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genotyping of Mycobacterium
tuberculosis clinical isolates
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: Tuberculosis (TB) is a severe infectious disease worldwide. Genetic variation of the causative agent,
: Mycobacterium tuberculosis (MTB), determines the outcomes of infection and anti-TB treatment. Until
recently, there has been no effective and convenient way for classifying clinical isolates based on the
DNA sequences of the divergent lineages of MTB infecting human populations. Here, we identified
single nucleotide polymorphisms (SNPs) of six representative strains from Taiwan by whole-genome
sequencing and comparing the results to the sequence of the H37Rv reference strain. One hundred
and ten SNPs, each unique to one of the six strains, were used to genotype 150 additional isolates by
applying DNA mass spectrometry. Lineage-specific SNPs were identified that could distinguish the
major lineages of the clinical isolates. A subset including 32 SNPs was found to be sufficient to type four
. major groups of MTB isolates in Taiwan (ancient Beijing, modern Beijing, East African-Indian, and Latin-
* American Mediterranean). However, there was high genetic homozygosity within the Euro-American
. lineage, which included spoligotype-classified Haarlem and T strains. By whole-genome sequencing of
12 representative Euro-American isolates, we identified multiple subtype-specific SNPs which allowed
us to distinguish two major branches within the Euro-American lineage.

Tuberculosis (TB) is a worldwide health-care concern. It has been characterized by the World Health Organization
(WHO) as an epidemic, with an estimated one-third of the world’s population having been infected by the caus-
: ative agent Mycobacterium tuberculosis (MTB)'. Epidemiologic studies have revealed that various genotypes of
© MTB may be prevalent in different geographic regions and that genotype distribution can be associated with pop-
- ulation migrations®™. The extent to which MTB genomic diversity influences human disease in clinical settings
remains an open question.
The development of molecular techniques for differentiating various MTB isolates is of considerable interest
in epidemiological studies. Genotyping methods aimed at generating phylogenetically informative data have been
developed to investigate multiple MTB clinical samples from different sources. In past decades, the restriction
fragment length polymorphism (RFLP) method based on IS6110 was commonly used to study TB transmis-
sion by tracking individual strains of MTB in the community®. Currently, two genotyping methods are com-
* monly applied to study MTB transmission®. Spoligotyping is based on polymorphisms in the direct repeat (DR)
. locus, which consists of 36-bp DR copies interposed by non-repetitive spacer sequence. It is a PCR-based reverse
. hybridization technique. The portable data format facilities easy inter-laboratory comparison. Freely accessible

databases for strain lineage identification have been developed that involve spoligotype signature matching’. A
. second molecular technique for MTB strain typing is based on variable number tandem repeats (VNTRs) of
. mycobacterial interspersed repetitive units (MIRUs)®!°. This method determines the number of repeats at each
: of 12, 15 or 24 selected MIRU loci, also by using PCR.

We previously demonstrated that the Beijing ancient strain and the Haarlem strain are the predominant MTB
strains infecting aborigines in eastern Taiwan (Hualien City), whereas the East-African Indian (EAI) strain is
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Figure 1. Overall scheme for selecting lineage-specific DNA markers. Initial characterization of the MTB
strains involved spoligotyping and MIRU typing, but ethnic background of the infected patients was also
considered"®-'¢. Based on those data, we initially selected six MTB strains for whole-genome sequencing
using 454 pyrosequencing technology. The genome sequence of each strain was then compared to that of the
reference genome H37Rv to identify lineage-specific SNPs. Primers were designed to identify 110 SNPs (and
a 25-tagSNP), which were then used for genotyping of 156 MTB isolates by MassARRAY mass spectrometry
(Sequenom). Phylogenetic trees were generated based on the SNP genotypes. Some strains were not readily
classifiable, so the genomes of representative isolates were sequenced (by using a HiSeq 2000 platform) to
identify SNPs for these strains, and the phylogenetic analysis was repeated on them.

prevalent in southern Taiwan aborigines, and the Beijing modern strain is predominant in Han Chinese!!~'.

Taiwan is a relatively isolated island, serving as a mixing vessel for colonization by different waves of ethnic
and migratory groups over the past 4 centuries. By using molecular methods, we previously identified close
associations of the major MTB lineages in Taiwan (Beijing, EAI, Haarlem, and Latin-American Mediterranean
(LAM) strains) to historical migrations of different ethnic populations to the island'*. In the present study, six
MTB strains - isolates of the Beijing ancient sublineage, the Beijing modern sublineage, Haarlem, EAI, T1, and
LAM - representing the major types of clinical strains isolated from three different ethnic groups (aboriginals,
Han Chinese, ‘veterans’) in Taiwan!! 12 were subjected to whole-genome sequencing using next-generation
sequencing technology (Roche 454/Illumina GAIIx)'*-'7. Based on comparative genome analysis, we identified
60 and 141 strain-specific single nucleotide polymorphisms (SNPs) in the PE/PPE and non-PE/PPE gene fami-
lies, respectively, when we compared these six genomes to that of the H37Rv reference strain. We then used 110
lineage-specific SNPs as markers to design a novel strain classification scheme and conduct phylogenetic analyses.
The performance of this genotyping panel was compared with the results of spoligotyping on 156 MTB complex
(MTBCQ) isolates.

Results

Genome sequencing of six MTB clinical isolates. The overall scheme we used for selecting lineage-spe-
cific DNA markers is shown in Fig. 1. Based on our previous studies of MTB stains in Taiwan'*-1¢, we selected
six representative strains for whole-genome sequencing. The initial classification of these bacteria was based on
spoligotyping and MIRU-typing, but we also considered the ethnic background of the patients infected with
MTB. We applied a whole-genome shotgun approach to generate high-coverage sequences using 454 pyrose-
quencing technology'®. Three of the isolates (W6, M3, M7) were sequenced by using a 454 GS20 sequencer, with
an average read length of 96 bp. The other three isolates (A27, A18, M24) were sequenced by a 454 FLX sequencer,
with a longer average read length of 227 bp and fewer sequencing runs. The sequencing depths were about 14~23-
fold in the 454 GS20 data and about 16~28-fold in the 454 FLX data. The mapping results are summarized in
Supplementary Table 1.

For each of the six isolates, the mapping rate was at least 95.8% and covered >97% of the H37Rv reference
sequence (4.41 Mb). The total numbers of contigs for the three isolates sequenced by 454 GS20 were 214~305, and
for the three isolates sequenced by 454 FLX, they were 290~299. The numbers of large contigs (>1,000 bp) were
134~158 for the three isolates sequenced by 454 GS20 and 196~200 for the three isolates sequenced by 454 FLX,
indicating that the proportion of large contigs was greater for the 454 FLX sequencer. The base quality evaluations
for the large contigs, as measured by Phred scores of >40 (Q40Bases), were 99.48% to 99.95% in the six isolates,
indicating that the sequence quality is high.

Genetic variation in the MTB clinical isolates. We next compared the genome sequence of each of the
six strains to the H37Rv reference genome to detect variant sequences for each isolate. We extracted a total of
9,003 high-confidence (HC) variations (for the definition of HC variants, see the Methods section), including
SNPs, multiple nucleotide polymorphisms (MNPs), insertions and deletions (INDELS), from the mapping results
of the six isolates. After sorting these variations according to the reference positions, and requiring that at least
one isolate have >80% variation frequency at the position, we were left with 3,819 reference positions for which
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M3 Haarlem 133 3 3 55 56 16
W6 modern Beijing 270 4 7 78 150 31
M7 LAM 317 10 7 93 163 44
Al8 EAI 1,260 37 60 368 639 156
A27 T 136 2 2 48 69 15
M24 ancient Beijing 260 6 10 78 138 28
Sum 2,376 62 89 720 1,215 290

Table 1. Statistics of lineage-specific single nucleotide polymorphisms (SNPs).

No. of
original
lineage- 260 270 1,260 | 317 133 136
specific
SNPs

No. of
designed | 25 17 31 17 16 14
SNPs

No. of
actual
genotyped
SNPs

No. of
SNPs with
100%
variant 7 3 19 3 0 0
frequency
in other
isolates

Table 2. Selection of lineage-specific SNPs for strain typing.

all six isolates had at least three reads. For simplicity, we chose 3,582 reference positions represented by SNPs for
the following analyses (of the remaining positions, 27 were INDELs and 210 were MNPs).

Among these 3,582 SNPs, 404 are shared in all six isolates, and 13, 19, 232, 538 SNPs exist in five, four, three,
and two of the six isolates, respectively (details are shown in Supplementary Table 2). The most abundant SNPs
are 2,376 strain-specific polymorphisms (i.e., HC differences exist only in one of the six strains) and we used
them as candidates for seeking lineage-specific SNPs. We divided these candidate SNPs into three main categories
according to their locations in coding or non-coding regions: PE/PPE gene family, non-PE/PPE gene category,
and intergenic SNPs (as shown in Table 1). For SNPs in coding regions, in general, non-synonymous SNPs are
more prevalent than synonymous SNPs. The PE/PPE gene family comprises about 10% of the coding capacity
of the MTB genome'?; thus, to a first approximation, there are proportionately fewer SNPs in the PE/PPE family
than in the non-PE/PPE gene category.

SNP genotyping of 156 MTB clinical isolates. To characterize SNPs in 156 clinical isolates for phyloge-
netic analysis, we initially selected 120 lineage-specific SNPs with HC scores to design primers for Sequenom
MassArray assays. These 120 lineage-specific SNPs were unequally selected from the six lineage isolates, as shown
in Table 2, which was a reflection of the differences in the total numbers of lineage-specific SNPs between them.
These 120 SNPs were divided into two categories®: 60 SNPs within the PE/PPE gene family (40 non-synonymous
and 20 synonymous)® and 60 of 1,215 non-synonymous SNPs from the non-PE/PPE gene category (details are
shown in Supplementary Table 3). Five of the 120 SNPs were not appropriate for the Sequenom matrix-assisted
laser desorption ionization-time of flight mass spectrometry (MALDI-TOF) system because of high GC con-
tent and/or primer dimer formation. The remaining 115 SNPs were designed to be detectable in 10 multiplex
reactions, and were applied to genotype the 156 clinical MTB isolates. We excluded five of these SNPs because of
low call rates (<95%) and bad clustering patterns, leaving 110 SNPs in the following analysis. The false-positive
and false-negative rates were both 0% when comparing the Sequenom and 454 sequencing data, and the average
call rate of each of the 110 SNPs in the 156 samples was 97%. There were strong correlations between these SNPs
based on linkage disequilibrium analysis, as shown in Fig. 2. These 110 lineage-specific SNPs were completely
tagged by 25 tagSNPs, with »=1.
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Figure 2. Linkage disequilibrium of SNP markers in the studied MTB genomes. The LD plot was created using
Haploview software, and the color code on the plot follows the standard color scheme for Haploview: blue
indicates |D’| =1 and LOD < 2, and bright red indicates |D’| =1 and LOD > 2.

01

Figure 3. Phylogenetic analysis of MTB isolates using strain-specific SNP markers. PHYLIP software was
applied to calculate the Nei’s distance using 110-SNP (A) and 25-tagSNP (B) data, and then phylogenetic trees
were constructed using the neighbor-joining approach. Ba, ancient Beijing; Bm, modern Beijing; EAI, East
African-Indian; H, Haarlem; L, Latin-American Mediterranean.

Phylogenetic and grouping analysis of MTB isolates. To trace the relationships between the 156 clin-
ical isolates, we constructed phylogenetic trees based on 110-SNP or 25-tagSNP information, as shown in Fig. 3.
Although the total numbers of markers used were different between these two trees, the morphology of the
25-tagSNP phylogenetic tree is the same as that of the 110-SNP tree, indicating that the 25 tagSNPs can accurately
represent the genomic variations among strains. Based on preliminary lineage information from spoligotyping
data for 107 of the clinical isolates, we assigned 75 of them (10 ancient Beijing, 51 modern Beijing, 11 EAI and
3 LAM) to the appropriate branches of both phylogenetic trees (Fig. 3). In addition, we were able to assign 6
spoligotype-unclassified isolates as belonging to the modern Beijing (n=2), EAI (n=2) and LAM (n=2) line-
ages based on the nodes of the phylogenetic trees.

By combining spoligotyping and SNP genotyping data, we characterized the allele frequencies of the 110
SNPs in 51 modern Beijing, 25 Haarlem, 11 EAI, 10 ancient Beijing, 7 T and 3 LAM isolates (i.e., the same
107 clinical isolates studied above). As shown in Fig. 4, all 110 SNPs were lineage-specific in these strains and
showed polymorphisms in the corresponding lineage. Importantly, 32 SNPs were consensus variants in MTB
lineages (Table 2): 7 SNPs were lineage-specific in ancient Beijing, 3 in modern Beijing, 19 in EAI, and 3 in LAM.
Therefore, each of these 32 SNPs can be used to represent the MTB lineage of its corresponding strain (i.e., ancient
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The pattern of 110 SNPs in 6 TB strains
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Figure 4. Identification of specific markers for strain typing. The allele frequencies of the 110 SNPs in 51
modern Beijing, 25 Haarlem, 11 EAI, 10 ancient Beijing, 7 T and 3 LAM isolates were characterized by
combining spoligotyping and SNP genotyping data.

156 10 Ba, 51 Bm, 11 EAI, 3 LAM, 25 Haarlem, 7 T,
n=
49 others (unclassified+Family33+Orphan+Manu)

#tagsNP T~ N\ ©

n=146 51 Bm, 11 EAl, 3 LAM, 25 Haarlem, 7 T, 49 others

#25 tagSNP T/ \ c

n=53 51 Bm (100%), 2 others

#13 tagSNP G/ \ T

n=13 11 EAI (100%), 2 others

#2tagSNP T 7 O\ C

n=5 3 LAM (100%), 2 others

n=10 10 Ba (100%)

n=93 11 EAI, 3 LAM, 25 Haarlem, 7 T, 47 others

n=80 3 LAM, 25 Haarlem, 7 T, 45 others

n=75 25 Haarlem, 7 T, 43 others

Figure 5. Decision tree based on four lineage-specific SNP markers. Four of 32 lineage-specific SNPs with
100% variant allele frequencies were used to classify 81 clinical isolates into ancient Beijing (Ba), modern
Beijing (Bm), East African-Indian (EAI) and Latin American and Mediterranean (LAM) lineages.

Beijing, modern Beijing, EAI or LAM), and we constructed a decision tree based on four lineage-specific SNP
markers (Fig. 5).

Thirty-two of the 107 (30%) spoligotype-classified isolates were poorly classifiable using these 25-tagSNPs, and
these isolates all belong to the Euro-American lineage (25 and 7 were classified as Haarlem and T strains, respec-
tively, based on spoligotype data). We hypothesize that there are high homozygosities of spoligotype markers
within Haarlem or T strains, resulting in the absence of leaf nodes for these strains on the decision tree (Fig. 5). To
explore the genomic diversities of the Euro-American lineage, we applied whole-genome sequencing to charac-
terize the genomic profiles of six Haarlem and six T strains. We identified 4,419 SNPs in these 12 Euro-American
strains (Supplementary Table 4). We combined the SNP information of M3, A27 (454 sequencing data) and these
12 isolates (HiSeq2000 sequencing data) to construct a phylogenetic tree and perform principal component anal-
ysis, and found that several strains with the same spoligotype are not well clustered (Supplementary Figure 1).
These results demonstrate that there are high homozygosities within Euro-American lineages, including Haarlem
and T subtypes, a conclusion which is also supported by the 24-MIRU-VNTR phylogenetic tree (Supplementary
Figure 2). Importantly, the M3 and A27 isolates, which were used to identify lineage-specific SNPs and construct
the decision tree (Supplementary Figure 1), were clustered together, but some Haarlem and T isolates were dis-
tant from M3 and A27, accounting for the absence of a leaf in the decision tree for classifying these two subtypes.
In addition, there were two major clusters comprising the Euro-American phylogenetic tree (Supplementary
Figure 3), which we named the EuAm1 and EuAm?2 subtypes. Based on this newly proposed definition of EuAm

SCIENTIFICREPORTS | 7: 1425 | DOI:10.1038/s41598-017-01580-z 5


http://4
http://1
http://2
http://1
http://3

www.nature.com/scientificreports/

Allele
Frequency

‘} EuAm2 (n=6)
Y EuAml (n=6)

Subtype

Figure 6. High genetic homozygosity within newly proposed Euro- American subtypes. The genomes of 14
Euro-American strains (7 Haarlem and 7 T) were sequenced using 454 or HiSeq2000 sequencing technology.
Two major clusters (6 and 6 belong to the EuAm1 and EuAm2 subtypes, respectively) were identified based on
the phylogenetic tree (Supplementary Figure 3). There were 81 EuAm1-specific and 133 EuAm2-specific SNPs
with variant allele frequency = 100%.

subtypes, there is high homozygosity within each EuAm subtype, as shown in Fig. 6, and only two SNPs are
needed to classify Euro-American strains into these two hypothetical subtypes.

Discussion

Tuberculosis remains a major public health issue in Taiwan and throughout the world!>2°, Over the past years,
the development of genotyping methods for molecular epidemiological study of TB has advanced our under-
standing of the transmission of MTB in human populations. Classification of strains into sub-lineages provides
perspectives on the phenotypic consequences of genetic variations of the MTB strains. Phylogenetic analyses of
MTB strains have also offered new insights regarding the evolution of MTB and the existence of distinct clades.
From a public health perspective, an ideal methodology to determine the genetic variation of MTB clinical iso-
lates should be simple, rapid, and affordable, and the results should be transferrable in a format that can be
easily shared among laboratories. In this study, we designed a selection scheme for lineage-specific markers by
applying whole-genome sequencing, comparative analysis, and genotyping with DNA mass spectrometry, and,
furthermore, demonstrated the utility and accuracy of this new typing protocol. Because of its speed and ease of
laboratory operation, and the simple data format for exchange and comparison, the protocol reported here has
the potential to become a new standard method. It should also prove valuable for the development of an effective
infection-control policy.

Although spoligotyping analysis is a straightforward technique, it is less discriminatory than IS6110 RFLP
analysis. Moreover, it is a labor-intensive and time-consuming procedure. Even though strain classification based
on spoligotyping can assign MTBC strains to the correct phylogenetic lineages in about 90% of cases, some strains
cannot be classified at all*!, and others might be misclassified, as we found in the present study (Supplementary
Figure 2). Analysis of MIRU-VNTR loci is reproducible and sensitive, and it provides better resolution than
spoligotyping. However, depending on the context, such investigations can be less than or as discriminatory as
IS6110 RFLP. Strain-specific SNP typing can provide precise sequence-based information, and could be auto-
mated for large-scale studies of molecular epidemiology and phylogenetics. The combination of spoligotyping
and MIRU-typing can be a cost-effective method for MTB genotyping. However, spoligotyping fails to sort about
20-40% of strains'>?*2?, and there is no way to rectify this limitation. The MIRU-VNTR typing method does not
sufficiently differentiate many Beijing genotype strains; therefore, it cannot be used for routine epidemiological
study in areas where the Beijing genotype is prevalent. The addition of several VNTR loci is required to use VNTR
typing as a routine epidemiological tool without doing RFLP analysis** 2.

Additional genotyping of MTB isolates is essential for understanding the dynamics of transmission. Genetic
information will help determine precise quantitative measures for transmission dynamics and augment classi-
cal epidemiological models. The ability to assess inter-strain genetic relationships provides a powerful means
for resolving several key epidemiological issues such as: determining sources of infection; differentiating recent
transmission from reactivation, or reinfection from relapse or treatment failure; tracing of chains of transmission;
monitoring geographic distribution and spread of particular genetic strains; or investigating the evolution of
MTB. For example, a fascinating study by Comas et al. compared MTBC phylogenetic diversity to human diver-
sity inferred from mitochondrial genome data®. It will be interesting to investigate MTB phylogenic diversity in
relationship to Taiwan ethnic diversity based on mitochondrial genome data.

The proposed workflow of selecting lineage-specific DNA markers (Fig. 1) is an effective and logical way to
discriminate MTB isolates into genetic subtypes. Through the iteration of this workflow, we successfully found
that only six markers are needed to classify clinical MTB isolates into six types, including ancient and modern
Beijing, EAI, LAM, EuAm1 and EuAm2. Importantly, the concept of our workflow is also applicable in other
fields of microbial research, e.g., searching highly conserved domains of variable clinical isolates in the context of
vaccine development. Based on SNPs of isolated strains, several other research groups have devised new typing
methods and applied them for classifying MTB strains®®%”. Notably, Coll et al. applied 92k SNP typing across a
global collection of 1601 genomes and used 7k strain-specific SNPs to discriminate known circulating strains®. A
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limitation of our study is that the collection of strains analyzed, although representative of the major MTB strains
in Taiwan, is not representative of the global diversity of MTB.

Methods

Bacterial strains and molecular typing. MTB isolates were collected between 2004 and 2007 from the
mycobacteriology laboratories of five general hospitals located in four geographical regions in Taiwan, namely,
Taipei Tri-Service General Hospital (northern region), Mennonite Christian Hospital (eastern region), Wan-
Ciao Veterans Hospital (central region), Tainan Chest Hospital (southern region), and Kaohsiung Veterans
General Hospital (southern region). The bacterial strains used in this study are representative of the diversity
of MTB in Taiwan as shown previously'">122% 2% Spoligotyping and MIRU-VNTR genotyping assays were per-
formed based on internationally standardized protocols®”. In total, 156 isolates (of the Beijing, EAL Haarlem,
LAM, T, MANU, and unclassified strains) that had all genotype data available were used for the analyses. This
study was approved by the Human Ethics Committee of the National Health Research Institutes, Taiwan (Code:
EC0961103).

Genome sequencing of MTB strains.  Six MTB strains, W6, M3, M7, A27, A18 and M24, belong to the
genogroups modern Beijing, Haarlem, Latin-American Mediterranean (LAM), T, East African-Indian (EAI), and
ancient Beijing, respectively. They represent the major types of clinical strains isolated from three different ethnic
groups in Taiwan and were subjected to whole-genome sequencing using the 454 pyro-sequencing approach's.
The MTB genomes were sequenced to depths of 14- to 28-fold separately using a Genome Sequencer 20 (GS-20)
or a Genome Sequencer FLX (GS-FLX) instrument (454 Life Sciences, Roche)'® with a 500-800 base-pair shot-
gun library for each strain.

DNA libraries of six Haarlem and six T clinical isolates were prepared using a Nextera DNA sample prepara-
tion kit (Illumina, San Diego, CA), and were multiplex-sequenced (2 x 100bp) in one lane of a flow cell using a
HiSeq2000 sequencer. After performing the de-multiplexing procedure, the average sequence size of each sample
was 3.38 Gb, and the depths of these samples ranged from 568- to 1068-fold when mapped to the H37Rv reference
sequence, resulting in a reference coverage of these samples of 99.44% to 99.82%. The detailed information was
described in our recent article®.

Mapping to the reference genome H37Rv. The 454 sequencing raw data (sff files) from each strain
were collected into a specific folder as the read source to align to the H37Rv reference genome. The H37Rv
genome sequence and the annotated gene information were downloaded from the NCBI ftp site for Microbial
Genome Assembly/Annotation Projects (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/Mycobacterium_tuberculo-
sis_H37Rv_uid57777/). 454 GS Reference Mapper (Roche) software (version 2.3) was used to map the 454 reads
to the reference sequence (see Table 1 for detailed information) and generate high-confidence variations between
the reference and each of our six MTB clinical strains.

Selection of strain-specific SNPs.  The result file “454HCDiffs.txt” contains “High-Confidence” differ-
ences with at least three non-duplicate reads that (a) show the differences, (b) have at least five bases on both sides
of the difference, (c) have few other isolated sequence differences in the read, and (d) have at least one aligned
in the forward direction and at least one aligned in the reverse direction. In addition, only those variation sites
for which all six strains have at least three reads covered and the variation rate is larger or equal to 80% were
considered as valid. In-house scripts were used to merge the mapping results of all six strains and parse those
valid differences into a MySQL database for further analysis. Strain-specific (observed only in a single strain)
SNPs were selected and grouped into two categories: PE/PPE protein family and non-PE/PPE. According to the
location of the variations, they can be synonymous or non-synonymous to the coding sequences. Furthermore, in
the non-PE/PPE group, the variations can reside within non-coding sequences, which are intergenic regions. For
further confirmation using MassARRAY Analyzer (Sequenom), the number of variations was reduced with the
criteria that both total depth and variation depth must larger than 15, and the variation frequency must greater
than 90% for each variation site.

For SNP calling of Illumina HiSeq2000 sequence data, mapped sequence data of each sample were analyzed
using CLC Genomics Workbench software (Aarhus, Denmark) with default parameters. We applied an additional
filter to identify highly reliable SNPs with more than 30-fold depth and >95% variant frequency.

SNP genotyping based on the MassArray system. PCR and extension primers were designed for 60
PE/PPE and 60 randomly selected non-PE/PPE SNPs using MassArray Assay Design 3.1 software (Sequenom,
San Diego, CA). Five were excluded due to difficult sequences. PCRs contained, in a volume of 5ul, 1 pmol of
the corresponding primers, 10 ng genomic DNA, and HotStar reaction Mix (Qiagen) in 384-well plates. PCR
conditions were as follows: 94 °C for 15 min, followed by 40 cycles of 94°C (205), 56°C (30s), 72°C (60s), and
a final extension of 72 °C for 3 min. In the primer extension procedure, each sample was denatured at 94°C,
followed by 40 cycles of 94°C (55), 52°C (55), 72°C (55). The mass spectrum from time-resolved spectra was
retrieved by using a MassARRAY mass spectrometer (Sequenom), and each spectrum was then analyzed using
SpectroTYPER software (Sequenom) to perform the genotype calling. After analyzing the genotype profiles, the
clustering patterns of five SNPs could not be used to correctly perform genotype calling, and the data of 110 SNPs
(57 PE/PPE and 53 non-PE/PPE) were finally used in the following analyses.

Linkage disequilibrium and phylogenetic analysis. Based on Haploview software®, the Lewontin D’
measure was used to estimate the intermarker coeflicient of linkage disequilibrium (LD) as shown in Fig. 2. An
extra-stringent criterion, r> =1 between each pair markers, was used to select 25 tagSNPs from 110 SNPs. We
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applied PHYLIP software to calculate the Nei’s distance using SNP data’!, and then constructed a phylogenetic
tree using the neighbor-joining approach.

References

1

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Global Tuberculosis Control: surveillance, planning, financing. World Health Organization (2008).
2.

Gagneusx, S. et al. Variable host-pathogen compatibility in Mycobacterium tuberculosis. Proc Natl Acad Sci USA 103, 2869-2873,
doi:0511240103 (2006).

Hirsh, A. E., Tsolaki, A. G., DeRiemer, K., Feldman, M. W. & Small, P. M. Stable association between strains of Mycobacterium
tuberculosis and their human host populations. Proc Natl Acad Sci USA 101, 4871-4876, doi:10.1073/pnas.0305627101 (2004).

. Tsolaki, A. G. et al. Functional and evolutionary genomics of Mycobacterium tuberculosis: insights from genomic deletions in 100

strains. Proc Natl Acad Sci USA 101, 4865-4870, doi:10.1073/pnas.0305634101 (2004).

. van Embden, J. D. et al. Strain identification of Mycobacterium tuberculosis by DNA fingerprinting: recommendations for a

standardized methodology. ] Clin Microbiol 31, 406-409 (1993).

. van Deutekom, H. et al. Molecular typing of Mycobacterium tuberculosis by mycobacterial interspersed repetitive unit-variable-

number tandem repeat analysis, a more accurate method for identifying epidemiological links between patients with tuberculosis.
J. Clin. Microbiol. 43, 4473-4479, doi:10.1128/jcm.43.9.4473-4479.2005 (2005).

. Brudey, K. et al. Mycobacterium tuberculosis complex genetic diversity: mining the fourth international spoligotyping database

(SpolDB4) for classification, population genetics and epidemiology. BMC Microbiol 6, 23, doi:1471-2180-6-23 (2006).

. Mazars, E. et al. High-resolution minisatellite-based typing as a portable approach to global analysis of Mycobacterium tuberculosis

molecular epidemiology. Proc Natl Acad Sci USA 98, 1901-1906, doi:10.1073/pnas.98.4.1901 (2001).

. Comas, L., Homolka, S., Niemann, S. & Gagneux, S. Genotyping of genetically monomorphic bacteria: DNA sequencing in

Mycobacterium tuberculosis highlights the limitations of current methodologies. PLoS One 4, €7815, doi:10.1371/journal.
pone.0007815 (2009).

Supply, P. et al. Variable human minisatellite-like regions in the Mycobacterium tuberculosis genome. Mol Microbiol 36, 762-771,
doi:mmil905 (2000).

Dou, H. Y. et al. Associations of Mycobacterium tuberculosis genotypes with different ethnic and migratory populations in Taiwan.
Infect. Genet. Evol. 8, 323-330, doi:10.1016/j.meegid.2008.02.003 (2008).

Dou, H. Y. et al. Molecular epidemiology and evolutionary genetics of Mycobacterium tuberculosis in Taipei. BMC Infect. Dis. 8,
170, doi:10.1186/1471-2334-8-170 (2008).

Chen, Y. Y. et al. Molecular epidemiology of Mycobacterium tuberculosis in aboriginal peoples of Taiwan, 2006-2011. ] Infect 68,
332-337, d0i:10.1016/j.jinf.2013.12.004 (2014).

Dou, H. Y, Chen, Y. Y., Kou, S. C. & Su, L. J. Prevalence of Mycobacterium tuberculosis strain genotypes in Taiwan reveals a close
link to ethnic and population migration. ] Formos Med Assoc 114, 484-488, doi:10.1016/j.jfma.2014.07.006 (2015).

Liao, Y. C. et al. Draft Genome Sequence of Mycobacterium tuberculosis Clinical Strain W06, a Prevalent Beijing Genotype Isolated
in Taiwan. Genome announcements 3, doi:10.1128/genomeA.01460-15 (2015).

Liao, Y. C. et al. Draft Genome Sequence of the Mycobacterium tuberculosis Clinical Isolate C2, Belonging to the Latin American-
Mediterranean Family. Genome announcements 2, doi:10.1128/genomeA.00536-14 (2014).

Liao, Y. C. et al. Draft Genome Sequences of the Mycobacterium tuberculosis Clinical Strains A2 and A4, Isolated from a Relapse
Patient in Taiwan. Genome announcements 2, doi:10.1128/genomeA.00672-14 (2014).

Margulies, M. et al. Genome sequencing in microfabricated high-density picolitre reactors. Nature 437, 376-380, doi:10.1038/
nature03959 (2005).

Cole, S. T. et al. Deciphering the biology of Mycobacterium tuberculosis from the complete genome sequence. Nature 393, 537-544,
doi:10.1038/31159 (1998).

Chang, J. R. et al. Genotypic analysis of genes associated with transmission and drug resistance in the Beijing lineage of
Mycobacterium tuberculosis. Clin. Microbiol. Infect. 17, 1391-1396, doi:10.1111/j.1469-0691.2010.03436.x (2011).

Kato-Maeda, M. et al. Strain classification of Mycobacterium tuberculosis: congruence between large sequence polymorphisms and
spoligotypes. Int. J. Tuberc. Lung Dis. 15,131-133 (2011).

Gomes, H. M. et al. Spoligotypes of Mycobacterium tuberculosis complex isolates from patients residents of 11 states of Brazil. Infect
Genet Evol, 12, 649-56, doi:S1567-1348(11)00307-8 (2011).

Shanmugam, S., Selvakumar, N. & Narayanan, S. Drug resistance among different genotypes of Mycobacterium tuberculosis isolated
from patients from Tiruvallur, South India. Infect. Genet. Evol. 11, 980-986, doi:10.1016/j.meegid.2011.03.011 (2011).

Dou, H. Y. et al. Utility and evaluation of new variable-number tandem-repeat systems for genotyping mycobacterial tuberculosis
isolates. J. Microbiol. Methods 77, 127-129, doi:10.1016/j.mimet.2009.01.007 (2009).

Comas, L. et al. Out-of-Africa migration and Neolithic coexpansion of Mycobacterium tuberculosis with modern humans. Nat
Genet 45, 1176-1182, doi:10.1038/ng.2744 (2013).

Stucki, D. et al. Two new rapid SNP-typing methods for classifying Mycobacterium tuberculosis complex into the main phylogenetic
lineages. PLoS One 7, e41253, doi:10.1371/journal.pone.0041253 (2012).

Kohl, T. A. et al. Whole-genome-based Mycobacterium tuberculosis surveillance: a standardized, portable, and expandable
approach. ] Clin Microbiol 52, 2479-2486, doi:10.1128/JCM.00567-14 (2014).

Coll, E et al. A robust SNP barcode for typing Mycobacterium tuberculosis complex strains. Nat Commun 5, 4812, doi:10.1038/
ncomms5812 (2014).

Dou, H. Y. et al. Genomics Study of Mycobacterium tuberculosis Strains from Different Ethnic Populations in Taiwan. Evol
Bioinform Online 12, 213-221, doi:10.4137/EBO.S40152 (2016).

Barrett, J. C., Fry, B., Maller, J. & Daly, M. J. Haploview: analysis and visualization of LD and haplotype maps. Bioinformatics 21,
263-265, doi:10.1093/bioinformatics/bth457 (2005).

Felstein, J. PHYLIP (Phylogeny Inference Package) version 3.6. Distributed by the author. Department of Genome Sciences,
University of Washington, Seattle (2005).

Acknowledgements

We thank the mycobacteriology laboratories of Mennonite Christian Hospital, Tri-Service General Hospital, and
Wan-Ciao Veterans Hospital for providing bacterial isolates. All participants of this consortium are acknowledged
for valuable discussions. This project was supported by grants from the National Health Research Institutes,
National Science Council (NSC97-3112-B-400-012), and Ministry of health and Welfare (MOHW, 106-0324-01-
10-05), Taiwan.

Author Contributions
Conceived and designed the experiments: H.Y.D. and S.ET. Performed experiments: Y.Y.C,, S.J.Y,, YT.C,, JR.C.,
C.H.L, KM.W. and Y.M.L. Analyzed the data: Y.Y.C,, S.]J.Y,, Y.T.C,, JR.C., C.H.L. and K M.W. Contributed to the

SCIENTIFICREPORTS |7: 1425 | DOI:10.1038/s41598-017-01580-z 8


http://dx.doi.org/10.1073/pnas.0305627101
http://dx.doi.org/10.1073/pnas.0305634101
http://dx.doi.org/10.1128/jcm.43.9.4473-4479.2005
http://dx.doi.org/10.1073/pnas.98.4.1901
http://dx.doi.org/10.1371/journal.pone.0007815
http://dx.doi.org/10.1371/journal.pone.0007815
http://dx.doi.org/10.1016/j.meegid.2008.02.003
http://dx.doi.org/10.1186/1471-2334-8-170
http://dx.doi.org/10.1016/j.jinf.2013.12.004
http://dx.doi.org/10.1016/j.jfma.2014.07.006
http://dx.doi.org/10.1128/genomeA.01460-15
http://dx.doi.org/10.1128/genomeA.00536-14
http://dx.doi.org/10.1128/genomeA.00672-14
http://dx.doi.org/10.1038/nature03959
http://dx.doi.org/10.1038/nature03959
http://dx.doi.org/10.1038/31159
http://dx.doi.org/10.1111/j.1469-0691.2010.03436.x
http://dx.doi.org/10.1016/j.meegid.2011.03.011
http://dx.doi.org/10.1016/j.mimet.2009.01.007
http://dx.doi.org/10.1038/ng.2744
http://dx.doi.org/10.1371/journal.pone.0041253
http://dx.doi.org/10.1128/JCM.00567-14
http://dx.doi.org/10.1038/ncomms5812
http://dx.doi.org/10.1038/ncomms5812
http://dx.doi.org/10.4137/EBO.S40152
http://dx.doi.org/10.1093/bioinformatics/bth457

www.nature.com/scientificreports/

writing of the manuscript: H.Y.D,, Y.Y.C,, S.J].T., Y.T.C., CH.L,, L].S. and S.ET. All authors reviewed and approved
of the final manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01580-z

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 1425 | DOI:10.1038/s41598-017-01580-z 9


http://dx.doi.org/10.1038/s41598-017-01580-z
http://creativecommons.org/licenses/by/4.0/

	Lineage-specific SNPs for genotyping of Mycobacterium tuberculosis clinical isolates

	Results

	Genome sequencing of six MTB clinical isolates. 
	Genetic variation in the MTB clinical isolates. 
	SNP genotyping of 156 MTB clinical isolates. 
	Phylogenetic and grouping analysis of MTB isolates. 

	Discussion

	Methods

	Bacterial strains and molecular typing. 
	Genome sequencing of MTB strains. 
	Mapping to the reference genome H37Rv. 
	Selection of strain-specific SNPs. 
	SNP genotyping based on the MassArray system. 
	Linkage disequilibrium and phylogenetic analysis. 

	Acknowledgements

	Figure 1 Overall scheme for selecting lineage-specific DNA markers.
	Figure 2 Linkage disequilibrium of SNP markers in the studied MTB genomes.
	Figure 3 Phylogenetic analysis of MTB isolates using strain-specific SNP markers.
	Figure 4 Identification of specific markers for strain typing.
	Figure 5 Decision tree based on four lineage-specific SNP markers.
	Figure 6 High genetic homozygosity within newly proposed Euro-American subtypes.
	Table 1 Statistics of lineage-specific single nucleotide polymorphisms (SNPs).
	Table 2 Selection of lineage-specific SNPs for strain typing.




