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ABSTRACT

We developed a new multiplexed-PCR assay to accurately classify Mycobacterium tuberculosis complex
(MTC) isolates at the sublineage level by single nucleotide polymorphisms (SNPs). This method relies on
7 SNPs located in different genes of the MTC strains (recC, rec0, recR, ligB, ligC, alkA, and mgtC). Most of
these genes are involved in replication, repair and recombination (3R) functions of M. tuberculosis strains,
four of the mutations are synonymous, and thus neutral. Genes were chosen as a first empirical approach
to assess the congruence between spoligotyping-based phylogeographical classification and SNP typing.
This scheme efficiently classifies most of MTC phylogeographical groups: (1) confirming and
identifying new sublineage-specific SNPs, (2) unraveling phylogenetical relationships between
spoligotyping-defined MTC sublineages, (3) appropriately assigning sublineages to some spoligotypes
and reassigning sublineages to other mis-labeled spoligotype signatures. This study opens the way to a
more meaningful taxonomic, evolutionary and epidemiological classification. It also allows evaluation of
spoligotype-signature significance towards a more comprehensive understanding of the evolutionary
mechanisms of the clustered regularly interspaced short palindromic repeat (CRISPR) locus in MTC.

Multiplex
High-throughput

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Despite the availability of effective antituberculosis chemo-
therapy for over 50 years (Styblo and Bumgarner, 1991), TB
remains a major global health problem since the World Health
Organization declared tuberculosis (TB) a global emergency in
1994 (Nakajima, 1993). The spread of multi-drug resistant
tuberculosis (MDR-TB) and more recently of extremely drug
resistant tuberculosis (XDR-TB) (Ralph et al., 2009), makes the
implementation of public health measures, and molecular
epidemiological investigations using rapid and high-throughput
molecular methods an important point to follow TB transmission.

Current genotyping techniques used to study the epidemiology
of Mycobacterium tuberculosis complex (MTC) clinical isolates are
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based on repetitive genetic elements: Clustered Repetitive
Interspersed Short Palindromic Repeat (CRISPR) loci through the
spoligotyping technique (Groenen et al., 1993; Kamerbeek et al.,
1997; van Embden et al., 2000; Sorek et al., 2008) and
Mycobacterial Interspersed Repetitive Units-Variable Number of
Tandem repeats (MIRU-VNTR) (Frothingham and Meeker-O’Con-
nell, 1998; Supply et al., 2000, 2001, 2006; Le Fleche et al., 2002;
Skuce et al., 2002). Indeed, these markers have proven to be highly
useful for epidemiological, population structural and evolutionary
studies to distinguish between MTC clinical isolates (Abadia et al.,
2009; Allix-Beguec et al., 2008a; Baranov et al., 2009; Brudey et al.,
2006; Helal et al., 2009; Rohani et al., 2009; Stavrum et al., 2009)
and have been used as the alternative to the classical IS6110-RFLP
method (van Embden et al., 1993). These methods have in addition
received recent technological improvements enabling fast and
large-scale analyses to be performed (Cowan et al., 2004; Mazars
et al., 2001). The classical spoligotyping procedure (Kamerbeek
et al., 1997) relies on a reverse-line blot hybridization, a procedure
that takes one full day of work to produce 43 profiles without
interpretation; with the automatization now, 96 profiles can be
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obtained in half a day (Cowan et al., 2004; Zhang et al., 2010). This
new technology relies on microbeads of different spectrum
signatures to which capture probes are coupled depending on
the targets (Cowan et al., 2004).

For phylogenetical evolutionary studies there is a concern using
the fast evolving loci due to the presence of convergent
evolutionary events within CRISPRs (Warren et al., 2002) as well
as within MIRU-VNTR loci (Hanekom et al., 2008). To define
phylogenetic associations unambiguously, genetic markers need to
be unique and, ideally, irreversible (Comas et al., 2009).

In M. tuberculosis, these markers are large sequence poly-
morphisms (LSPs) (Hirsh et al., 2004; Mostowy et al., 2002) and
single nucleotide polymorphisms (SNPs) (Alland et al., 2003; Dos
Vultos et al., 2008; Filliol et al., 2006; Gutacker et al., 2006;
Hershberg et al., 2008). LSPs are powerful markers in MTC because
horizontal DNA transfer is extremely rare (Supply et al., 2003), but
genetic distances based on genomic deletions are difficult to
interpret in phylogenies (Gagneux et al.,, 2006). SNPs are less
mutable than other forms of polymorphisms, making them
unlikely to converge (Schork et al., 2000) so they are most
appropriate markers for phylogenetic studies. In MTC strains
structural genes exhibit rare polymorphism (Achtman, 2008;
Kapur et al,, 1994; Musser et al., 2000; Sreevatsan et al., 1997).
However, recently Dos Vultos et al. (2008) have found higher
polymorphisms in several genes involved in replication, recombi-
nation and repair functions (3R genes). For the first time, we
provide a starting point of a new SNP typing of M. tuberculosis
complex clinical isolates based mainly on 3R genes. We
implemented this schedule on a high-throughput platform using
a direct hybridization assay (Dunbar, 2006), that was used before
for spoligotyping analyses (Cowan et al., 2004; Zhang et al., 2010).

We think that this could be the first step to provide a reliable
high-throughput 3R SNP-based method for population structural
studies and for further phylogenetical studies on M. tuberculosis
complex clinical isolates.

2. Materials and methods
2.1. Chemicals, buffers and microbeads

All main materials and reagents required for microbead-based
flow cytometry techniques were the same as described before
(Zhang et al., 2010).

2.2. Oligonucleotides

To design capture probes and primers we used a demo of
PrimerPlex (http://www.premierbiosoft.com/primerplex/index.
html) and Primer3Plus (http://www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi). All capture oligonucleotides (Euro-
gentec, Liége, Belgium) were manufactured and coupled as
described before (Zhang et al., 2010). In this study we are targeting
7 genes that are polymorphic within M. tuberculosis sublineages, 6
of them from the 3R system described in Dos Vultos et al. (2008)
and one (mgtC) reported by Alix et al. (2006). The primers and
capture probes used here are listed in Tables 1 and 2, respectively.

2.3. Sequences analysis

Gene sequences were downloaded from http://genolist.pas-
teur.fr/TubercuList/. The DNAsp package (Rozas et al., 2003),
Multalin (Corpet, 1988) and BioEdit sequence alignment editor
(Hall, 1999) were used to locate SNPs on gene sequences and to
align the gene and probe sequences in the design and/or
verification of pre-designed capture probes.

Table 1
Genes, lineage or sublineage association, genomic position of targeted SNPs (up)
and primers designed for the multiplex-PCR (down).

Gene? Lineage or sublineage association SNP targeted”
alkA Bovine 807
recO EAI 606
ligB LAM 1212
recR T2-related 94
mgtC Haarlem 545
recC X 1491
ligC TUR-T3-Osaka 809
Primers
Gene Sequence (5'-3') bp
alkA-F CACGCTACGGCTCCCATG 18
alkA-R® CCTTCGTCGATACCTGTTGGG 21
recO-F TGTTGGACGCCTATCTGCTG 20
recO-R® CCGTTCCAGATGCCATTGC 19
ligB-F GGCTGGCTGAAGGTCAAG 18
ligB-R® CATGGCGTCGGTCATTCC 18
recR-F GGACCTGATTGACGAACTCG 20
recR-R¢ GCCTGGATGTCTTTGGGTTC 20
mgtC-F TCGTCGCTGTCCATCTCC 18
mgtC-R® CACCAACCGCTCTAGCTTG 19
recC-F CGCCGAACTGCTCACCATC 19
recC-R¢ GCCACGCTTGGGAATCCTC 19
ligC-F CGCGTCGGTCGGCGTGAT 18
ligC-R¢ CGGGTCGCAGCGGCACGA 18

¢ Genes from the 3R system (Dos Vultos et al., 2008), except mgtC (Alix et al.,
2006).

b nt position related to the gene.

¢ Reverse primers are biotin labeled.

2.4. SNPs typing PCR protocol

For direct hybridization of multiplexed-PCR assays, product
length is recommended to be between 150 and 300 bp. We
amplified segments around 200 bp of alkA (291 bp), recO (298 bp),
ligB (174 bp), recR (255 bp), mgtC (272 bp) and recC (272 bp) to
analyse the correlation between SNPs and major MTC lineages. To
increase signals/cut-off ratio, PCR-multiplex was firstly divided
into 3 sets, set1: ligB, recR, mgtC and recC; set2: alkA and recO and
set3: ligB and ligC; however, running a single 7-Plex PCR protocol
now provides similar results (see Supplemental Table 1). PCR
assays were performed in 25 pL volumes of the following mixture:
PCR buffer (100 mM Tris—-HCI, pH 8.3, 500 mM KCl), 0.2 mM each
dNTP, a final quantity of primers in a solution of 25 pmol of each
one, 1.0 U Taq and 2 p.L of DNA. The following PCR program was
run: 5 min at 95 °C, followed by a touch-down PCR of 30 s at 95 °C,

Table 2
Sequence of the capture probes used to target the SNPs in this study.
Probes

Probe name Sequence 5'-3’ bp Targeted site (nt)
alkA-wt CGCGACCTGATGACGGC 17 807 ctg (leu) to
alkA-mut CGCGACCTAATGACGGC 17 807 cta (leu)
recO-wt GTACGACGGCGATTGGGA 18 606 gge (gly) to
recO-mut GTACGACGGTGATTGGGA 18 606 ggt (gly)
ligB-wt GGCAAGCTCTCCAATATTCACC 22 1212 tce (ser) to
ligB-mut GGCAAGCTCTCGAATATTCACC 22 1212 tcg (ser)
RecR-wt CTTCCACCTGTTGTCGGTAGA 21 94 ttg (leu) to
RecR-mut CTTCCACCTGCTGTCGGTAGA 21 94 ctg (leu)
mgtC-wt GGGGTATACGCACGGGGC 18 545 cgc (arg) to
mgtC-mut GGGGTATACACACGGGGC 18 545 cac (his)
RecC-wt GTGGCGGTTCGGACTCGA 18 1491 ttc (phe) to
RecC-mut GTGGCGGTTGGGACTCGA 18 1491 ttg (leu)
ligC-wt GACCACCCATGGAACTGGGCC 21 809 tgg (trp) to
ligC-mut GACCACCCATTGAACTGGGCC 21 809 ttg (leu)

All capture probes have at 5’ a C-12 terminal linker. We are targeting both alleles,
the wild type and the mutant for each site.
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Fig. 1. Allele-specific hybridization, image modified from (Kwok, 2001).

30s at 65 °C (—1 °C per step), 1 min at 72 °C 10 times and 30 s at
95 °C, 30 s at 56 °C, 1 min at 72 °C for 29 more cycles with a final
extension step of 10 min at 72 °C. The PCR amplifications were
checked during first tests by agarose gel electrophoresis.

2.5. Hybridization

The procedure detecting the two possible alleles relies on an
allele-specific hybridization (Kwok, 2001). Fig. 1 shows how the
SNPs were discriminated based on this approach. If the PCR
product harbors the wild type (wt) SNP it will match to the wt
probe that is complementary to the sequence. This hybridized
product is very stable because there is a 100% complementarity.
If the PCR product has the mutated (mut) SNP allele, the
hybridization is not thermodynamically stable due to the
nucleotide mismatch and it will be lost. For this kind of
procedure the mismatch base should be placed in the middle
of the probe. The hybridization procedure on microbeads was
done as described previously (Zhang et al., 2010) except for the
second part of the hybridization that was performed at 52 °C for
20 min.

2.6. Mycobacterium isolates, origin, DNA extraction

327 DNA samples (a summary of the lineages being targeted
can be found in Supplemental Table 2) were genotyped by our
novel SNP typing scheme using a high-throughput microbead-
based method, as reported previously (Cowan et al., 2004; Zhang
et al., 2010). The clinical isolates for this study were chosen to
cover the main lineages of M. tuberculosis complex clinical isolates
described before by spoligotyping (Filliol et al.,2002; Brudey et al.,
2006). They were selected from an international quality control
study on membrane-based spoligotyping vs. high-throughput-
based spoligotyping (Abadia et al., unpublished results) as well as
from the 2004-2008 collection of the TB National Reference
Laboratory in the Netherlands, from Zonguldak hospital, Turkey
and from a Medical Center in Japan. More specifically, 59 samples
were from Buenos Aires - Argentina (Servicio de Micobacterias,
Instituto Nacional de Enfermedades Infecciosas, ANLIS “Carlos G.
Malbran”, Buenos Aires, Argentina), 109 samples came from
Bilthoven - The Netherlands (National Institute for Public Health
and the Environment - RIVM), 120 DNA samples from the Faculty
of Medicine, Department of Microbiology and Clinical Microbiol-
ogy, Zonguldak Karaelmas University (Zonguldak - Turkey), 40
DNA samples from Japan (Osaka Prefectural Medical Center for
Respiratory and Allergic Diseases). The DNA from these samples
was extracted either by a simple thermolyzate or by the classical
cetyltrimethylammonium bromide (CTAB) procedure.

2.7. Data analysis

Standard MTC lineage assignation (i.e. according to spoligotype
pattern) was reported either according to spolDB4 database
(Brudey et al., 2006) or using the SPOTCLUST algorithm (Vitol
et al, 2006) online access http://cgi2.cs.rpi.edu/~bennek/
Run.html).

To infer lineages according to SNPs, the presence of allele
putative-lineages associated (Dos Vultos et al., 2008) was reported.
Hybridization signals for the mutated or wild type SNP alleles,
collected as RFI (Relative Fluorescence Intensity) were transformed
in a binary code (presence/absence of each allele) using a signal/
noise cut-off value of 2.

3. Results

The aim of this study was: (1) to test some associations between
spoligotype-defined lineages and a set of potentially lineage-
specific SNPs mainly located on 3R genes (Alix et al., 2006; Dos
Vultos et al., 2008) on a representative set of samples; (2) to
develop a new multiplexed high-throughput assay for this
purpose; (3) to assign a lineage to those clinical isolates for which
spoligotype signatures were uninformative, the so-called “U”
clinical isolates in SpolDB4 (Brudey et al., 2006); and finally (4) to
confirm previous lineage associations or correct possible mis-
assignations. We thus aimed to further contribute to the study of
the MTC molecular evolution.

We searched on the 3R gene database (Dos Vultos et al., 2008)
for SNPs that were polymorphic between main MTC lineages and
we found that SNPs on: alkA (807 ctg [leu] to cta [leu]), recO (606
ggc [gly] to ggt [gly]), ligB (1212 tcc [ser] to tcg [ser]), recC (1491 ttc
[phe] to ttg [leu]), recR (94 ttg [leu] ctg [leu]), ligC (809 tgg [trp] to
ttg [leu]) apparently were associated with M. bovis, East African
(EAI), the Latin-American Mediterranean (LAM), the X, the T2 and
the LAM7_TUR/T3_Osaka M. tuberculosis lineages, respectively. We
added to this set of genes the SNP on mgtC 545 cgc [arg]) to cac [his]
because it was described previously as being associated with the
Haarlem lineage (Alix et al., 2006) and recently had been tested by
Chuang et al. (2008). The mgtC protein is a common virulence
factor to several intracellular pathogens (Buchmeier et al., 2000).

Our scheme thus targets 7 lineages: 5 large lineages covering a
total of 31 sublineages, and two specific sublineages. Other SNPs
belonging to other panel of genes could also be added in a near
future to our assay. We have developed a single multiplexing
reaction including this set of 7 genes to test the previous finding of
3R SNP MTC lineage association in a representative set of samples.
Central-Asian (CAS) specific and East-Asian (Beijing) specific SNPs
are not reported at this stage of work but are also in progress.
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To validate our new SNP typing method, we used 327 DNA
samples of M. tuberculosis clinical isolates, all having been
previously spoligotyped on microbeads using the high-throughput
technique (Zhang et al., 2010). These samples were representative
of a highly diverse MTC population within the total worldwide
genetic diversity of MTC: they covered unclassified strains, as well
as 32 sublineages over the 62 that have been named in SpolDB4,
representing all main lineages infecting humans including some
that were not targeted by our SNP scheme (Beijing, CAS, EAI, LAM,
bovis, Haarlem, X, S and T). Only Mycobacterium africanum and
Mycobacterium canettii and Manu lineages were not represented.
Out of the 32 sublineages that were represented in our data set, 21
were targeted by our scheme.

Among the seven mutations tested within our scheme we never
detected two mutations simultaneously in any of the 327 typed
strains, leading either to SNP-specific assignment or to SNP-
nonspecific assignment. In addition, none of the isolates assigned
to lineages Beijing, CAS, S and T4 did show any of the mutation
present in our SNP scheme as expected. This highlights the
specificity of the SNP we chose, and confirms the absence of
convergence events in this collection. For sixteen sublineages (76%,
covering 73 different isolates) targeted by our scheme and present
in our data set, complete congruence between spoligotyping-based

Table 3

classification and SNP-based assignation was observed, indicating
a high global fit between the two classifications: 6/6 M. bovis, 55
EAI (EAI1_SOM, EAI2_MANILLA, EAI5, EAI3), 28/38 H and 14/14
from sublineages H1 and H2, 23/37 LAM and 23/23 from
sublineages LAM2, LAM3, LAM5, LAM9, 2/2 X (X1, X3), 23/23
T3-0saka. For five sublineages that were targeted by the scheme,
part or all of the assignations were different between the two
classifications: 4/18 clinical isolates from H3, 6/6 from H4, 28/34
from T2, 7/7 from LAM3-S convergent, 40/40 LAM7_TUR (Table 3
for an overview; spoligotype patterns and SNP genotypes in
Supplemental Table 3). One T5 sublineage (T5_RUS1) and 6 T1-
Tuscany, and one T1 however carried the LAM-specific SNP, 2 other
T1 isolates carried the H-specific mutation, and 2 other T1 isolates
the T3-Osaka specific SNP, confirming that T-clade is poorly
defined.

More specifically, not all of the clinical isolates labeled as
Haarlem lineage (H1 to H4) according to their spoligotype
signatures in SpolDB4 (n=38) harbored the SNP Haarlem
associated on mgt(>4> (¢8-¢39) (Alix et al., 2006). All H1 spoligo-
signatures (n=11) and all H2 spoligo-signatures (n = 3) had this
specific mutation whereas 14/18 of H3 spoligo-signature and none
of the H4 (n = 6) had. Among the four H3 clinical isolates that did
not harbor the mgtC mutation, two belonged to SIT316, one to

SNP lineage assignation on a subset of analyzed strains and comparison with SpolDB4 linage classification to show in some cases the lineage confirmation and in others a

lineage re-assignation.

#Family assignation according to spoligo-signatures and according to SNP identification.

bReference strains for each lineage.

CJust 6/31 had the mutation on recR%* (&=®) T2_related.

42/25 strains SIT 53 had the ligC8%° SNP.

*Number of strains related to the frequency of the spoligotype pattern.

To read and interpret the spoligotype, spacers are placed in order from 1 to 43 (left to right).

“-": Means no detectable SNP.
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SIT760 and the other to SIT134. The SIT134 “H3” harbored the
recC!491 (ttc-tt8) ¥ Jineage associated SNP and the two SIT316 “H3”
clinical isolates harbored the mutation on recR®* ("*&=<t®) hypothe-
sized to be linked to the T2 lineage isolates from Central African
Republic clinical isolates (Dos Vultos et al., 2008) (see also Table 3
and Supplemental Table 3).

Within LAM-labeled clinical isolates (n = 72), we found that 47
did not harbor the expected mutation on ligB'?'? (tc-t®) forty of
these were LAM7_TUR and the seven others were LAM3-S
(Table 3). All others LAM sublineages tested so far (LAMY,
LAMS5, LAM3, and LAM2) did harbor the expected ligB mutation.

Table 4

Within the T lineage, there are a lot of sublineages defined by
spoligotype signatures (Brudey et al., 2006), among which one is
T2. recR%* (*&=t8) SNP was found associated with Central African
Republic isolates, all of them carrying a T2 signature (absence of
spacer 40) (Dos Vultos et al., 2008). Here, 83 DNA samples
belonged to the T lineage (sublineages: either T1, T1-Tuscany
variant, T1-T2 undefined, T2, T4_CEU1, T5 and T5_RUS1), out of 32
T2 isolates, six only harbored the mutation on recR®* (ft&-cte)
(Table 3). These results show that the recR®* mutation cannot be
considered as being linked to the absence of spacer 40, which
defines the T2 sublineage.

Lineage identification of spoligotype that lack of it, the so-called “U” spoligotypes in SpolDB4 (Brudey et al., 2006), either because they were not reported in the database, or
because this identification was not clear. Lineage assignment by SNP and by SPOTCLUST (Vitol et al., 2006) is shown.

*This number is provided just to locate the pattern in this list.

PSPOTCLUST Identification according the spoligotype pattern and the algorithm probability of the result of being true in parenthesis.

‘Number of strains related to the frequency of the spoligotype pattern.
94SIT number from Aktas et al. (2008).

To read and interpret the spoligotype, spacers are placed in order from 1 to 43 (left to right).
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An interesting secondary result found in this study is the
confirmation of the phylogenetic link between the clinical isolates
from the T3_Osaka sublineage and the ones from the LAM7_TUR.
These two groups of strains share the same MIRU-VNTR! 12 loci
signature (MIRU-VNTR International Type, MIT310) and harbor
divergent spoligotypes (SIT41 and SIT627). Here, using a large set
of DNA samples from Zonguldak — Turkey (LAM7_TUR) and from
Japan (T3_Osaka and other variants), our results show that they
shared the same SNP on lig(8%° (teg [trpl to ttg [leul) Njoregver, we
observed that 2/2 SIT78 (T1-T2) and 2/25 SIT53 (T1) also had this
SNP.

Our study also included 84 spoligotypes for which the lineage
information was unknown, the so-called “U” isolates (for
Unknown), i.e. isolates for which the spoligotype signature either
did not allow assignation to a lineage (n = 7) (Brudey et al., 2006) or
had not been reported in the international spoligotype database,
SpolDB4 (n =77, referred here as “NR”). With our SNP-based
scheme, 47 clinical isolates (56%, with same frequency for strict
“U” and “NR”) could now be assigned at a lineage level (Table 4).
The identification of these clinical isolates is distributed as follows:
21 isolates were assigned to the LAM-lineage, 15 to Haarlem, 4 to X
and 3 to the EAI lineage. We also tested the congruence between
our SNP classification and SPOTCLUST, a Probabilistic Multivariate
Bernoulli Mixture Model that uses Naive Bayes assumptions, as
reported previously (Vitol et al., 2006). This algorithm automati-
cally provides a probability for a spoligotype pattern to be part of a
lineage using previous assignations reported in SpolDB4 (Brudey
et al., 2006). Interestingly, we found a good correlation (72%)
between SPOTCLUST assignation and our SNP identification
(Table 4). However, we also observed discrepancies (positions 3,
4,14, 23,28 and 31 in Table 4). Indeed, SPOTCLUST classified these
clinical isolates as: Lineage 34, Lineage 35, T1, T4, T4 and H3,
respectively with probabilities of higher than 0.77 whereas our
results classify these samples as H, H, LAM, LAM, LAM and X,
respectively. Note that TUR_T3_Osaka strains were identified by
SPOTCLUST as LAM9 or T1 with probabilities close to 1.00 (Table 4).

4. Discussion

We aimed to confirm the spoligotype-based classification of
MTC using a restricted SNP-based scheme designed to be
performed in a high-throughput way. Most commonly used
classification of MTC relies on spoligotype patterns. Lineages
and sublineages have been defined based on recurrent so-called
spoligo-signatures (absence and/or presence of specific spacers)
that have proven to be phylogeographically meaningful (Brudey
et al., 2006). The existence of these lineages was confirmed using
independent techniques such as LSP (Gagneux et al., 2006), MIRU-
VNTR typing (Allix-Beguec et al., 2008b; Wirth et al., 2008)), or via
sequencing projects (Comas et al., 2009).

To provide phylogenetically reliable information, markers should
not be prone to converge. SNPs most of the time are unlikely to
convergence and also are less prone to distortion by selective
pressures (Schork et al., 2000). Notwithstanding drug resistance
genes, there is just one evidence of convergence evolution due to a
nonsense variation in ada/alkA gene observed in M. tuberculosis and
in M. bovis that could confer a selective advantage (Nouvel et al.,
2007), a SNP that is not included in our data set.

In M. tuberculosis, and maybe other clonal organisms, the genes
involved in replication, repair and recombination (3R) seemed to
play akeyroleinadaptation (Dos Vultos et al.,2008) so they might be
prone to experience selection. However, in our study, four of the
targeted SNPs are synonymous (sSNPs) so they are unlikely to be

1 Mycobacterial Interspersed Repetitive Unit-Variable Number of Tandem
Repeat.

selected for. In addition, the three other non-synonymous mutations
chosen are conservative so the replaced amino acid is biochemically
similar to the pre-existing one. Altogether, the SNPs we provide are
likely to be neutral. Regarding classification, we confirmed that EAI,
BOVIS and X lineages are monophyletic, i.e. that the signature that
defines them is phylogenetically relevant: EAI lineage is defined by
the absence of spacers 29-32, absence of 34 and the recQ®°¢ (88¢-8s9
mutation; the BOVIS lineage is both defined by the absence of
spacers 39-43 and the alkA 8°7 (€8t mytation; the X lineage is
defined by the absence of spacer 18, 33-36 group of spacers and by
the recC'#°! (*“t®) muytation. The results we provide come in
addition to previous results obtained (Dos Vultos et al., 2008) so that
we can say that there is strong support for these correlations.

This study in contrast provides some evidence of mis-labeling
in LAM, T and Haarlem lineages due to the used marker itself.
Regarding Haarlem lineage, H4 sublineage did not carry the
expected mgtC>4> (¢8¢-€a%) mytation. Kovalev et al. (2005) showed
that according to their MIRU-VNTR signatures (especially MIRU10
with 7-10 copies) this lineage was unlikely to be phylogenetically
related to Haarlem so it was renamed as URAL. Here, we confirm
that the loss of spacer 29-31 in URAL is a genetic event that is
independent from the loss of spacer 26-31 in H1 and H2, or of
spacer 31 in H3. For the time being we have not identified a SNP
that correlates with this lineage. Interestingly, all the strains that
carried this signature in our scheme came from Turkey that is
geographically close to Russia.

Two SITs (134 and 316) that belong to the H3 lineage (according
to their spoligotype signatures) lacked the mgtC>#> SNP Haarlem-
specific mutation but instead harbored the recC'#°'-X and recR%*-
T2 lineage-specific mutations, respectively that may indicate that
the deletion of spacer 31 could have occurred several times
independently so that it could be used cautiously as a phylogenetic
marker. We suggest that a “Haarlem” lineage assignment for
strains classified as H3 could therefore be confirmed by the SNP
method described here.

The X lineage was first defined by the absence of spacer 18
(Sebban et al., 2002; Filliol et al., 2002) in addition to the absence of
spacers 33-36. Here, we found a strain that was not labeled as X
according to its spoligotype, but in fact it was according to its SNP
pattern. This suggests that the deletion of spacer 18 occurred after
the recC'*®! SNP event. Hence, we suggest to broaden X lineage to
all strains carrying this SNP.

Within the T2 sublineage (defined by the absence of spacer 40,
inaddition to the absence of 33-36 group of spacers) many clinical
isolates sharing SIT52 or SIT736 spoligotype did not harbor the
SNP on recR®*. In addition a relatively low number of recR%*
mutations were found in the whole set of strains, suggesting that
this mutation occurred too recently. For the time being, we are not
able to well describe the T lineage and resolve all the relationships
between modern strains carrying the 33-36 spacer deletion,
because there is no single SNP available to do that by now and due
to the big genetic diversity inside this main lineage, it remains “ill-
defined” or poorly defined (Brudey et al., 2006). Also, Vitol et al.
(2006) were unable to create models that discriminate well
among the members of the T lineage based on their spoligotype
signatures.

Another contribution to the T sublineage markers is the
confirmation (with strong support, n=62) of the existence of a
TUR_T3_Osaka lineage based on the ligC8% SNP. Spoligotypes that
harbors this SNP are very different between them (Table 3 and
Supplementary Table 1). Millet et al. (2007) reported before a shared
MIRU12-VNTR pattern called MIT310 (215125113322) between
strains from T3_Osaka lineage (Takashima and Iwamoto, 2006) and
the previously reported LAM7_TUR lineage (Zozio et al., 2005; Millet
et al., 2007). All the LAM7_TUR strains tested so far lacked the
mutation on the LAM-associated ligB'21% SNP, consequently they are
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Fig. 2. Evolutionary proposal to identify M. tuberculosis families based on the SNP used in this study. Small arrows show the genes in which the SNP is present to allow the
identification. The big arrow shows the deletion of spacers 33-36 that is common to all the modern strains. It is shown the correspondence between major lineages defined by
Spoligotyping, our SNP proposal and inside boxes the one related to LSP plus a recently work done in 89 sequenced genes. *The LSP classification is related to the work of

(Gagneux et al., 2006) and recently to an SNP work of (Comas et al., 2009).

notasublineage of LAM so we give further support to renaming them
TUR (Table 3). We also observed that strains carrying SIT78 T1-T2,
SIT53 T1 (2/25), or SIT553 T2-T3 and 4 NR strains also harbored the
TUR-T3-Osaka-ligC®% mutation. This suggests that this mutation
could be useful digging inside a scheme targeting T_lineage genetic
diversity.

Another result is that one SIT53 T1 strain, which is both wt for
recR%* and for ligC8%, harbors the Haarlem-specific mutation for
mgtC>*> (Table 3). This finding could corroborate the hypothesis
made before by others (Duchene et al., 2004) about the relation
between T and Haarlem strains. In this case, one possibility is that
strains harboring the SIT53 T1 spoligo-signature may have evolved
at a genome level to Haarlem in spite of retaining the CRISPR region
of the progenitor. This could be also the case for SIT120 T1 for
which we found that it also harbors the mutation for Haarlem on
mgtC>*5, the only difference at a spoligo level between SIT53 and
120 is one spacer missing, spacer 20 (Table 3).

With our SNP-signature panel we also provide evidence
favoring the renaming of several spoligotypes previously assigned
to T-clade based on spoligo rules, these are: SIT159 T1 (Tuscany
variant), SIT254 (T5_RUS1) and SIT370 (T1) that harbored the
ligB'?1?2 SNP-LAM-associated mutation so we assigned the right
lineage to these strains. The LAM assignation rule is based on the
simultaneous absence of spacers 21-24 and 33-36 that is not
accomplished by SIT159, SIT 254 T5_RUSlor SIT370. Taken
together, this finding could be an indication that spacers 21 and
22 are not so informative to define the LAM lineage as is the
absence of spacer 23.

One of the most important features of our new SNP proposal
relies on the identification of those spoligotypes that lack the
lineage identification. Emerging clones continuously will appear as
a result of genetic variation of pre-existing ones (Brudey et al.,
2006). The SNP assignment is unambiguous, providing a precise
tool that targets several sites (7 in our actual proposal) with a high
precision performing the lineage assignation. We could success-
fully assign a lineage to 47 out of 84 U strains. One interesting

lineage assignment in the group of “U” strains was the SIT 105 that
had been responsible for an MDR-TB outbreak in Spain. This SIT
was thought to be “LAM3?” in SpolDB4 with doubts and now we
could confirm it because it was found to harbor the ligB'?'2-LAM-
specific mutation.

Even though Spoligotyping remains a first line tool to delineate
the molecular ecology of the circulating strains, we have shown
that sometimes the spoligotype signature will not always reflect
the real lineage of the MTC strains. With this work, we have solved
some intraspecies taxonomic issues and we provide an accurate
lineage assignation using a minimal set of SNPs almost as
informative as large sequencing projects similar to those of Comas
et al. (2009). However, we still need to include other SNPs for other
lineages, because there are still spoligotype patterns that we were
not able to identify with this proposal. This is also true to reach the
level of spoligotyping sublineage discrimination. Nevertheless we
could correctly identify strains belonging to the major MTC
lineages or families such as EAI, BOVIS, X, LAM, Haarlem as well as
some T sublineages, such as T2-recR®* and TUR_T3_0SAKA. We do
not have one specific SNP for the T or S strain lineage for the time
being. In Fig. 2 we show an evolutionary scenario built with the set
of SNPs used in this study and a hypothesis of when the deletion of
spacers 33-36 may have occurred.

Some SNP-based studies have already been performed in M.
tuberculosis to date (Alland et al., 2003; Baker et al., 2004; Filliol
et al.,, 2006; Gutacker et al., 2006; Gutacker et al., 2002; Sreevatsan
et al,, 1997). However, the composition and number of SNP cluster
groups (SCGs) within M. tuberculosis have remained unclear since it
also used some inadequate genes and SNPs (i.e. involved in drug
resistance) (Baker et al., 2004) whereas others were selected from a
non-representative set of available genomes (Filliol et al., 2006;
Gutacker et al., 2002, 2006). These previous studies had not taken
full advantage of the power of SNP-based methods. Here we show
that SNP typing could serve as a “gold standard” for DNA typing.
We think that in the near future the inclusion of more SNP
information will become an important parameter to efficiently
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classify a given MTC clone, either for molecular epidemiological or
for evolutionary purposes. High-throughput multiplexing among
various techniques and platforms will be one of the best ways to
achieve this with reasonable economic costs (Dunbar, 2006;
Bergval et al., 2008).
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