, the ST42 isolates separate from the other non-Beijing

isolates and appear to be more closely related to the Beijing

isolates. Furthermore, RD174 (Rv1994c-1997c) and Rv3351c-

3353c, were deleted only in isolates of the ST42 lineage. In a

study, where the 7-bp deletion in the pks15/1 locus was used as a

phylogenetic marker for global population analysis, the deletion of

RD174 was observed only in isolates with a deletion in pks15/1

[33]. In this study, all ST42 isolates from Yangon, and 2 of 7 ST42

isolates from South-Africa (TB76 and TB79) showed combined

deletions of pks15/1, RD174 and Rv3351c-3353c, suggesting that

there could be different circulating sub-lineages of ST42. Two

previously unreported deletions, Rv1524-1525 and Rv3651 were

detected in 17 and 18 non-Beijing isolates, respectively. These

deletions may therefore have occurred in a common ancestor after

the divergence of the Beijing and ST42 lineages.

Tsolaki et al [15] have shown that 5 regions (RD142, RD149,

RD150, RD152 and RD181) were variably deleted in strains of the

Beijing/W lineage. In this study, RD142 was intact in all isolates,

RD150 was deleted in 5 of 28 Beijing isolates, whereas RD181,

which appeared to be intact in all isolates by CGH, was shown by

PCR to be deleted in all Beijing isolates, except TB42. The reason

for the discrepancy between the array and PCR results for RD181 is

that the deleted fragment from the RD181 region is not included in

the PCR amplicons spotted onto the array. CGH and PCR analysis

showed that Rv1572c-1576c and Rv1585c-1587c of the RD149

region were deleted in all Beijing and ST42 isolates as well as in 3 of

21 other non-Beijing isolates. Furthermore, CGH results for RD152

indicated large variations in the genes deleted within this region in

the Beijing and ST42 strains (Figure 4). CGH and PCR analysis of

the RD152 region showed that the genes Rv1756c-1757c and

Rv1759c (wag22) were present in all isolates tested, whereas Rv1755c

and Rv1761 were deleted in all Beijing and ST42 isolates. Rv1759c

codes for a protein (wag22) probably expressed during in vivo

infection [30] and is a member of a PE-PGRS family.

Mb1582-Mb1583, belonging to the TbD1 region, was deleted in

all Beijing and ST42 isolates, and 3 other non-Beijing isolates

(ST26, ST53 and ST126). The presence of the TbD1 region is

characteristic of ancestral isolates and the deletion of this region is

thought to have occurred as a single evolutionary event in a

common ancestor [34]. Eighteen of the 21 (86%) non-Beijing

isolates, other than ST42, had the TbD1 region intact (TbD1+)

suggesting that the majority of the non-Beijing isolates included in

this study belong to ancestral lineages. MmpS6 (Mb1582) and

MmpL6 (Mb1583) are conserved membrane proteins and

transmembrane transport proteins, respectively [32]. Transcrip-

tion of mmpL6 has been shown to be induced by isoniazid, an

antibiotic used in the treatment of tuberculosis [35]. Interestingly,

only 2 of the 20 TbD1+ isolates (10%) in this study were resistant

to INH, whereas 21 of 42 (50%) of the TbD1- isolates were

resistant to isoniazid [16].

In addition to the deletions common for the Beijing and ST42

isolates, the presence of an extra region, MT1360, distinguished

the ST42 isolates from other non-Beijing isolates. Thus, all isolates

from the Beijing and ST42 lineages (except TB75) contained

MT1360 (coding for a putative adenylate cyclase involved in signal

transduction) [8]. All non-Beijing isolates had the extra regions

Mb1785c-1787c and MT1812-1813, except 9 and 6 of the 13 ST42

isolates, respectively.

Rv3425-3429 (RD6) has been shown to be deleted in M. bovis

and M. tuberculosis Erdmann [3,36]. RD6 is an insertion element

shown to be variably deleted in mycobacterial strains irrespective
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of origin [37]. The array results indicated a deletion of this region

only in isolates of the ST42 and ST947 lineages. PCR analysis

revealed deletions in RD6 also among isolates belonging to other

lineages. PCR results detected an extra insert in this region for 23

of 28 Beijing isolates. These results support previous studies of

large variations within this region [36,37].

Of the 198 polymorphic regions detected in this study, one

deletion, Rv0279c, was specific for the isolates of the Beijing

lineage, in addition to the previously described RD105, RD150,

RD181 [15]. RD149 and RD152 were variably deleted among

isolates of the Beijing and ST42 lineage. In addition, RvD2

(Mb1785-1787) and RvD3 (MT1812-1813) were only deleted

among Beijing and ST42 isolates. This may suggest that strains of

the ST42 lineage and the highly virulent strains of the Beijing

lineage share a more recent common ancestor and that the

polymorphic regions common between these two highly frequent

lineages may be important for virulence, or that selective pressure

has led these strains to converge through independent deletions.

We show that, a combined deletion in pks15/1, RD174 and

Rv3351c-3353c was useful for sub-grouping strains belonging to the

ST42 lineage. Further studies are required to determine if the

ST42 isolates, like strains belonging to the Beijing family, show

higher transmissibility and increased virulence. In addition, we

identified 6 regions from M. tuberculosis CDC1551 and M. bovis

among the clinical isolates, which are not present in M. tuberculosis

H37Rv. The problem with detecting small genomic variations

leaves open the possibility that there may still be many undetected

strain-specific genomic variations which could explain the

increased virulence seen in some strains.
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for their constructive advice. We also thank Lucy Brooks at the Bacterial

Microarray Group at St. George’s, University of London for assistance in

depositing data in ; BuG@Sbase and ArrayExpress. We acknowledge NIH,

NIAID Contract No. HHSN266200400091C, entitled ‘‘Tuberculosis

Vaccine Testing and Research Materials,’’ which was awarded to

Colorado State University for the supply of M.tuberculosis H37Rv DNA.

We acknowledge the Wellcome Trust (St. George’s, University of London)

for funding the microbial pathogen microarray facility under its Functional

Genomics Resources Initiative. Results from this study were presented in

part at the meeting of The Wellcome Trust Funded Multi-Collaborative

Microbial Pathogen Microarray Facility, Hinxton, Cambridge (2005).

Author Contributions

Conceived and designed the experiments: RS HG HV. Performed the

experiments: RS HG HV. Analyzed the data: JH RS HG HV TB.

Contributed reagents/materials/analysis tools: PB IJ JH TB. Wrote the

paper: RS HG.

References

1. Gehring AJ, Rojas RE, Canaday DH, Lakey DL, Harding CV, et al. (2003) The
Mycobacterium tuberculosis 19-kilodalton lipoprotein inhibits gamma interfer-

on-regulated HLA-DR and Fc gamma R1 on human macrophages through

Toll-like receptor 2. Infect Immun 71: 4487–4497.

2. Flynn JL, Chan J (2001) Tuberculosis: latency and reactivation. Infect Immun
69: 4195–4201.

3. Malik AN, Godfrey-Faussett P (2005) Effects of genetic variability of
Mycobacterium tuberculosis strains on the presentation of disease. Lancet

Infect Dis 5: 174–183.

4. Lopez B, Aguilar D, Orozco H, Burger M, Espitia C, et al. (2003) A marked

difference in pathogenesis and immune response induced by different
Mycobacterium tuberculosis genotypes. Clin Exp Immunol 133: 30–37.

5. Reed MB, Domenech P, Manca C, Su H, Barczak AK, et al. (2004) A glycolipid

of hypervirulent tuberculosis strains that inhibits the innate immune response.

Nature 431: 84–87.

6. Musser JM, Amin A, Ramaswamy S (2000) Negligible genetic diversity of
mycobacterium tuberculosis host immune system protein targets: evidence of

limited selective pressure. Genetics 155: 7–16.

7. Mostowy S, Cousins D, Brinkman J, Aranaz A, Behr MA (2002) Genomic

deletions suggest a phylogeny for the Mycobacterium tuberculosis complex.
J Infect Dis 186: 74–80.

8. Fleischmann RD, Alland D, Eisen JA, Carpenter L, White O, et al. (2002)
Whole-genome comparison of Mycobacterium tuberculosis clinical and

laboratory strains. J Bacteriol 184: 5479–5490.

9. WHO WHO Report 2005. Global Tuberculosis Control - surveillance,

planning, financing.

10. Glynn JR, Whiteley J, Bifani PJ, Kremer K, van Soolingen D (2002) Worldwide

occurrence of Beijing/W strains of Mycobacterium tuberculosis: a systematic
review. Emerg Infect Dis 8: 843–849.

11. Phyu S, Jureen R, Ti T, Dahle UR, Grewal HM (2003) Heterogeneity of

Mycobacterium tuberculosis isolates in Yangon, Myanmar. J Clin Microbiol 41:

4907–4908.

12. Lillebaek T, Andersen AB, Dirksen A, Glynn JR, Kremer K (2003)
Mycobacterium tuberculosis Beijing genotype. Emerg Infect Dis 9: 1553–1557.

13. Bifani PJ, Mathema B, Kurepina NE, Kreiswirth BN (2002) Global
dissemination of the Mycobacterium tuberculosis W-Beijing family strains.

Trends Microbiol 10: 45–52.

14. Kremer K, Glynn JR, Lillebaek T, Niemann S, Kurepina NE, et al. (2004)

Definition of the Beijing/W lineage of Mycobacterium tuberculosis on the basis
of genetic markers. J Clin Microbiol 42: 4040–4049.

15. Tsolaki AG, Gagneux S, Pym AS, Goguet de la Salmoniere YO, Kreiswirth BN,

et al. (2005) Genomic deletions classify the Beijing/W strains as a distinct genetic

lineage of Mycobacterium tuberculosis. J Clin Microbiol 43: 3185–3191.

16. Phyu S, Lwin T, Ti T, Maung W, Mar WW, et al. (2005) Drug-resistant
tuberculosis in Yangon, Myanmar. Scand J Infect Dis 37: 846–851.

17. van Embden JDA, Schouls LM, van Soolingen D (1995) Molecular techniques:

applications in epidemiologic studies. Mycobacterium bovis infection in animals

and humans: Ames, Iowa: Iowa State University Press. pp 15–27.

18. Camus JC, Pryor MJ, Medigue C, Cole ST (2002) Re-annotation of the genome

sequence of Mycobacterium tuberculosis H37Rv. Microbiology 148:

2967–2973.

19. Stewart GR, Wernisch L, Stabler R, Mangan JA, Hinds J, et al. (2002)

Dissection of the heat-shock response in Mycobacterium tuberculosis using

mutants and microarrays. Microbiology 148: 3129–3138.

20. Hinds JLKG, Mangan JA, Butcher PD (2002) Glass slide microarrays for

bacterial genomes. In: WBWaD N, ed. Methods in Microbiology: Functional

Microbial Genomics. London: Academic Press. pp 83–99.

21. Bolstad BM, Irizarry RA, Astrand M, Speed TP (2003) A comparison of

normalization methods for high density oligonucleotide array data based on

variance and bias. Bioinformatics 19: 185–193.

22. Huber W, von Heydebreck A, Sultmann H, Poustka A, Vingron M (2002)

Variance stabilization applied to microarray data calibration and to the

quantification of differential expression. Bioinformatics 18 Suppl 1: S96–104.

23. Rocke DM, Durbin B (2003) Approximate variance-stabilizing transformations

for gene-expression microarray data. Bioinformatics 19: 966–972.

24. Warren RM, Victor TC, Streicher EM, Richardson M, Beyers N, et al. (2004)

Patients with active tuberculosis often have different strains in the same sputum

specimen. Am J Respir Crit Care Med 169: 610–614.

25. Supply P, Allix C, Lesjean S, Cardoso-Oelemann M, Rusch-Gerdes S, et al.

(2006) Proposal for standardization of optimized mycobacterial interspersed

repetitive unit-variable-number tandem repeat typing of Mycobacterium

tuberculosis. J Clin Microbiol 44: 4498–4510.

26. Constant P, Perez E, Malaga W, Laneelle MA, Saurel O, et al. (2002) Role of

the pks15/1 gene in the biosynthesis of phenolglycolipids in the Mycobacterium

tuberculosis complex. Evidence that all strains synthesize glycosylated p-

hydroxybenzoic methyl esters and that strains devoid of phenolglycolipids

harbor a frameshift mutation in the pks15/1 gene. J Biol Chem 277:

38148–38158.

27. Chan MY, Borgdorff M, Yip CW, de Haas PE, Wong WS, et al. (2001) Seventy

percent of the Mycobacterium tuberculosis isolates in Hong Kong represent the

Beijing genotype. Epidemiol Infect 127: 169–171.

28. van Soolingen D, Qian L, de Haas PE, Douglas JT, Traore H, et al. (1995)

Predominance of a single genotype of Mycobacterium tuberculosis in countries

of east Asia. J Clin Microbiol 33: 3234–3238.

29. Filliol I, Driscoll JR, Van Soolingen D, Kreiswirth BN, Kremer K, et al. (2002)

Global distribution of Mycobacterium tuberculosis spoligotypes. Emerg Infect

Dis 8: 1347–1349.

30. Espitia C, Laclette JP, Mondragon-Palomino M, Amador A, Campuzano J, et

al. (1999) The PE-PGRS glycine-rich proteins of Mycobacterium tuberculosis: a

M. tuberculosis Diversity

PLoS ONE | www.plosone.org 10 April 2008 | Volume 3 | Issue 4 | e1973



new family of fibronectin-binding proteins? Microbiology 145 ( Pt 12):

3487–3495.
31. Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, et al. (1998) Deciphering

the biology of Mycobacterium tuberculosis from the complete genome sequence.

Nature 393: 537–544.
32. Garnier T, Eiglmeier K, Camus JC, Medina N, Mansoor H, et al. (2003) The

complete genome sequence of Mycobacterium bovis. Proc Natl Acad Sci U S A
100: 7877–7882.

33. Gagneux S, DeRiemer K, Van T, Kato-Maeda M, de Jong BC, et al. (2006)

Variable host-pathogen compatibility in Mycobacterium tuberculosis. Proc Natl
Acad Sci U S A 103: 2869–2873.

34. Gutierrez MC, Ahmed N, Willery E, Narayanan S, Hasnain SE, et al. (2006)
Predominance of ancestral lineages of Mycobacterium tuberculosis in India.

Emerg Infect Dis 12: 1367–1374.

35. Betts JC, McLaren A, Lennon MG, Kelly FM, Lukey PT, et al. (2003) Signature

gene expression profiles discriminate between isoniazid-, thiolactomycin-, and

triclosan-treated Mycobacterium tuberculosis. Antimicrob Agents Chemother

47: 2903–2913.

36. Brosch R, Gordon SV, Marmiesse M, Brodin P, Buchrieser C, et al. (2002) A

new evolutionary scenario for the Mycobacterium tuberculosis complex. Proc

Natl Acad Sci U S A 99: 3684–3689.

37. Rao KR, Kauser F, Srinivas S, Zanetti S, Sechi LA, et al. (2005) Analysis of

genomic downsizing on the basis of region-of-difference polymorphism profiling

of Mycobacterium tuberculosis patient isolates reveals geographic partitioning.

J Clin Microbiol 43: 5978–5982.

M. tuberculosis Diversity

PLoS ONE | www.plosone.org 11 April 2008 | Volume 3 | Issue 4 | e1973


