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This paper formulates a set of rules to classify genotypes of the Mycobacterium tuberculosis complex
(MTBC) into major lineages using spoligotypes and MIRU-VNTR results. The rules synthesize prior liter-
ature that characterizes lineages by spacer deletions and variations in the number of repeats seen at locus
MIRU24 (alias VNTR2687). A tool that efficiently and accurately implements this rule base is now freely
available at http://tbinsight.cs.rpi.edu/run_tb_lineage.html. When MIRU24 data is not available, the sys-
tem utilizes predictions made by a Naïve Bayes classifier based on spoligotype data. This website also
provides a tool to generate spoligoforests in order to visualize the genetic diversity and relatedness of
genotypes and their associated lineages. A detailed analysis of the application of these tools on a dataset
collected by the CDC consisting of 3198 distinct spoligotypes and 5430 distinct MIRU-VNTR types from
37,066 clinical isolates is presented. The tools were also tested on four other independent datasets.
The accuracy of automated classification using both spoligotypes and MIRU24 is >99%, and using spoli-
gotypes alone is >95%. This online rule-based classification technique in conjunction with genotype visu-
alization provides a practical tool that supports surveillance of TB transmission trends and molecular
epidemiological studies.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The classification of Mycobacterium tuberculosis complex
(MTBC) strains into a phylogenetic framework has a long history.
The analysis of spoligotype patterns led by Sola and Rastogi re-
vealed the presence of related spoligotypes which have since been
grouped into 62 spoligotype families or clades (Brudey et al., 2006).
Early studies of sequence diversity in selected genes described
three principal genetic groups which correlated well with spoligo-
type families (Sreevatsan et al., 1997). The sequencing of several
MTBC complex genomes revealed additional single nucleotide
polymorphisms (SNPs) defining additional genetic groupings (Fill-
iol et al., 2006; Gutacker et al., 2006). Gagneux and colleagues used
comparative genomics to identify large sequence polymorphisms
ll rights reserved.
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(LSPs) defining major lineages in the MTBC (Gagneux et al., 2006)
which were later supported by the sequencing of 89 genes from
108 strains (Hershberg et al., 2008). These studies have culminated
in the description of a phylogenetic framework for strain classifica-
tion along with a proposal for standardized nomenclature (Coscolla
and Gagneux, 2010) which is summarized in Table 1.

Strains can be classified as ancient (also known as ancestral) or
modern. The ancient strains belong to principal genetic group 1
and include Mycobacterium africanum (West African 1 and 2) and
Mycobacterium bovis as well as the strains forming the Indo-Oce-
anic lineage (lineage 1). The modern strains include principal ge-
netic group 1 strains belonging to the East Asian lineage (lineage
2) or to the East-African Indian lineage (lineage 3) and principal ge-
netic group 2/3 strains belonging to the Euro-American lineage
(lineage 4) (Gagneux and Small, 2007). Although SNPs and LSPs re-
main the gold standard for strain classification, the congruence be-
tween spoligotypes and LSPs has been reported (Coscolla and
Gagneux, 2010; Kato-Maeda et al., 2011). This framework has al-
lowed investigators to begin to answer questions regarding the im-
pact of the genotypic diversity of MTBC on TB disease (reviewed in
Coscolla and Gagneux, 2010).
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Table 1
Mapping of lineage names from conventions used in prior literature.

TB-Lineage family LSP-based lineages
(Gagneux et al., 2006)

SpolDB4 family (Brudey et al.,
2006)

Principal genetic group
(Sreevatsan et al., 1997)

TbD1 assignment
(Brosch et al., 2002)

M. bovis M. bovis BOV1, BOV2, BOV3, BOV4, BOV1-
variant1,
BOV2-variant1, BOV1-variant2,
BOV2-variant2

1 Ancient

West African 1 West African 1 (lineage 5) Afri2, Afri3 1 Ancient
West African 2 West African 2 (lineage 6) Afri1 1 Ancient
Indo-Oceanic Indo-Oceanic (lineage 1) EAI-5, EAI1-SOM, EAI2-Manila,

EAI2-Nonthaburi, EAI3-IND,
EAI4-VNM, EAI6-BGD1, EAI6-
BGD2, EAI8-MDG

1 Ancient

East Asian East Asian (lineage 2) Beijing, Beijing-like 1 Modern
East-African Indian East-African Indian (lineage 3) CAS1-Delhi, CAS1-Kili, CAS1-

variant CAS2
1 Modern

Euro-American Euro-American (lineage 4) T1, T1-RUS2, T2,T2-Uganda, T3,
T3-ETH, T4, T4-CEU1, T5-
Madrid2, T5-RUS1, Tuscany, S,X1,
X2, X3, X2-variant1, X3-variant1,
X3-variant2, H1, H1-variant1,
H2, H3, LAM01, LAM02, LAM03,
LAM04, LAM05, LAM06, LAM07,
LAM08, LAM09, LAM10, LAM07-
TUR, LAM10-CAM, LAM11-ZWE,
LAM12-Madrid

2 and 3 Modern
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Spoligotypes and mycobacterial interspersed repetitive units-
variable number of tandem repeats (MIRU-VNTR) types are now
routinely collected as part of TB surveillance in the United States
as well as many other countries creating large databases rich with
information regarding risk factors, clinical presentations and strain
data. The genotyping of strains for the purpose of detecting chains
of transmission requires standardized techniques that are fast, effi-
cient, reproducible and highly discriminative (Kremer et al., 1999,
2005). Spoligotyping is the typing of MTBC strains based on the
variability found in the direct repeat (DR) locus, which contains a
variable number of short direct repeats interspersed with non-
repeating spacers (Kamerbeek et al., 1997). MIRU-VNTR typing is
based on the number of tandem repeats present at up to 24 iden-
tified loci distributed across the MTBC genome (Supply et al., 2000,
2006). However, LSP and SNP data are not appropriate tools for
monitoring transmission and therefore are not collected by health
care organizations.

To mine these large surveillance databases there is a need to
use readily available genotyping data (spoligotype and MIRU-
VNTR) to classify strains. In this study, we have defined an or-
dered set of rules to determine lineage using both spoligotype
and MIRU-VNTR data or using spoligotype data alone. We also
present a freely available, efficient and easy to use online tool
that implements this classification method, TB-Lineage (http://
tbinsight.cs.rpi.edu/run_tb_lineage.html). TB-Lineage is part of a
suite of tools offered by the TB-Insight project for the epidemi-
ology of TB including classification and visualization of MTBC
strains and the investigation of host-pathogen relationships
(Shabbeer et al., 2011). TB-Lineage is integrated with the TB-
Vis tool to visualize the classified strains as a spoligoforest.
Table 2
Summary description of the datasets used in the development of the online tool TB-Linea

Dataset Total labeled No. of distinct
spoligotypes

No. of distinct
MIRU-VNTR types

No. of distinc
genotypes

CDC 37,066 3198 5430 10828
CDC2011 3138 1548 2363 3138
MIRU-VNTRplus 165 84 109 128
Brussels 442 198 301 378
SpolDB4 31,212 1589 – 1589
2. Material and methods

2.1. Training set

The CDC dataset contains the genotypes of 37,066 clinical iso-
lates typed from January 2004 to September 2008. These records
were assigned major lineage labels by CDC experts based on the
spoligotype pattern and MIRU24 locus. A database was generated
using Oracle Database 10g Express Edition to store and maintain
the data. It comprises of 3198 distinct spoligotypes, 5430 distinct
MIRU types and 10828 distinct genotypes (spoligotype-MIRU type
pairs). The lineage-wise distribution of strains is described in Ta-
ble 2. The training set was used to develop the clauses for the
rule-based system and to decide the precedence of the rules. Addi-
tionally, it was used to determine the priors for the modern/ances-
tral Naïve Bayes classifier.

2.2. Test sets

This study utilized four different independent datasets to test
the performance of the rules. A summarized description of these
sets is presented in Table 2. It includes the total number of isolates
in the datasets (the number of genotypes weighted by their num-
ber of occurrences), the number of distinct genotypes, the number
of distinct spoligotypes and MIRU types and the distribution of the
isolates by lineage. The CDC2011 dataset contains genotype results
collected between September 2008 and February 2011 that have
distinct genotypes (spoligotype and MIRU-VNTR type pairs) from
those in the CDC dataset. The CDC2011 dataset corresponds to
out-of-sample test data since it did not exist when the rules were
ge.

t M. bovis West
African 1

West
African 2

Indo-
Oceanic

East
Asian

East-African
Indian

Euro-
American

685 67 81 5177 4829 1446 24,781
56 19 22 421 269 403 1948
11 20 11 12 10 10 91
17 4 9 27 16 30 339

4731 228 89 2716 3973 425 19,050
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generated The MIRU-VNTRplus dataset used comprises of the
strains (described by spoligotype and 12 loci of MIRU) belonging
to the major lineages from the highly curated MIRU-VNTRplus
database. These strains were assigned a lineage label based on
the SNP, LSP spoligotype and MIRU-VNTR profiles of the strains
(Allix-Beguec et al., 2008b). The Brussels dataset comprises of
442 labeled data points, with 378 distinct genotypes (described
by spoligotype and 12 loci of MIRU). The authors (Allix-Beguec
et al., 2008a) assigned lineage to the genotypes in this dataset by
matching with spoligotype signatures of classical prototypes,
tree-based analysis using 24 loci MIRU-VNTR profiles and also by
consistent best matches with the reference database in MIRU-
VNTRplus. The SpolDB4 dataset comprises of a diverse set of strains
assigned to spoligotype families based on visual rules and classical
prototypes by the authors (Brudey et al., 2006). The spoligotype
family labels and LSP-based lineage labels assigned to isolates in
these datasets were converted to major lineage labels using the
conventions outlined in Table 1. These datasets contain a large
number of distinct genotypes (spoligotype and MIRU type pairs)
that challenge the rule base and hence serve as good independent
test sets.

Two sets of experiments were conducted with these datasets.
First, the rules were applied on the spoligotype and MIRU type data
for datasets CDC, CDC2011, MIRU-VNTRplus and Brussels. Second,
the Naïve Bayes classifier was applied to only the spoligotype data
from all five sets, CDC, CDC2011, MIRU-VNTRplus, Brussels and
SpolDB4. The results from the predictions now serve as a surrogate
for MIRU24 and are added to the spoligotype data. The rules were
then applied on these augmented datasets.

2.3. Lineage classification

Prior literature describes spoligotype-based visual rules for
classification, as well as bioinformatics approaches that identify
specific spacers and loci that can be used to differentiate strains
into groups (Borile et al., 2011; Brudey et al., 2006; de Jong et al.,
2010; Ferdinand et al., 2004; Filliol et al., 2002, 2003; Sebban
et al., 2002; Sola et al., 2001). This literature including descriptions
of visual rules for SpolDB4 sub-families was synthesized to gener-
ate a set of observations for major lineage classification:

� Spacers 29–32 and 33–36 in the direct repeat locus may be used
to determine if a strain belongs to principal genetic group 1
(PGG1) or groups 2 and 3 (PGG2/3). If spacers 33–36 are absent
and at least one of spacers 29–32 is present, the strain belongs
to PGG2/3. If at least one of spacers 33–36 is present, then the
strain belong to PGG1. If spacers 29–36 are absent, then the
principal genetic group cannot be determined on the basis of
spoligotype alone.
� PGG 1 strains with spacer 3, 9, 16 and 39–43 absent are M. bovis.
� PGG1 strains with spacers 8, 9 and 39 absent are M. africanum.

M. africanum strains that have spacers 8–12 and 37–39 absent
belong to the West African 1 lineage and strains that have spac-
ers 7–9 and 39 absent belong to West African 2.
� PGG 1 strains with spacers 29–32 absent and spacer 34 absent

belong to the Indo-Oceanic lineage.
� PGG1 strains with spacers 1–34 absent belong to the East Asian

lineage.
� PGG 1 strains with spacers 4–7 and 23–24 absent belong to the

East-African Indian lineage.
� PGG 2 and 3 strains belong to the Euro-American lineage.
� The number of repeated units at locus MIRU24 correlates with

the TbD1 deletion. Strains with the sequence intact (ancient)
will have more than one repeated unit at MIRU24 while strains
with the sequence deleted will have a single repeated unit in
this locus.
These observations have been used to assign genotypes in CDC
datasets to a lineage. An important note is that these observations
are not exhaustive and are not meant to define a signature for all
members of a lineage.

In order to evaluate the performance of the TB-Lineage tool, two
forms of validation were performed as described in the next Sec-
tions 2.3.1 and 2.3.2.

2.3.1. Validation of expert labels
First, since the rules were based on the approach used by the CDC

experts, an independent tool provided by www.MIRU-VNTRplus.org
was used to validate the labels assigned by the experts themselves.
The tool finds the nearest neighbor in a highly curated reference data-
base of strains by calculating the distance of the spoligotype and
MIRU-VNTR profiles of a strain (Allix-Beguec et al., 2008b) to all the
strains in the reference database. The strain is assigned a label corre-
sponding to the nearest reference strain found by this best-match ap-
proach. A greater weight is assigned to MIRU when labels could not be
ascertained using the default settings. The spoligotype family output
was converted to lineage using the conventions outlined in Table 1.

2.3.2. TB-Lineage performance evaluation
Classification accuracy was evaluated using the f-measure, the

harmonic mean of the precision and recall. Precision is defined as
the probability of a strain actually belonging to a lineage given that
it is predicted to belong to that lineage as calculated by
precision = true positives/(true positives + false negatives). Recall
is the probability of correctly classifying a strain as belonging to a
certain lineage given that the strain actually belongs to that
lineage, and is calculated by recall = true positives/(true
positives + false positives). The f-measure, given by
2 � precision � recall/(precision + recall), is used as a performance
metric for the classification task and takes into account both preci-
sion and recall of classes assigned by TB-Lineage as compared with
expert-assigned labels.

2.4. Naïve Bayes classifer to predict modern or ancestral

Some rules rely on the number of repeats observed at MIRU24 lo-
cus to predict whether a strain is ancestral or modern (rules de-
scribed in detail in Section 3). Modern strains typically contain one
repeat at MIRU24 while ancestral strains contain greater than one
repeat (Ferdinand et al., 2004). However, since MIRU-VNTR typing
was adopted as a national standard only in 2004, MIRU-VNTR type
data may not be available for earlier records. In order to overcome
this limitation in data availability, a Naïve Bayes classifier was devel-
oped to classify spoligotypes as ancestral or modern. The model was
trained using labeled spoligotype data with spoligotypes belonging
to the East Asian, East-African Indian and Euro-American lineages
assigned label modern and spoligotypes belonging to the West Afri-
can 1 and 2, M. bovis, and Indo-Oceanic lineages assigned label ances-
tral. Previously, MTBC strains have been successfully classified at
varying levels of granularity on the basis of spoligotype data using
Bayesian Networks (Aminian et al., 2010; Vitol et al., 2006). Instead
of the MIRU24 value that originally served as a surrogate for modern
or ancestral, the modern or ancestral prediction made by the Naïve
Bayes classifier is substituted into the rules.

For the purpose of the Naïve Bayes classifier, each spoligotype is
represented as a binary twelve-dimensional feature vector. Each
dimension represents the presence/absence of a contiguous dele-
tion. Presence of a deletion means no spacers are present in the
subsequence, while absence means at least one spacer is present
in the subsequence. The evolution of the DR locus occurs via dele-
tion of one or more contiguous Direct Variable Repeats (DVRs) with
some non-negligible probability, whereas insertion of DVRs is

http://www.MIRU-VNTRplus.org
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highly unlikely (Warren et al., 2002). The features selected to rep-
resent a spoligotype were single deletions of spacers 3, 16, 8, 9, 39
and contiguous deletions of spacers 1–34, 25–28, 29–32, 33–36,
39–43, 4–7 and 23–24. The selection of deletion sequences was
made on the basis of the observations listed above about the se-
quences that are relevant for the lineage classification task and fur-
ther validated based on the information gain as described in the
Supplementary information. If at least one spacer is present in
the deletion sequence it is represented as a 1, presence of the dele-
tion is represented by a 0. These bits are concatenated to form a
binary vector, e.g. considering the deletions in the order specified,
if spacers 3,16,8,9,39 and 23–24 are absent, while there is at least
one spacer present in sequences 1–34, 25–28, 29–32, 33–36, 39–43
and 4–7 the spoligotype is represented as 000001111110.

The Naïve Bayes model assumes that each feature Sd with pos-
sible values 0 or 1, is independent given the class Ci (modern or
ancestral). Sd takes value 1 if at least one spacer is present in dele-
tion d and 0 otherwise. The probability of the deletion d being ab-
sent (at least one spacer being present) for a strain of class i is given
by pid, and the probability of a deletion d being absent (no spacer(s)
being present) is given by (1 � pid). We assume the conditional
independence of the features of variable S. The probability of
occurrence of a spoligotype S given the class Ci is therefore
PðS j CiÞ ¼

Q
dðpidÞ

Sd ð1� pidÞ
ð1�SdÞ.

In the test phase, strains were classified into the two classes –
modern and ancestral. The probability of a strain S belonging to
class Ci was computed as
PðCijSÞ / PðCiÞPðSjCiÞ=PðSÞ
/ PðCiÞPðSjCiÞ

The values of pid and P(Ci) were calculated by counting the appro-
priate proportion of values in the data with Laplace smoothing to deal
with deletions observed 0 times. The strain S is assigned to the class i
for which its conditional probability P(S|Ci) is the highest. The value of
the MIRU24 locus is predicted on the basis of the modern/ancestral
classification and used in place of the MIRU24 in the rules.
2.5. TB-Vis spoligoforests

Spoligoforests represent evolutionary relationships between
genotypes in the dataset. Nodes represent spoligotype-based
clusters and directional relationships between nodes represent
the deletion of one or more adjacent spacers (contiguous dele-
tions) in the spoligotype. These relationships between spoligo-
type clusters are henceforth referred to as ‘parent–child’
relations. A set of candidate parents is generated for each spoli-
gotype cluster based on the knowledge that spacers may be lost
but are rarely gained. Based on the assumption that convergent
evolution is very infrequent, the single most likely parent from
amongst the candidates must be chosen. A mathematical analy-
sis of convergent evolution of spoligotypes is provided in (Reyes
et al., 2011), and a discussion of the consequences of convergent
evolution in spoligotypes as well as MIRU on TB epidemiology is
discussed in (Comas et al., 2009). The choice of parent is made
based on the principle of maximum parsimony by choosing the
genotype whose genetic distance from the genotype of concern
is the minimum.

The choice of parent is made by eliminating unlikely candi-
dates from the set of possible parents as described here. The first
step is based on using the Hamming distance between MIRU-
VNTR types, i.e. the number of loci in which the number of re-
peats differ. If there remain multiple candidate parents, the
Hamming distance between spoligotypes, i.e. the number of bits
in which the two pairs of spoligotypes differ is used to break the
tie. This arises from the fact that short spacer deletions are more
likely than longer deletions as indicated by the Zipf model
shown to best-fit the frequencies of deletions of various lengths
(Reyes et al., 2008). If ambiguity in the choice of parents persists,
it is resolved using the Euclidean distance between MIRU-VNTR
types which reflects the difference in the number of repeats ob-
served at each of the MIRU loci. In the rare event that more than
one parent remains, a random pick is made between the best
possible parents. The step-wise algorithm for spoligoforest gen-
eration is presented here.



Fig. 1. Rules to classify M. tuberculosis strains into major lineages based on the presence or absence of spacer sequences and the number of repeats observed at the MIRU24
locus. The rules are applied in the order specified. The label assigned to a strain corresponds to the first rule that is satisfied.
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2.6. Website development

This multifunctional website was implemented using Perl/CGI
and Python scripts running on a Unix web server. The web-form
accepts as input either a single genotype or multiple genotypes
in a tab delimited text file in one of these formats: (1) spoligotype
only, (2) spoligotype and MIRU24 locus, (3) spoligotype and 12 loci
of MIRU-VNTR type, (4) spoligotype and 15 loci of MIRU-VNTR
type, (5) spoligotype and 24 loci of MIRU-VNTR type. Sample data
files available on the website provide templates of these file for-
mats. The scripts parse the user-uploaded data and process it by
testing against the defined logical clauses. Classification results
are written to a spreadsheet that is available for immediate down-
load. The option to generate and save an image of the spoligoforest
based on the classification results is made available after classifica-
tion is completed. The spoligoforest generating algorithm is imple-
mented in Java, and the graph-drawing package Graphviz (Gansner
and North, 2000) is used to render the graph.
1 Number of repeats at locus MIRU24 > 1.
3. Results and discussion

The rules developed in this study for the classification of MTBC
into major lineages using spoligotype and MIRU24 comprise of
precisely defined logical clauses based on contiguous deletions of
one or more of the 43 spacers and the number of repeats at
MIRU24. Prior literature describes spoligotype-based visual rules
for classification, as well as bioinformatics approaches that identify
specific spacers and loci that can be used to differentiate strains
into groups (Brudey et al., 2006; Ferdinand et al., 2004; Filliol
et al., 2002, 2003; Sebban et al., 2002; Sola et al., 2001). However,
these previously defined methods (Brudey et al., 2006; Ferdinand
et al., 2004; Sebban et al., 2002; Sola et al., 2001; Streicher et al.,
2007) define identifying characteristics for spoligotype families
that lie within the major lineages. Moreover, the precedence of
these visual rules is not defined, leading to ambiguous assignment
of labels in an automated system. In TB-Lineage, the rules are ap-
plied in a specified order as defined in Fig. 1; the families with
the most stringent and well-defined signatures are tested first. Fur-
thermore, precision and recall on the CDC dataset guided the
assignment of precedence i.e. the order of the rules was varied,
and the order that resulted in the highest precedence and recall
on the training set was used. The genotype is classified by the first
rule met in the following defined sequence. If no rules are satisfied,
the lineage is indicated as being ‘‘not determined’’. These rules are
not comprehensive and will not identify all strains within a
lineage.

(1) East Asian: contiguous deletion of spacers 1–34.
(2) Indo-Oceanic:
(i) At least one spacer present in loci 25–28 AND contiguous

deletion in loci 29–36 AND MIRU24 > 11, OR
(ii) Spacer 34 absent AND contiguous deletion in loci 29–32

AND at least one spacer present in loci 33–36 AND at least
one spacer present in loci 25–28.

(3) M. bovis:
(i) Spacers 3, 9, 16 absent AND spacer 38 present AND contigu-

ous deletion from loci 39 to 43 AND at least on spacer pres-
ent in loci 33–36, OR
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(ii) Spacers 3, 9, 16 absent AND spacer 38 present AND contigu-
ous deletion from loci 39 to 43 AND MIRU24 > 1 AND contig-
uous deletion in 33–36.

(4) West African 1: spacers 8–12, 37–39 absent AND MIRU24 > 1.
(5) West African 2: spacers 7–9, 39 absent AND MIRU24 > 1.
(6) East-African Indian:
(i) Contiguous deletion in spacers 4–7 AND contiguous deletion

in spacers 23–24 AND contiguous deletion in loci 29–32
AND MIRU24 6 1, OR

(ii) Contiguous deletion in spacers 4–7 AND contiguous deletion
in spacers 23–24 AND at least one spacer in loci 29–32 AND
at least one spacer in loci 33–36 AND MIRU24 6 1.

(7) Indo-Oceanic:
(i) Contiguous deletion from 29 to 36 AND MIRU24 > 1, OR

(ii) Spacer 34 absent AND contiguous deletion from 29–32 AND
at least one spacer present in loci 33–36.

(8) Euro-American:
(i) Contiguous deletion in loci 33–36 AND contiguous deletion

in loci 29–32 AND MIRU24 6 1, OR
(ii) Contiguous deletion from loci 33 to 36 AND at least one

spacer present in loci 29–32.

This coherent set of rules for lineage classification was gener-
ated on the basis of the observations listed in Section 2.3. The order
of the rules is equivalent to first checking membership in PGG 1
and assigning to lineages within PGG 1. The rules are tested in
the order of stringency of clauses in order to minimize the number
of multiple label assignments. The MIRU24 is used to determine if
a strain is ancestral and belongs to PGG 1, since assignment to
principal genetic groups cannot be made on the basis of spoligo-
type alone when there is a deletion from 29 to 36. If the MIRU24
data is not available the Naïve Bayes classifier based on the spoli-
gotype is used to predict if a strain is ancestral and belongs to PGG
1. Assignment to specific lineages within PGG 1 is also based on
MIRU24 (or modern/ancestral prediction by the Naïve Bayes classi-
fier) and pertinent clauses for the lineages. The Beijing lineage that
requires spacers 1–34 to be absent is the first in the sequence of
rules. The main conditions used to test for the Indo-Oceanic lineage
are absence of spacers 29–32 and 34 in PGG 1 strains. An additional
clause requiring the presence of at least one spacer in 25–28 is in-
cluded in Rule 2 based on observations in the training dataset.
Note, while this is not a required clause to identify Indo-Oceanic
strains, it is incorporated in order to impose precedence of rules
such that high accuracy (as measured by f-measure described in
Section 2.3.2) is achieved on the training set. Additionally, strains
that simply satisfy absence of 29–32, 34, and are determined to be-
long to PGG 1 by presence of at least one spacer in 33–36 or
MIRU24 > 1, and that fail to satisfy any other lineage tests would
be labeled Indo-Oceanic by Rule 6. Since some of the clauses for
M. africanum (West African 1 and 2) are subsets of the clauses in
M. bovis, the corresponding rules for West African 1 and 2 (Rules
Table 3
Confusion matrix showing 99.8% correspondence between expert-assigned labels and th
spoligotype and 12 loci of MIRU-VNTR type of strains in the CDC dataset.

MIRU-VNTRplus lineage

East Asian East-African Indian Euro-American In

CDC labeled lineage
East Asian 653 0 0
East-African Indian 0 531 0
Euro-American 0 0 6710
Indo-Oceanic 0 0 0 1
West African 1 0 0 0
West African 2 0 0 0
M. bovis 0 0 0
4 and 5) appear after that of M. bovis (Rule 3). When there is a con-
tiguous deletion in 4–7 and 23–24 and MIRU24 6 1, Rule 5 is sat-
isfied and the isolate is labeled as East-African Indian. The Euro-
American lineage comprises a broad range of previously defined
sub-families – the LAM, Haarlem, X and T clades. The T sub-group
is ambiguously defined. However, all of these families correspond
to the PGG 2 and 3 and have the spacers 33–36 deleted. Absence
of spacers 33–36 is the main condition tested in Rule 7 for Euro-
American identification. Thus a precise, ordered set of rules are de-
fined for MTBC major lineage classification.

As a first validation step, in order to verify the expert-defined
labels themselves, the expert labels were compared to those gener-
ated by the strain-identification tool available at www.MIRU-
VNTRplus.org using spoligotype and MIRU (Allix-Beguec et al.,
2008b) (as described in Section 2.3). Of the 10828 distinct geno-
types in the CDC dataset, 90.3% of records were assigned concor-
dant labels by the MIRU-VNTRplus tool based on the three
nearest neighbors. Of these labeled records there is a 99.8% corre-
spondence between the CDC expert-defined labels and the lineages
assigned by the MIRU-VNTRplus strain-identification tool. Table 3
is a confusion matrix showing this high correspondence between
expert labels and those assigned by the MIRU-VNTRplus tool using
all the spoligotype and MIRU-VNTR data in the CDC dataset.

The accuracy of the rules was evaluated on two datasets from
the CDC, with CDC2011 containing genotypes not analyzed dur-
ing development, along with datasets from MIRU-VNTRplus
(Allix-Beguec et al., 2008b), Brussels (Allix-Beguec et al.,
2008b) and SpolDB4 (Filliol et al., 2002) described in prior pub-
lications. A high level of accuracy was reported on all datasets,
with the labels assigned by the online tool matching labels
determined by CDC experts, LSP-based analysis or SNP-based
analysis in greater than 99% of cases. A comparison of the f-mea-
sure of the rules used with spoligotype and MIRU-VNTR pattern
for each lineage applied to all the datasets is reported in Table 4.
Near perfect f-measure, i.e. close to 1, were observed across all
lineages. Detailed results of the classification of strains from
the CDC dataset and CDC2011 using both spoligotype and MIRU
are provided in confusion matrices in Supplementary Tables 5
and 6. The rules work equally well when only spoligotypes are
available as shown by f-measure values across all lineages and
all datasets in Supplementary Table 7. Detailed results of the
classification of strains from the CDC dataset using spoligotypes
alone are shown in Supplementary Table 8.

Reasons for discordant lineage assignment were investigated.
There are several instances of strains that satisfy the clauses of
rules for more than one lineage. Strains are assigned the label cor-
responding to the first rule satisfied. Although the precedence was
defined to maximize precision and recall, some strains that satisfy
multiple rules may get assigned discordant labels. The less than
100% congruence between the number of repeats at MIRU24 and
TbD1 may also result in a discordant lineage assignment. An
ose determined by the tool at www.MIRU-VNTRplus.org using the distinct pairs of

do-Oceanic West African 1 West African 2 M. bovis Unlabeled

0 0 0 0 4
0 0 1 0 164
0 17 1 0 613

707 4 1 0 189
0 50 0 0 0
0 0 48 0 3
0 0 0 127 5

http://www.MIRU-VNTRplus.org
http://www.MIRU-VNTRplus.org
http://www.MIRU-VNTRplus.org


Table 4
Comparison of f-measure of classification in the five datasets using both spoligotype and MIRU data.

East Asian East-African Indian Euro-American Indo-Oceanic West African 1 West African 2 M. bovis

CDC 1.0 0.9935 0.9993 0.9985 0.9424 0.9873 0.9985
CDC2011 0.9926 0.9926 0.9969 0.9916 0.95 1.0 0.9907
MIRU-VNTRplus 1.0 0.9524 0.9942 1.0 1.0 1.0 1.0
Brussels 0.9696 1.0 0.9941 0.9474 0.8000 1.0 1.0
SpolDB4 0.9926 0.9926 0.9969 0.9905 0.9268 1.0 0.9907
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analysis of records from the CDC dataset that were misclassified is
provided in the Supplementary Section in the Supplementary
Table 9.

In addition to assigning lineage, TB-Insight provides the TB-Vis
tool to analyze genotype datasets by visualizing the number of
occurrences of strains, their distribution by lineage, and potential
evolutionary relationships between strains. The visualization of
spoligotypes provided by TB-Vis builds on the design of spoligofor-
ests (Reyes et al., 2008), wherein each node represents a unique
spoligotype and each edge between the ‘parent’ spoligotype and
the ‘child’ represents a putative mutation event. The spoligoforest
created based on the genotypes in the CDC dataset is shown in
Fig. 2. Each lineage corresponds to a unique color. A node repre-
sents a cluster of strains of the same spoligotype but different
MIRU types, and is assigned a color based on the lineage to which
the spoligotype belongs. Node sizes are representative of the
Fig. 2. Spoligoforest representation of genetic diversity of MTBC strains in 37,066 isolat
corresponds to a unique color as shown in the legend. Each node represents a cluster of s
number of isolates on a log scale. The lineages are highly cohesive with few edges betw
reader is referred to the web version of this article.)
number of occurrences of strains of that spoligotype in the dataset
on a log scale (base 2). Edges indicate potential evolutionary rela-
tionships resulting from a contiguous deletion of spacers and
changes in the number of repeats at loci of MIRU-VNTR types asso-
ciated with the spoligotype, and are thus an indication of the relat-
edness of strains.

The structure of the MTBC population and the genetic related-
ness of strains in the CDC dataset are illustrated in the spoligofor-
est in Fig. 2. The lineage assigned by rules may be further verified
by making a visual examination of the generated spoligoforest,
wherein the relatedness of strains is established based on their ge-
netic similarity. Connected components, i.e. spoligotypes linked by
edges within the graph may be viewed as belonging to a single
group that share evolutionary history. The seven lineages appear
in distinct connected components in the resulting spoligoforest,
reflecting the fact that strains belonging to the same lineage have
es collected from TB patients in the United States from 2004 to 2008. Each lineage
trains of the same spoligotype but different MIRU types, and the size represents the
een lineages. (For interpretation of the references to color in this figure legend, the
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evolved from a common progenitor strain. Since the edges on the
spoligoforests represent possible mutations, spoligotypes that be-
long to the same connected component potentially share an evolu-
tionary relationship. Therefore, it can be inferred that the rules
group related strains into lineages that capture this relationship.
Visually one can see that the lineages are well separated since
there are few edges that connect isolates of different lineages. Note
that the lineages are not used to determine the edges of the spol-
igoforests or placement of nodes. Thus, the visualization provides
a means of verifying and validating the labels assigned by the rules.
The segregation accuracy of the groups based on the percentage of
edges that occur within a lineage in the spoligoforests for the CDC
dataset is greater than 99%. This is represented in the Supplemen-
tary Table 10.
4. Conclusions

We present a web tool, TB-Lineage, which implements a rule
base enabling automatic classification of MTBC strains into lin-
eages or genetic groups based on previous knowledge of spoligo-
type and MIRU-VNTR type signatures for lineages. Classification
of strains of the MTBC can be accomplished easily and efficiently
using spoligotype signatures gathered for TB surveillance without
the use of expensive and time-consuming additional genomic anal-
ysis. Visualization of lineages in the form of spoligoforests provides
an alternative perspective on the genotypes in the dataset: the
distribution of the strains by lineage, evolutionary relationships
between strains, and frequently occurring strains. Such a soft-
ware-based implementation reduces the effort involved in visual
inspection of the spoligotype and MIRU-VNTR types. It enables
the fast and efficient classification of MTBC strains using DNA fin-
gerprint data readily available in large-scale databases and a study
of the variance in strain characteristics by lineage.
5. Disclaimer
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authors and do not necessarily represent the views of the Centers
for Disease Control and Prevention.
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