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Human tuberculosis is an infectious disease caused by bacteria from the Mycobacterium tuberculosis com-
plex (MTBC). Although spoligotyping and MIRU-VNTR are standard methodologies in MTBC genetic epi-
demiology, recent studies suggest that Single Nucleotide Polymorphisms (SNP) are advantageous in
phylogenetics and strain group/lineages identification. In this work we use a set of 79 SNPs to character-
ize 1987 MTBC isolates from Portugal and 141 from Northeast Brazil. All Brazilian samples were further
characterized using spolygotyping. Phylogenetic analysis against a reference set revealed that about 95%
of the isolates in both populations are singly attributed to bacterial lineage 4. Within this lineage, the
most frequent strain groups in both Portugal and Brazil are LAM, followed by Haarlem and X. Contrary
to these groups, strain group T showed a very different prevalence between Portugal (10%) and Brazil
(1.5%). Spoligotype identification shows about 10% of mis-matches compared to the use of SNPs and a
little more than 1% of strains unidentifiability. The mis-matches are observed in the most represented
groups of our sample set (i.e., LAM and Haarlem) in almost the same proportion. Besides being more accu-
rate in identifying strain groups/lineages, SNP-typing can also provide phylogenetic relationships
between strain groups/lineages and, thus, indicate cases showing phylogenetic incongruence.

Overall, the use of SNP-typing revealed striking similarities between MTBC populations from Portugal
and Brazil.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Human tuberculosis (TB) is an airborne bacterial disease caused
by the Mycobacterium tuberculosis complex (MTBC). Currently,
WHO estimates that one third of the world’s population is infected
with this pathogen. From these, a minority progresses to disease,
accounting for about 10 million new cases and 2 million deaths
per year (WHO, 2011). Recent studies suggest that an increase in
prevalence of immunosuppressive diseases (e.g. HIV), population
ageing and changes in social patterns are leading to increasing
rates of disease activation (Lönnroth et al., 2009). Furthermore,
drug-resistance acquisition is also a concern, and reports of
bacteria resistant to first and second-lines drugs are growing
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considerably (Gandhi et al., 2010). Thus, detailed knowledge of
MTBC genetic diversity and geographical distribution is becoming
of increasing importance.

MTBC genome is characterized by low substitution rates and,
consequently, low DNA sequence diversity, while having marked
population subdivisions (Hershberg et al., 2008). These pathogens
are generally believed to be highly clonal (Achtman, 2008) with
rare horizontal gene transfer (Liu et al., 2006; Namouchi et al.,
2012), further decreasing the chances of diversity. Several explana-
tions for this were put forward including the isolated life-style in-
side mammalian cells, the long generation time and the latent
stage with little activity (Smith et al., 2003). The lack of genetic
diversity in tuberculosis (TB) makes the study of short-term epi-
demic networks and long-term evolutionary histories particularly
difficult with commonly used markers, such as spoligotype pat-
terns (Kamerbeek et al., 1997) and MIRU-VNTR (Supply et al.,
2000, 2001). However, these same traits are ideal for phylogenetic
studies using vast single nucleotide polymorphism (SNP) data. In
fact, the absence of horizontal gene transfer, which can derange
phylogenetic trees by attracting far related branches, and the ob-
served slow substitution rates greatly reduce the problem of con-
vergent evolution when constructing phylogenetic trees.

Defining meaningful boundaries between groups in bacteria is
complicated, yet this grouping is necessary for strain classification.
Various MTBC classification schemes have been proposed in the
past, but none reached a clear consensus (Gagneux and Small,
2007). Recently, Comas and co-workers (2009) defined a classifica-
tion based on whole-genome data that considered the global diver-
sity of MTBC and was phylogenetically robust (Coscolla and
Gagneux, 2010). This classification consisted of six main lineages
of human-adapted MTBC and one that mostly infects animals.
Within the six main lineages, the authors further classified the
strains with a second order grouping according to previous spolyg-
otyping classification: lineage 1, 3, 5 and 6 were defined by single
comprehensive groups called EAI, CAS, AFRI1 and AFRI2, respec-
tively; lineage 2 was defined by a non-comprehensive group called
Beijing; and lineage 4 was composed by 6 groups called Cameroon,
Haarlem, LAM, T, Uganda and X.

In this work we used the two-level MTBC classification to iden-
tify samples collected from patients from Portugal and Northeast
of Brazil. Previous studies on the global population structure of
MTBC (Brudey et al., 2006; Gagneux et al., 2006) observed that
the most frequent strain in Europe and South America is lineage
4 (comprised mostly by LAM, Haarlem, T and X). Lineage 1 is also
found in both regions, although in much lower frequency. Lineage
2, on the other hand, is typically absent from South America [but
see (Iwamoto et al., 2012)]. There has also been previous local-
scale studies examining MTBC diversity in Portugal (David et al.,
2007) and Southern regions of Brazil [Rio Grande do Sul (Borsuk
et al., 2005; Scholante Silva et al., 2009), Parana (Malaghini et al.,
2009) and São Paulo (Mendes et al., 2011)]. These, however, have
been performed using typically less than 100 samples and geno-
typed only by spoligotypes. In this paper we present and extensive
study using more than 2000 samples from Portugal and Northeast
of Brazil genotyped using SNP-typing methods. The comparison
between TB populations from these two regions can be of great
importance given their possible recent shared ancestry. A demo-
graphic study on understanding major past population demo-
graphic dynamics, such as admixture, ancient population
splitting or migratory trends between TB populations, is out of
the scope of this work. Nevertheless, a description of the genetic
diversity of the two populations may help to shed some light on
the question whether one population results from a recent direct
expansion of the other or if they have been evolving separately
long before the large human population influx between the two
continents of the last five to six centuries.
We present a novel methodology to identify MTBC samples using
a reference set composed by previously studied MTBC strains,
which, as far as we know, are representative of this group’s global
diversity. This identification is performed via SNP-based phyloge-
netic trees, using information on monophyletic groups and their
ancestry. The construction of these phylogenetic trees allowed us
to further characterize the SNPs in respect to their usefulness in
identifying MTBC samples. The goal of this characterization was
two-folded: to obtain information on these SNPs for future SNP-typ-
ing studies; and further exploit strain ancestry and phylogenetic
incongruence in our datasets. In addition to the SNP-based classifi-
cation, we also analyzed the spoligotype patterns of the Brazilian
samples and compared their use in MTBC identification in terms of
consistency between markers and successfulness of identification.
2. Material and methods

2.1. Sample collections and molecular typing

The dataset from Portugal consisted of 2112 MTBC samples col-
lected between 2001 and 2011 from patients diagnosed with TB in
public hospitals in four major Portuguese regions (North, Center,
Lisbon and Tagus Valley and South). The dataset from Northeast
Brazil consisted of 147 MTBC samples collected between 2008
and 2009 from patients diagnosed with TB in a reference hospital
in Salvador, Bahia. The datasets used in this study consisted solely
on sequence data and no personal data was disclosed at any point,
thus, there was no need to obtain ethical approval for the analysis
presented here.

Genotyping was performed from 2009 to 2012 and the SNPs
used were selected from a pool of polymorphisms described until
then (Dos Vultos et al., 2008; Filliol et al., 2006; Hershberg et al.,
2008; Kasai and Ezaki, 2000). From this pool, 80 SNPs located out-
side genome regions known to be related to resistance to antibiot-
ics were chosen for phylogenetic analyses (see Table S1 for details).
SNP genotyping was performed using primer extension chemistry
and mass spectrometric analysis on a Sequenom MassArray plat-
form (Gabriel et al., 2009). The genomic sequence was amplified
by multiplex polymerase chain reaction (PCR) and amplified prod-
uct was treated with shrimp alkaline phosphatase and used for al-
lele specific primer extension reaction according to the
MassEXTEND protocol. The reaction mixture was then spotted onto
a SpectroCHIP microarray and subjected to the MALDI-TOF mass
spectrometry. The genotype calls were assigned using SpectroTYP-
ER software from the SNP-specific peaks. Quality control of the
genotyping process used Mycobacterium tuberculosis strains
EAS054, H37Rv, Haarlem, F11, C and CDC1551, which have curated
and publicly available genomes.

Microbead-based spoligotyping was performed according to
Cowan et al. (2004). In brief, the direct repeat (DR) region was
amplified by PCR using previously described primers (Kamerbeek
et al., 1997). The amplified DNA was then incubated with a mixture
containing microspheres coupled to a set of 43 oligonucleotide
probes (corresponding to the spacer sequences of the DR locus).
The hybridization of the PCR product to each specific spacer se-
quence was quantified using a solid phase fluorometer (Luminex,
Austin, TX, USA). A spacer was considered to be present in the gen-
ome of a given isolate when the ratio between the average median
number of relative fluorescence units (MRFU) in the isolate and the
MRFU of the negative control (distilled water) exceeded 5.0.
2.2. Construction of a reference set

In order to use SNP data for identification of the collected sam-
ples we constructed a reference set by selecting 31 bacterial strains
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representative of the global diversity of MTBC and whose classifi-
cation was already defined. The strains were chosen in order to
achieve good coverage of the MTBC global strain phylogenetic tree
constructed by Hershberg et al. (2008) and by taking in consider-
ation the availability of data in the TBDB database (http://
www.tbdb.org/). Data available in TBDB consist of curated MTBC
sequence alignments and whole-genome data. In order to gather
the information we simply choose the loci and loci positions where
our defined list of SNPs were located in. The reference set was com-
plemented with genotyping information from the set used for
quality control. Details of the reference set are summarized in
Table S2.
2.3. Data curation via phylogenetic tools

Technical noise and constraints imposed by the DNA sequence
genotype assays may generate genotype ambiguity (no-calls) that
greatly decrease the support for a phylogenetic tree and, under
some conditions, even produce biased trees. For this reason, we de-
vised a 4-step approach to eliminate no-calls, while discarding a
minimum amount of samples: step (1) discard the SNPs with more
than 5% no-calls, which may indicate an inherent incapability of
the technique to retrieve the genotype of the sequence position;
step (2) remove samples with more than 5% no-calls, which may
indicate low-quality DNA of the sample; step (3) construct a 70%
consensus maximum likelihood (ML) tree and, if possible, correct
no-calls for the genotype that creates the most parsimonious tree;
step (4) remove samples that, after the correcting procedure still
have sites with no-calls. Using this procedure, we started with a to-
tal of 1.04% no-calls (or a total of 1754 no-calls in all sites of all
samples) in the Portuguese dataset and 0.85% no-calls (or a total
of 100 no-calls) in the Brazilian dataset, and ended with 0.06% in
both the Portuguese (103 no-calls) and the Brazilian (7 no-calls)
datasets. In this process, one SNP (position 207 in locus Rv432)
was discarded, since 32% and 37% of the samples in the Brazilian
and the Portuguese datasets, respectively, generated an ambiguous
genotype. A value of 0.06% of no-calls is not uncommon on this
sensitive genotyping technique (Bradic et al., 2011) and can be
due to damaged DNA samples or to DNA sequence regions which
are refractory to amplification. Table 1 presents detailed results
using this 4-step approach in terms of number of samples with
one or more no-calls. From 2112 and 147 collected samples with
ambiguous genotypes from Portugal and Brazil, respectively, we
ended up with 1987 and 141 samples with complete information.
The genome position of the 79 chosen SNPs and respective geno-
type frequencies on the selected Portuguese and Brazilian data
are depicted in Fig. S1.

The ML tree used to correct the ambiguous genotypes was ob-
tained using only the distinct genotypes of the Portuguese and
the Brazilian dataset pooled together, including the ambiguous
genotypes, along with the reference set previously put together.
Before constructing the tree we used jModelTest 0.1.1 (Guindon
and Gascuel, 2003; Posada, 2008) to determine the best fit model
of nucleotide evolution using the Akaike information criterion. Fol-
lowing this analysis we chose the simple Hasegawa, Kishino and
Yano (HKY) model with no invariable sites and homogeneous sub-
stitution rate among sites. The ML tree was obtained using RAxML
Table 1
Total number of samples (and percentage of samples with no-calls in bracket
Material and methods).

Dataset Initial Step 1

Brazil 147 (37.41%) 147 (8.16%)
Portugal 2112 (44.18%) 2112 (13.78%)
7.0.4 (Stamatakis, 2006) and the clade support was evaluated by
analyzing 1000 bootstrap pseudo-replicates.
2.4. Identification of strain lineage/group using a phylogenetic analysis

In order to identify strain groups/lineages we constructed phy-
logenetic trees using the distinct genotypes of the Portuguese and
Brazilian data pooled together (40 genotypes) along with the cho-
sen reference set (31 genotypes). We constructed phylogenetic
trees using neighbor joining (NJ), ML and Bayesian inference (BI)
trees. The final identification of the strains was done using a 50%
consensus BI tree by the following approach: using the reference
set and assuming monophyletic strain groups, we identified the
tree branches corresponding to particular groups; data samples
falling in identified branches were then classified accordingly.
The NJ tree was obtained using the observed number of changes
to calculate distances between strains using Seaview 4 (Gouy
et al., 2010), branch support was evaluated using 1000 pseudo-
replicates. Before constructing the ML and BI trees we reanalyzed
the dataset using jModelTest 0.1.1, again the best fit model of
nucleotide evolution was determined to be the simple HKY model.
For the ML tree we used again RaxML 7.0.4 and analyzed 1000
pseudo-replicates. The Bayesian analysis was performed using a
Markov chain Monte Carlo method implemented in mrbayes
3.2.1 (Ronquist et al., 2012). We used two replicates of 1 million
generations with four chains, samples were taken every 1000 gen-
eration and the burn-in period was set to be 0.25. Convergence was
evaluated using Tracer 1.5 (http://tree.bio.ed.ac.uk/software/tra-
cer/) and the trees were produced using FigTree 1.4.0 (http://tree.
bio.ed.ac.uk/software/figtree/).

Following the construction of the MTBC phylogenetic tree, we
noticed genotypes showing phylogenetic incongruence across
sites. To examine this incongruence, we constructed a recombina-
tion network using RECOMB2007 algorithm implemented in
SplitsTree4 4.12.3 (Huson and Bryant, 2006) and inspected closely
the phylogenetic incompatible sites of each genotype. In order to
eliminate the effect of genotyping and/or clerical errors, we ex-
cluded genotypes with three or less samples from the analysis
(Liu et al., 2006).
2.5. Identification of strain groups using spolygotype data

The 141 SNP-typed Brazilian samples with complete informa-
tion were also characterized in respect to their spoligotype pattern.
Spoligotyping has been shown not to be reliable for phylogenetic
analysis, because its patterns may not reflect the evolution history
of a strain and the ‘‘signature’’ pattern of the strain groups can be
ambiguous or uninformative (Comas et al., 2009). Furthermore,
spoligotyping traditionally requires a perfect match between the
observed pattern and the ‘‘signature’’ pattern of a group. To cir-
cumvent this problem we used a novel software that relies on an
extensive spoligotype database to assign new spoligotype patterns
to strain groups (SPOTCLUST, Vitol et al., 2006). Strain group iden-
tification using spoligotyping was then compared with the strain
groups identified with SNP-typing.
s) at the various stages of the 4-step procedure proposed (see details in

Step 2 Step 3 Step 4

144 (6.25%) 144 (2.08%) 141
2077 (12.33%) 2077 (4.33%) 1987

http://www.tbdb.org/
http://www.tbdb.org/
http://www.tree.bio.ed.ac.uk/software/tracer/
http://www.tree.bio.ed.ac.uk/software/tracer/
http://www.tree.bio.ed.ac.uk/software/figtree/
http://www.tree.bio.ed.ac.uk/software/figtree/
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3. Results

3.1. Identification of strain lineage/group by co-clustering

Using the SNP-based phylogenetic approach (Fig. 1), we were
able to identify the lineage of the strains in the collection and
most of the strain groups they belong to (Table 2). The vast
majority of genotypes were classified as lineage 4 (34 genotypes);
two genotypes were identified as belonging to lineage 1; and lin-
eages 2, 6 and Animal were ascribed one distinct genotype profile
each. The lineage of one SNP genotype profile (geno_5) was not
identifiable against the reference set. Regarding the strain groups
of lineage 4, group T is the most represented with 10 distinct
genotypes, followed by group LAM (8 genotypes) and X (4 geno-
types). Groups Cameroon, Uganda and Haarlem are all repre-
sented by one distinct genotype. Genotypes that were not
identified directly from the tree, and that did not show phyloge-
netic incongruence, were all identified from their SNPs patterns
(see Section 3.1.2).
Fig. 1. Bayesian inference phylogeny based on 40 distinct genotypes identified in this stu
variable nucleotide positions. Six main lineages can be observed within the human MTBC
the tree branches, the strain group they belong to can be identified from the global stra
3.1.1. SNP phylogenetic informativeness
The low mutation and recombination rates in MTBC allows us to

map the emergence of polymorphisms as single events in a phyloge-
netic tree. Considering the reference set of 31 global MTBC strains,
we were able to classify each SNP in terms of its usefulness to iden-
tify a particular strain group (Tables 3 and S3). We considered three
types of SNP informativeness: (1) Group-specific SNP, if the poly-
morphism is uniquely present in all the analyzed strains of a partic-
ular strain group; (2) Intra-group SNP, if the polymorphism is only
present in some of the considered strains of a particular group; (3)
Supra-group SNPs, if the polymorphism is present in strains from
two or more strain groups. From the 79 SNPs used we classified 36
as Group-specific, 17 as Intra-group and 22 as Supra-group. Four
SNPs were unable to be classified because they were monomorphic
in the observed and in the reference sets. It should be noted that the
ascertainment of Group-specific SNPs was determined by the genet-
ic diversity represented in this study. Nevertheless, we identified
group-specific SNPs for 9 different groups: Animal, Beijing, Camer-
oon, EAI, Haarlem, LAM, T, Uganda and X.
dy and 31 global MTBC strains previously reported (Hershberg et al., 2008) using 79
as referenced in Comas et al. (2009). The 40 analysed genotypes are scattered along
ins by assuming a strictly monophyletic tree.



Table 2
Identification of the lineage and the strain group, suggested by Comas et al. (2009), to
which the genotypes present in the dataset belong to.

Genotype SNP lineage Strain group

Geno_1 Lineage 6 AFRI1
Geno_2 Animal
Geno_3 Lineage 1 EAI
Geno_4 Lineage 1 EAI
Geno_5 Lineage 2 or 3
Geno_6 Lineage 2 Beijing
Geno_7 Lineage 4
Geno_8 Lineage 4 LAM
Geno_9 Lineage 4 LAM
Geno_10 Lineage 4 LAM
Geno_11 Lineage 4 LAM
Geno_12 Lineage 4 LAM
Geno_13 Lineage 4 LAM
Geno_14 Lineage 4 LAM
Geno_15 Lineage 4 Cameroon
Geno_16 Lineage 4 LAM
Geno_17 Lineage 4
Geno_18 Lineage 4 Uganda
Geno_19 Lineage 4 T
Geno_20 Lineage 4 T
Geno_21 Lineage 4 T
Geno_22 Lineage 4 T
Geno_23 Lineage 4 T
Geno_24 Lineage 4 T
Geno_25 Lineage 4 T
Geno_26 Lineage 4 T
Geno_27 Lineage 4
Geno_28 Lineage 4
Geno_29 Lineage 4
Geno_30 Lineage 4
Geno_31 Lineage 4
Geno_32 Lineage 4
Geno_33 Lineage 4 Haarlem
Geno_34 Lineage 4 X
Geno_35 Lineage 4 X
Geno_36 Lineage 4 X
Geno_37 Lineage 4
Geno_38 Lineage 4 T
Geno_39 Lineage 4 T
Geno_40 Lineage 4 X
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3.1.2. Identification of strain groups by cluster ancestry
Using a reference set as an identification framework enables the

identification of strains in monophyletic groups identical to previ-
ously defined strain groups but fails the identification of genotype
profiles that do not fall in groups of the reference set. Nevertheless,
Table 3
Characterization of the SNPs used in the study regarding presence in one or several strain

Identify SNP IDsa

Animal and Lineage 6 Rv1375_0318, Rv3075_0588
Lineage 2 and 3 Rv1420_1301, Rv3798_1014
Lineage 2, 3 and 4 Rv3077_1002, Rv0002_0481, Rv0041_0384, Rv1696_
Animal Rv0005_0630, Rv0005_1284, Rv1908_0087, Rv1628_
Lineage 4 Rv1317_0034, Rv2979_0041, Rv3297_0229, Rv3711
Cameroon, LAM, T and Uganda Rv3088_1347, Rv3084_0729
Cameroon, T and Uganda Rv2560_0628
Haarlem and X Rv0189_1674, Rv0831_0645, Rv3176_0591, Rv3370
Beijing Rv0815_0153
Cameroon Rv2949_0467
EAI Rv0629_0870, RV1020_0256, Rv2362_0606, Rv3644
LAM Rv0129_0309, Rv0631_1604, Rv3062_1212
Haarlem Rv1316_0044, Rv2976_0501
Uganda Rv0006_0238, Rv2949_0375
Tb Rv0006_2003, Rv0034_0165, Rv0083_1800, Rv0260_

Rv3581_0075, Rv3731_0938, Rv3799_0027
X Rv0824_0435, Rv1733_0097, Rv2330_0426, Rv3221

a Locus ID and SNP position within the locus.
b Dataset contains only one strain of T group, it is not possible to distinguish between
SNP data has the potential to further characterize these unidenti-
fied strains. SNP data provides information on the evolutionary his-
tory of the samples, and allows further analysis of phylogenetic
relations between unidentified strains and defined strain groups.
Nine genotypes geno_7, geno_17, geno_27, geno_28, geno_ 29,
geno_30, geno_31, geno_32 and geno_37 were not identified as
belonging to a particular strain group (Table 2). Four genotypes
showed signs of homoplasy (i.e., geno_28, geno_29, geno_31 and
geno_32) and were discarded, but the SNP pattern of the remaining
five were examined by crossing against the information contained
in Table S3 (see Tables S4–S8). This analysis allowed us to further
classify genotypes geno_7, geno_17, geno_31 and geno_37 as an-
cient to particular strain groups (summarized in Table 4).
3.1.3. Examining phylogenetic incongruence
Ten identified genotypes showed phylogenetic incongruence

patterns. The previously performed quality control criteria ensured
that this incongruence was not due to systematic genotyping errors.
Furthermore, the protocol of the SNP genotyping assures that in case
of experimental errors, rather than obtaining the wrong SNP geno-
type, this analysis will result on a no-call (Bradic et al., 2011). Never-
theless, in order to account for other sources of error (e.g. clerical
errors), we considered for analysis of phylogenetic incongruence
only strain genotypes with more than 3 samples: geno_8 (117 sam-
ples), geno_16 (4 samples) and geno_20 (5 samples). These geno-
types correspond to about 6% of all the samples (Table 5) and
consist of 15% of all the genotypes with more than 3 samples. To
examine the observed phylogenetic incongruence we analyzed the
three genotypes using a recombination network approach
(Fig. S2). These genotypes were previously identified as LAM
(geno_8 and geno_16) and T (geno_20). Interestingly, regarding
geno_8 and geno_20, we found only one site with a discrepant
strain-group information (Tables S9 and S10). Contrariwise,
geno_16, presents five sites characteristic of group X and four poly-
morphisms with a pattern unique to LAM, its estimated strain-group
(Table S11). We also noted that geno_16 carries three LAM-specific
SNPs (Rv3062_1212, Rv3084_0729 and Rv3088_1347) that map
within a 30 kb region on the MTBC chromosome and two X-specific
SNPs (Rv3221_0030 and Rv3261_0905) that map within 44 kb.
Although these results are suggestive of recombination events, more
robust tests using large sequence data are necessary to disentangle
with certainty the origin of the observed phylogenetic discrepancies
[e.g. Chi-Squared (Smith, 1999), NSS (Jakobsen and Easteal, 1996) or
PHI (Bruen et al., 2006) tests].
groups. Dataset analyzed consisted of strains from Hershberg et al. (2008).

0438, Rv3679_0471, Rv3711_0491
0267, Rv2897_0693

_0227

_1719

_0726, Rv3644_0735

1047, Rv0956_0591, Rv1040_0243, Rv1056_0489, Rv2567_1473, Rv3077_0924,

_0030

group-specific and intra-group SNPs in this group.



Table 4
Further strain group identification of genotypes from lineage 4 which do not show
phylogenetic incongruence and were previously unidentified.

Genotype Strain group

Geno_7 Ancient to Cameroon, Haarlem, LAM, T, Uganda and X groups
Geno_17 Ancient to Cameroon, LAM, T and Uganda groups
Geno_27 X group
Geno_30 Ancient to Haarlem and X groups
Geno_37 Ancient to Cameroon, T and Uganda groups

Table 5
Genotypes with more than 3 samples in the dataset in study that show phylogenetic
incongruence patterns.

Genotype
ID

Freq
(n)

Freq
(%)

SNP
lineage

Strain
group

Incongruent
SNPsa

Geno_8 117 5.50 Lineage 4 LAM 1
Geno_16 4 0.19 Lineage 4 LAM 6
Geno_20 5 0.23 Lineage 4 T 1

a Number of SNPs which show phylogenetic incongruence.
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3.2. Comparison between samples from Portugal and Brazil

In order to compare MTBC genetic diversity in datasets with dif-
ferent sample sizes (1987 from Portugal and 141 from Northeast
Brazil) we calculated the frequency of each genotype as a percent-
age of the total samples in each set (Fig. 2, for absolute values see
Fig. S3). The Portuguese dataset is composed by a larger number of
genotypes than the Brazilian, 36 genotypes against 14, an expected
result as the Portuguese dataset is more than 10-fold larger. In fact,
discarding rare genotypes (i.e. frequency lower than 1% in the
respective dataset), the number of distinct genotypes in the Portu-
guese and Brazilian datasets is 13 and 10, respectively.

3.3. Identification of strain groups using SNPs vs. spoligotypes

Fig. 3 shows a comparison between strain group identification
in our collection using both types of molecular data, SNP-typing
and spoligotyping. This comparison focused on the main repre-
sented strain group in the datasets (i.e. EAI, Haarlem, LAM, T and
X). Following the identification of strain groups using SNP data,
we classified the spoligotype identification as consistent or incon-
sistent with SNP identification or unassigned if the spoligotype
pattern was classified as belonging to an unidentified family.
SPOTCLUST provided a high assignment rate to strain groups (fre-
quency of unassigned isolates was of about 1%) but the rate of
inconsistency with group identification using SNPs was relatively
high (almost 10% overall) as found by previous studies (Abadia
et al., 2010).
4. Discussion

Constructing a SNP-based BI phylogenetic tree using a MTBC
reference set and assuming monophyletic strain groups we were
able to map the emergence of SNPs. From this mapping we estab-
lished the usefulness of each SNP in the identification of a particu-
lar strain group (Table S3). This information can be used as a
starting point to establish a minimum set of SNPs necessary to
classify strains. For example, a set with ‘‘Group-specific’’ SNPs
Rv0005_0630 (Animal, Bouakaze et al., 2010), Rv0006_0238 (Ugan-
da, Bouakaze et al., 2010), Rv0006_2003 (T, Comas et al., 2009),
Rv0129_0309 (LAM, Comas et al., 2009), Rv0815_0153 (Beijjing,
this study), Rv1316_0044 (Haarlem, Comas et al., 2009),
Rv2330_0426 (X, Comas et al., 2009), Rv2362_0606 (EAI, Abadia
et al., 2010) and Rv2949_0467 (Cameroon, Comas et al., 2009) to-
gether with ‘‘Supra-group’’ SNPs Rv1375_0318 (Animal and AFRI1,
Filliol et al., 2006) and Rv1420_1301 (lineage 2 and CAS, this study)
enables us to identify almost all the MTBC strain groups. The
exceptions are to distinguish between CAS and non-Beijing strains
and to identify AFRI2 strains. Other combinations can be designed
depending on the group or lineage to be identified. Table 3 details
the SNPs which are useful to identify particular groups and
lineages.

Although a minimum set of SNPs can be of utmost importance
for quick identification purposes (Filliol et al., 2006), such an ap-
proach can be prone to two sources of errors: weak typing; and
ambiguity. The first is due to SNP-typing errors such as producing
no-calls or even, albeit rare, typing the wrong nucleotide. The sec-
ond is due to the possible lack of ubiquitousness of a SNP in a strain
group. The molecular identification of MTBC group strains is based
on pattern signatures. Ultimately, these patterns derive from dy-
namic evolutionary forces that generate non-static patterns diffi-
cult to compartmentalize. Therefore, unless a strain group is
defined by a particular SNP, the existence of a SNP ubiquitous to
a group is not likely. Hence, one particular SNP characteristic of a
strain group is likely unable to identify all the strains that belong
to that group. Our need to differentiate between categories
‘‘Group-specific’’ and ‘‘Intra-group’’ of Table S3 are a good evidence
of the potential lack of precision of a minimum set of SNPs. More-
over, another disadvantage of using a minimum set of SNPs is the
lack of ability to define phylogenetic distances between strains.

Establishing phylogenetic distances and ancestry between
strains can be particularly useful in overcoming assignment ambi-
guities. In Section 3.1.2 we show how this ancestry can be used to
identify unassigned MTBC samples. In fact, using ancestry informa-
tion we were able to identify most of the strains that were not as-
signed by the phylogenetic tree alone (i.e., geno_7, geno_17,
geno_27, geno_31 and geno_37).

Table S3 can also be useful to further analyze samples when the
SNP pattern reveals phylogenetic incongruence. In Section 3.1.3,
we show the possibility to classify each SNP as in accordance with
the strain-group classification or in disagreement.

The choice of the SNP set is of considerable importance when
performing SNP-typing analyses. Using SNPs identified by compar-
ing a limited number of strains or by comparing samples that do
not account for global diversity may lead to phylogenetic bias
(Achtman, 2008). Our choice of SNPs seems to be appropriate since
the obtained phylogenetic tree (Fig. 1) overlaps other MTBC trees
obtained from studies that take in account such biases (e.g.,
Fig. 1 of Hershberg et al., 2008). Nevertheless, because the aim of
our study was to identify Portuguese and Brazil MTBC samples
we gave particular importance to SNPs capable of identifying strain
groups of lineage 4, the most common lineage of the Americas and
Europe. We identified two effects of this conditioned SNP selection.
The first one is that there seems to be a higher discriminatory
power for group T. In fact, eight of its distinct genotypes encom-
pass less than 1% of all samples, while for example the only distinct
genotype of group Beijing has a frequency of more than 3%. The
second consequence of our SNP selection was the lack of power
to distinguish the lineage of geno_5. The lineage of this rare geno-
type (frequency of about 0.5%) could not be distinguished between
lineage 2 or 3. In any case, our choice of SNPs proved to be success-
fully to not just characterize the strains collected from the regions
in study, but also shed some light on their molecular evolutionary
background.

In this paper we present an extensive study of the MTBC popu-
lation of Portugal and Northeast Brazil. In general, our observations
are in accordance with earlier studies on regional (Borsuk et al.,
2005; David et al., 2007) and worldwide (Brudey et al., 2006; Gag-
neux et al., 2006) MTBC diversity. We observed that the most fre-
quent strain group on both regions is lineage 4, originally called
Europe and Americas lineage (Hershberg et al., 2008), with more



Fig. 2. Frequency distribution of the 40 genotypes when considering the Portuguese (1915 samples; light grey) and Brazilian (141 samples; dark grey) MTBC samples
separately. The genotypes are grouped by strain group and SNP lineages as defined by Comas et al. (2009). The frequency of the genotypes is measured as the percentage
within its belonging population. Genotypes marked with � show phylogenetic incongruence in at least one SNP.

Fig. 3. Comparison between strain group identification using SNP-typing and spoligotyping on the Brazilian dataset (141 sampes). The samples were clustered in strain
groups using SNP data. From these samples, 10 could not be identified. The samples were further grouped in three categories: consistent – spolygotyping identification is
consistent with SNP-typing identification; inconsistent – spoligotyping identification is not consistent with SNP-typing identification; and unassigned – samples were not
assign to any group of spoligotypes. The strain group identification using spolygotypes data was performed using SPOTCLUST (Vitol et al., 2006).
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than 90% frequency. Lineage 1 is also present in both populations
equally, but in considerably low frequencies (around 1%). These
two populations, however, differ regarding lineage 2. This lineage,
also called East Asia lineage (Hershberg et al., 2008), has a signifi-
cant presence in Portugal (more than 3%), yet it is absent from the
Northeast Brazil dataset (but see Gomes et al., 2012). This observa-
tion is not unexpected as lineage 2 is prevalent in Europe possibly
due to recent migration. Another difference between Portuguese
and Brazilian datasets regards lineage 6 or West Africa lineage
(Hershberg et al., 2008). This lineage, also absent in the Northeast
Brazil, is present in Portugal although in a very low frequency
(0.25%). A possible explanation for its presence in Portugal is the
existence of significant immigration from Africa to this country
in the last 30 years.

Concerning lineage 4, the most frequent strain group in both
Portugal and Brazil is by far LAM with more than 60%, and is fol-
lowed by Haarlem (more than 10%) and then X (more than 6%).
More interesting than the similarities between Portugal and Brazil,
however, are their differences. For example, although the Portu-
guese dataset sampling was more comprehensive than the Brazil-
ian, we have found four genotypes that only appear in Brazil, i.e.
geno_37, geno_38, geno_39 and geno_40. These genotypes belong
to different strain groups and fall in different parts of the phyloge-
netic tree (Fig. 1), so a single common origin of the four genotypes
is ruled out. On the other hand, there are genotypes present in Por-
tugal that are absent from Northeast of Brazil. Strain geno_8, for
example, has a frequency of 7% in Portugal and was not found in
Brazil. Similarly, genotypes geno_19 and geno_21 are absent in
the Brazilian collection but account for about 7% of samples in Por-
tugal and constitute almost all the samples of group T in this coun-
try. This yields a significant difference in the frequency of strain
group T between Portugal (about 10%) and Brazil (1%). Strains
geno_15 (strain group Cameroon) and geno_18 (strain group Ugan-
da) are also observed in the Portuguese dataset, while being absent
from Northeast Brazil. Their absence in the smaller Brazilian data-
set is not unexpected since only 2 samples for geno_15 and 1 for
geno_18 were observed in Portugal.

Despite these differences, overall, the datasets from both coun-
tries are quite similar (Fig. 2). These similarities suggest that, in-
deed, MTBC populations from Portugal and Brazil have been in
close contact for some period of time not so long ago. This was
likely due to either recent shared ancestry or massive migration
events.

In this study we have also performed a comparison between
strain groups identification using spoligotyping and SNP-typing.
We observed that spoligotyping, in general, provided a good iden-
tification of the samples irrespective of the strain group they be-
long to. In fact, the rate of spoligotype identification consistent
with the SNP-typing identification was about 88%, an identification
rate similar to previews studies (Abadia et al., 2010). Furthermore,
the methodology implemented in the software provided almost no
unassigned patterns, proving itself particularly useful in this re-
spect. Nonetheless, SNP-typing seems to be the best option when
needing to identify MTBC strains because this technique can also
provide the evolutionary background of the studied strains. As
we demonstrated along the paper, having access to the molecular
evolution history of the samples is of utmost importance to catego-
rize them with precision, as well as, to further interpret the
observations.
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