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Mycobacterium tuberculosis is a clonal pathogen proposed to have co-evolved with its human
host for millennia, yet our understanding of its genomic diversity and biogeography remains
incomplete. Here we use a combination of phylogenetics and dimensionality reduction to
reevaluate the population structure of M. tuberculosis, providing an in-depth analysis of the
ancient Indo-Oceanic Lineage 1 and the modern Central Asian Lineage 3, and expanding our
understanding of Lineages 2 and 4. We assess sub-lineages using genomic sequences from
4939 pan-susceptible strains, and find 30 new genetically distinct clades that we validate in a
dataset of 4645 independent isolates. We find a consistent geographically restricted or
unrestricted pattern for 20 groups, including three groups of Lineage 1. The distribution of
terminal branch lengths across the M. tuberculosis phylogeny supports the hypothesis of a
higher transmissibility of Lineages 2 and 4, in comparison with Lineages 3 and 1, on a global
scale. We define an expanded barcode of 95 single nucleotide substitutions that allows rapid
identification of 69 M. tuberculosis sub-lineages and 26 additional internal groups. Our results
paint a higher resolution picture of the M. tuberculosis phylogeny and biogeography.
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uberculosis (TB) is among the ten top causes of death

worldwide. In 2018 more than ten million people fell ill

and 1.5 million died from TB (https://www.who.int/tb/
global-report-2019). During the last two decades, significant
efforts have been made to understand strain-level genetic
diversity in the TB bacillus Mycobacterium tuberculosis (Mtb)
and its geographic distribution. A robust classification of Mtb
strains into evolutionarily meaningful sub-lineages is important
both for taxonomic purposes and because sub-lineages can differ
in virulence or antibiotic resistance!. Mtb was first classified into
three principal genetic groups in 1997, based on two neutral
single nucleotide substitutions (SNSs) in the antibiotic resistance
genes katG (codon 463) and gyrA (codon 95)2. Since then several
studies have attempted higher resolution classification, using
large genomic deletions?, spoligotyping* and SNSs>~11. There are
currently nine recognized Mtb lineages (L1-9), with two lineages
(L2, L4) that have been well represented in taxonomic and
phylogeographic evaluations, while two others (L1 and L3) were
the subject of more recent works®=>12-17. Within the major
lineages, 53 sub-lineages have been described and are definable
with a SNS “barcode™®: 7 for L1, 6 for L2, 4 for L3, and 36 for L4.
These 53 sub-lineages best characterize diversity within L2 and
L4. The population structure of L1 and L3 is less understood as
these lineages are most prevalent in countries where pathogen
sequencing had been less widely applied. Recently, studies fueled
by increasing sequencing capacity in high-burden TB settings
have begun to evaluate the evolutionary history of L1 and L3
including the role of migration and dispersal in driving their
prevalence in different parts of the world!>-18,

Host-pathogen co-evolution and more recent host-related
selective pressures have been postulated to drive genetic diver-
sity in Mth1%20. Of high relevance to public health, this genetic
diversity is thought to underlie the observed differences in Mtb
sub-lineage transmissibility2122 or host specificity®. For example,
of the Mtb sub-lineages prevalent in Ho Chi Minh City, Vietnam,
one modern L2 sub-lineage (2.2.1) was found to be more trans-
missible relative to other L2 sub-lineages, L4 or L12l. Another
study reported reduced transmissibility for L3 compared to the
other Mtb major lineages in Montreal, Canada®. Finally, the
phylogeography of L5 and L6 (also known as M. africanumy), L7,
L8 and even some L4 sub-lineages (e.g., 4.6.1/Uganda, 4.6.2/
Cameroon, 4.1.3/Ghana, and 4.5) has demonstrated that these
groups are more geographically restricted than L2 and other L4
sub-lineages. These geographically restricted groups are asso-
ciated with lower variation in Mtb T-cell epitopes and support the
notion that Mtb sub-lineages have a spectrum of pathogenic
strategies and maybe niche specialists infecting preferentially
humans of a specific population or ancestry®. However, more
evidence is needed to support this hypothesis given the relatively
few genetic differences that define Mtb sub-lineages or human
ancestry.

Here, we sought to expand our understanding of the Mtb
population structure by leveraging 9584 genomes sampled from
49 countries, including 738 L1 and 1104 L3 isolates. We identify
and validate 22 novel sub-lineages and 8 additional internal
groups (i.e., genetically divergent groups found in sub-lineages
that cannot be further partitioned in a hierarchical fashion
according to our criteria), including 7 in L1 and 4 in L3, and
expand the SNS typing barcode to 95 sites. We find that L3 and
L2 have similar phylogenetic structure, yet L2 along with L4
manifest a phylogenetic signal of increased transmissibility
compared with L1 or L3. These findings, along with our
observations of novel geographically restricted sub-lineages,
expand the evidence supporting the Mtb human co-evolution
hypothesis.

Results

Detailed population structure of L1-4 and a hierarchical sub-
lineage naming system. We assembled a high-quality data set of
whole genomes, antibiotic resistance phenotypes, and geographic
sites of isolation for 9584 clinical Mtb samples (“Methods” section
and Supplementary Data 1). Of the total, 4939 (52%) were pan-
susceptible, i.e., susceptible to at least isoniazid and rifampicin
(and all other antibiotics when additional phenotypic data were
available), and 4645 (48%) were resistant to one or more anti-
biotics (Supplementary Fig. la). Using the 62 SNS lineage
barcode®, 738 isolates were classified as L1 (8%), 2193 as L2
(22%), 1104 as L3 (12%) and 5549 as L4 (58%, Supplementary
Fig. 1b). Among the 4939 pan-susceptible isolates, we identified
high-quality genome-wide SNSs (83,735 for L1, 56,736 for L2,
76,817 for L3, and 185,622 for 1L4) that we used in building
maximum-likelihood phylogenies for each major lineage (L1-4,
“Methods” section). We computed an index of genetic divergence
(Fst) between groups defined by each bifurcation in each phy-
logeny. Sub-lineages were defined as monophyletic groups that
had high Fsr (>0.33) and were also clearly separated from other
groups in principal component analysis (PCA, see “Methods”
section). We also defined internal groups to sub-lineages (see
“Methods” section): an internal group is a monophyletic group
genetically divergent (by Fsr and PCA) from its neighboring
groups, but has one or more ancestral branches that show a low
degree of divergence or low support (bootstrap values). Internal
groups do not represent true sub-lineages in a hierarchical fash-
ion, but defining them allows us to further characterize the Mtb
population structure. We provide code to automate all the steps
described above. Our approach is scalable and can be used on
other organisms (see “Methods” section).

To better classify Mtb isolates in the context of the global Mtb
population structure, we developed a hierarchical sub-lineage
naming scheme (Supplementary Data 2) where each subdivision
in the classification corresponds to a split in the phylogenetic tree
of each major Mtb lineage. Starting with the global Mtb lineage
numbers (e.g., L1), we recursively introduced a subdivision (e.g.,
from 1.2 to 1.2.1 and 1.2.2) at each bifurcation of the phylogenetic
tree whenever both subclades sufficiently diverged. Formally, we
defined these splits using bootstrap criteria, and independent
validations by Fgy and PCA (see “Methods” section). Internal
groups were denoted with the letter “i” (e.g., 4.1.i1). This
proposed system overcomes two major shortcomings of the
existing schemas: same-level sub-lineages are never overlapping
(unlike the system of Stucki et al.3 sub-lineage 4.10 includes sub-
lineages 4.7-4.9), and the names reflect both phylogenetic
relationships and genetic similarity (unlike semantic naming such
as the “Asia ancestral” lineage in the system of Shitikov et al.”).
Further, this naming system can be standardized to automate the
process of lineage definition. These advantages come at the price
of long sub-lineage names in the case of complex phylogenies (e.g.,
for 14, sub-lineage 4.10 gets the lineage designation
42.1.1.1.1.1.1). For compatibility with naming conventions
already in use and to keep names as short as possible, we
designed a second, shorthand, naming system that expands the
Coll et al. lineage schema by adding new subdivisions and
differentiating between sub-lineages and internal groups. For
instance, sub-lineage 4.3.1 is designated as 4.3.il, informing the
user that this is an internal group of sub-lineage 4.3. To simplify
the use of the hierarchical naming schema and the updated
shorthand schema, we provide a table that compares them side by
side along with naming systems currently in use (Supplementary
Data 2).

Using the sub-lineage definition rules and the sub-lineage
naming scheme described above, we characterized six previously
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Fig. 1 Phylogenetic tree reconstruction of lineage 1 (binary tree). Gray circles define splits where the Fst (fixation index) calculated using the descendants
of the two children nodes is greater than 0.33. The sub-lineages are defined by colored areas (blue: sub-lineages already described in the literature; green:
sub-lineages described here; purple: internal sub-lineages). Source data are provided as a Source Data file.

undescribed sub-lineages of L1 (Fig. 1 and Supplementary Fig. 2);
five of which expand the current description of 1.2. We also
detected an internal group of 91 isolates (1.1.3.i1) characterized
by a long defining branch in the phylogeny (corresponding to 82
SNSs), a high Fsr (0.48), and geographically restricted to Malawi
(85/91, 93% isolates, Fig. 1 and Supplementary Fig. 3). We
estimated the date of the emergence of the MRCA of such a group
(see “Methods” section) and we found it to be between 1497 and
1754. We found four previously undescribed sub-lineages of L3
(Fig. 2 and Supplementary Fig. 4), revising L3 into four main
groups, whereas previously only two partitions of one sub-lineage
were characterized (3.1). We found that the latter two partitions
are in fact internal groups of the largest sub-lineage (3.1.1) in our
revised classification.

L2 is divided into two groups: proto-Beijing and Beijing with
the latter in turn partitioned into two groups: ancient- and
modern-Beijing’. Each one of these groups is characterized by
further subdivisions (three for the ancient-Beijing group and
seven for the modern-Beijing group; see Supplementary Fig. 4).
We found a new sub-lineage (2.2.1.2, Fig. 3, and Supplementary
Fig. 5) within the previously characterized ancient-Beijing
group. However, genetic diversity within the modern-Beijing
group (2.2.1.1.1) was lower than in the other L2 sub-lineages
and the tree topology and Fsr calculations did not support
further hierarchical subdivisions. Although we did find three
internal groups of modern-Beijing: two undescribed and one
that corresponds to the Central Asia group’. For L4, our results
support a complex population structure with 21 sub-lineages
and 15 internal groups. In particular, we found 11 previously
undescribed sub-lineages and 5 internal groups that expand
our understanding of previously characterized sub-lineages
(e.g., 4.2.2; 4.2 in the Coll et al. classification) or that were
not characterized since these isolates were simply classified as

L4 (e.g., 4.11, Fig. 4, and Supplementary Fig. 6) using the other
barcodes.

A new barcode to define L1-4 Mtb sub-lineages and a software
package to type Mtb strains from WGS data. We defined a SNS
barcode for distinguishing the obtained sub-lineages (Supple-
mentary Data 3). We characterized new synonymous SNSs found
in 100% of isolates from a given sub-lineage, but not in other
isolates from the same major lineage, compiling 95 SNSs into an
expanded barcode (Supplementary Data 3). We validated the
barcode by using it to call sub-lineages in the hold-out set of 4645
resistant isolates and comparing the resulting sub-lineage desig-
nations with maximume-likelihood phylogenies inferred from the
full SNS data (Supplementary Figs. 7-10). A sub-lineage was
validated if it was found in the hold-out data and formed a
monophyletic group in the phylogeny. Considering the “recent”
sub-lineages, i.e., the most detailed level of classification in our
system, we were able to validate eight out of nine L1 sub-lineages
including five out of six of the new sub-lineages described here,
with the exception of 1.1.1.2. We validated all four new L3 sub-
lineages, all five L2 sub-lineages including the one previously
undescribed, and 16 of the 21 L4 sub-lineages including two
described here. The sub-lineages we could not confirm were not
represented by any isolate in the validation phylogenies. We did
not observe any paraphyletic sub-lineages in the revised classifi-
cation system.

We developed fast-lineage-caller, a software tool that classifies
Mtb genomes using the SNS barcode proposed above. For a given
genome, it returns the corresponding sub-lineage as output
using our hierarchical naming system in addition to four other
existing numerical/semantic naming systems, when applicable
(see “Methods” section). The tool also informs the user on how
many SNSs support a given lineage call and allows for filtering of
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Fig. 2 Phylogenetic tree reconstruction of lineage 3 (binary tree). Gray circles define splits where the Fst (fixation index) calculated using the
descendants of the two children nodes is greater than 0.33. The sub-lineages are defined by colored areas (green: sub-lineages described here; purple:

internal sub-lineages). Source data are provided as a Source Data file.
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Fig. 3 Phylogenetic tree reconstruction of lineage 2 (binary tree). Gray circles define splits where the Fst (fixation index) calculated using the
descendants of the two children nodes is greater than 0.33. The sub-lineages are defined by colored areas (blue: sub-lineages already described in the
literature; green: sub-lineages described here; purple: internal sub-lineages). Source data are provided as a Source Data file.

low-quality variants. The tool is generalizable and can manage
additional barcodes defined by the user to type the core genome
of potentially any bacterial species.

Geographic distribution of the Mtb sub-lineages. Next, we
examined whether certain sub-lineages were geographically
restricted, which would support the Mitb-human co-evolution
hypothesis, or whether they constituted prevalent circulating sub-
lineages in several different countries (ie, geographically
unrestricted). We used our SNS barcode to determine the sub-
lineages of 17,432 isolates (see “Methods” section) sampled from 74
countries (Supplementary Fig. 11 and Supplementary Data 4, 5).
We computed the Simpson diversity index (Sdi) as a measure of
geographic diversity that controls for variable sub-lineage frequency
(see “Methods” section) for each well-represented sub-lineage or
internal group (n>20). We hypothesized that geographically

unrestricted lineages would have a higher Sdi. We found Sdi to
correlate highly (p = 0.68; p-value = 5.7 x 10~7) with the number
of continents from which a given sub-lineage was isolated (Sup-
plementary Fig. 12). The Sdi ranged between a minimum of 0.05
and a maximum of 0.72, with a median value of 0.46 (Fig. 5). The
known geographically restricted sub-lineages® had an Sdi between
0.28 and 0.5 (Fig. 5 and Supplementary Table 1), while the known
geographically unrestricted sub-lineages®? had an Sdi between 0.55
and 0.61 (Fig. 5 and Supplementary Table 2). We found 11 sub-
lineages/internal groups with Sdi <0.28 (Supplementary Table 3),
and 11 sub-lineages/internal groups with Sdi >0.61 (Supplementary
Table 4), i.e,, more extreme than previously reported geographically
restricted or unrestricted sub-lineages, respectively.

While the currently known geographically restricted sub-
lineages are all in L4, we found evidence of geographic restriction
for two sub-lineages/internal groups of L1. The first, the L1

4 | (2021)12:6099 | https://doi.org/10.1038/s41467-021-26248-1 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26248-1

ARTICLE

410111
4'./2.1.2
4211
41
422
4.4.12 \’6\ _4.101.1.2
WA
4.4.1.1 > ,,'.“\
el
W /
W\ .
442, \ \\\. ® oo, 41012
413 ——— &
Q ©
"\ 3
4.3.i2 AR Q
N 4122
Q 00,
~~4.1.i2.1
4301, QA @
'\.\\01, \. %‘M. canettii
N0 o R
O ..
>
9; Q
Q
43, “‘. 410
'k
&
A \ <
3 R
% “'\ %) Q
5 Al \
4.3.i4.2/ 0: OIQ‘ o\ \.
1 e Me\S WRAN ™ .10i1
/ Il Il e \ \
4.3.i4.1 “ AN
‘ o
4.10.i2
4331 4332 \
T 4.7 (Coll et al.)
45”7 461  ~_ 4.12
S 4.6.2 411
(5 divisions) (5 divisions)
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Fig. 5 Histogram of the Simpson diversity index calculated for sub-
lineages of lineages 1-4. A data set of 17,432 isolates from 74 countries
was used to perform this analysis. Yellow triangles designate the Simpson
diversity index values of sub-lineages designated as geographically
restricted by Stucki et al. Light gray circles designate the Simpson diversity
index values of sub-lineages designated as geographically unrestricted by
Stucki et al. Source data are provided as a Source Data file.

internal group 1.1.3.i1, showed a very low Sdi (0.06) and was only
found at high frequency among the circulating L1 isolates in
Malawi (Fig. 6). This finding is also in agreement with the
L1 phylogeny (Fig. 1) that shows a relatively long (82 SNS)
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branch defining this group. The second geographically restricted
L1 sub-lineage is 1.1.1.1 (Sdi =0.12) that was only found at high
frequency among circulating L1 isolates in South-East Asia
(Vietnam and Thailand, Fig. 7). To exclude the possibility
that these two groups appeared geographically restricted as a
result of oversampling transmission outbreaks, we calculated the
distribution of the pairwise SNS distance for each of these two
sub-lineages. We measured a median SNS distance of 204
and 401, respectively, refuting this kind of sampling error for
these groups (typical pairwise SNS distance in outbreaks <15-20
SNS24) (Supplementary Fig. 13).

The geographically unrestricted sub-lineages spanned several
recognized generalist sub-lineages or internal groups (e.g.,
4.1.i1.1.1.1, 4.3, 4.10, and 2.2.1.1.1, which correspond to 4.1.2/
Haarlem, 4.3/LAM, 4.10/PGG3, modern-Beijing in the Stucki
et al.8 or the Shitikov et al.” classification). In addition, we found a
candidate geographically unrestricted sub-lineage of L1 (1.1.2).
L1.1.2 spanned 253 isolates from 7 countries and 4 continents and
its Sdi was 0.61 (Fig. 8). Overall we found a low, but significant
correlation between Sdi and the number of isolates sampled from
each sub-lineage (p 0.34; p-value = 0.03, Supplementary
Fig. 14) indicating that the most prevalent sub-lineages were
more likely to be geographically unrestricted.

To validate the geographic distribution of sub-lineages, we
curated a data set of 3791 Mtb isolates sampled to reliably
represent the entire population of TB patients in five countries
(Azerbaijan, Bangladesh, Pakistan, South Africa, and Ukraine,
Supplementary Data 6, Zignol et al. data set). In this data set, we
were able to identify 9 of the 30 new groups/sub-lineages
described above. L1 and 1.1.2 isolates were found in three out of
five countries (Azerbaijan, Pakistan, and Ukraine) spanning two
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Fig. 6 Geographic distribution of internal sub-lineage 1.1.3.i1. Colors represent the percentage of 1.1.3.i1 strains isolated in a given country with respect to
all lineage 1 strains isolated in such country. Source data are provided as a Source Data file.
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Fig. 7 Geographic distribution of internal sub-lineage 1.1.1.1. Colors represent the percentage of 1.1.1.1 strains isolated in a given country with respect to all
lineage 1 strains isolated in such country. Source data are provided as a Source Data file.

continents2 (Supplementary Figs. 15 and 16) supporting the
hypothesis that L1.1.2 is a geographically unrestricted L1 sub-
lineage. The candidate geographically restricted group 1.1.3.il
from Malawi, was only additionally found in South Africa
(Supplementary Fig. 16). L2 isolates were found in all five
countries with 98% belonging to the modern-Beijing group
(Supplementary Figs. 15 and 17). The modern-Beijing internal
group 2.2.1.1.1.i3, corresponding to the Central Asia group’, was
the most prevalent L2 group in Ukraine and Azerbaijan and the
second most prevalent group in Pakistan. This confirms
2.2.1.1.1.i3’s observed high Sdi (0.66) in the convenience training

data and is in line with modern-Beijing’s transmissibility (next
paragraph and ref. 21). L3 isolates were found in four (Azerbaijan,
Bangladesh, Pakistan, South Africa) of the five countries
(Supplementary Fig. 15). Sub-lineage 3.1.1 was the most prevalent
sub-lineage (Supplementary Fig. 18), but the two new L3 sub-
lineages we describe (3.2.1 and 3.1.2) were also observed at low
frequency (2.4-4.8%) in Bangladesh and Pakistan. L4 isolates and
most commonly 4.1, 4.3, and 4.10 (that correspond to 4.1, 4.3/
LAM, and 4.10/PGG in the Stucki et al® Cclassification;
Supplementary Fig. 19) were found in all five countries in line
with their Sdi >0.67 and results on L4 transmissibility below.
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Differences in transmissibility between the Mtb global lineages.
The observation that some lineages/sub-lineages are more geo-
graphically widespread than others raises the question of whether
this results from differences in marginal transmissibility across
human populations. On a topological level, we observed L2 and
L3 phylogenies to be qualitatively different from those of L1 and
L4 (Figs. 1-4): displaying a star-like pattern with shorter internal
branches and longer branches near the termini. We confirmed
this quantitatively by generating a single phylogenetic tree for
all 9584 L1-4 isolates and plotting cumulative branch lengths
from root to tip for each main lineage (Supplementary Fig. 20).
Star-like topologies have been postulated to associate with rapid
or effective viral or bacterial transmission e.g., a “super-spread-
ing” event in outbreak contexts?>. To compare transmissibility
between the four lineages, we compared the distributions of
terminal branch lengths expecting a skew toward shorter terminal
branch lengths supporting the idea of higher transmissibility.
We found L4 to have the shortest median terminal branch length,
followed in order by 1.2, L3, and L1 (medians: 6.2 x 107>, 8.2 x
1073, 10.2 x 1075, 17.5 x 107>, respectively; all pairwise two-
sided Wilcoxon rank-sum tests significant p-value < 0.001; Fig. 9).
Shorter internal node-to-tip distance is a second phylogenetic
correlate of transmissibility; the distribution of this measure
across the four lineages revealed a similar hierarchy to the
terminal branch length distribution (Supplementary Fig. 21). We
also computed the cumulative distribution of isolates separated by
increasing total pairwise SNS distance (Supplementary Fig. 22).
The proportion of L4 isolates separated by <5 SNS was highest
and followed by L2, L3, and L1, respectively. Thus, despite the
topological similarities between the L3 and L2 trees, L3 was
measured to be less transmissible by interrogating the topology of
the trees.

To confirm that the measured transmissibility differences are
not due to sampling bias in the source data, we compared the
distributions of terminal branch lengths for the four major
lineages using the susceptible isolates only (n =4939/9584; data
set with curated phenotypes) and using the Zignol et al. data set,
where the isolates have been randomly sampled in five countries.

Lineage

0.00050 0.00075 0.00100 0.00125

Terminal branch lengths

0.00000 0.00025
Fig. 9 Distributions of terminal branch lengths for the four global Mtb
lineages (L1-L4). Two-sided Wilcoxon rank sum tests were performed to
test that two distributions were significantly different. Medians: 6.2 x 10—5
(L4), 8.2 %1075 (L2),10.2 x 1075 (L3), 17.5 x 105 (L1). Comparisons: L1 vs
L2, L3 or L4 (p-value <2.2 x10716); L2 vs L3 (p-value = 3.6 x1076), L2 vs
L4 (p-value < 2.2 x10716); L3 vs L4 (p-value < 2.2 x 10~16). Description of
the distributions (L1: n =739, Min: 0.5 x10~5, 1st Quartile: 6.7 x 105,
Median: 17.5 x 10~5, 3rd Quartile: 28 x 10~>, Max: 120 x 10~5; L2: n = 2193,
Min: 0.7 x 105, 1st Quartile: 5.3 x 10—>, Median: 8.2 x 10>, 3rd Quartile:
121073, Max: 110 x 10~3; L3: n= 1103, Min: 0.5 x10~>, 1st Quartile:
4.5%10~>, Median: 10.2 x 10—3, 3rd Quartile: 20 x 10—>, Max: 80 x 10—5;
L4: n=5514, Min: 0.2 x 107>, Ist Quartile: 2.6 x10~>, Median: 6.2 x 103,
3rd Quartile: 13 %1075, Max: 70 x 10~5). Source data are provided as a
Source Data file.
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In both cases, we found that L4 and L2 have the shortest median
terminal branch lengths and L1 the longest. In the Zignol et al.
data set, we also found that L4 and L2 terminal branch lengths
were shorter than L3’s (Supplementary Information, Supplemen-
tary Figs. 23 and 24).

Discussion

Our results provide the most detailed picture of Mtb’s population
structure to date and extend previous schemas®8, particularly for
L1 and L3. We describe 7 and 4 new sub-lineages/internal groups,
respectively, for these two lineages. The largest improvement was
in increasing the resolution of sub-lineage 1.2 (5 subdivisions
instead of 2), and in partitioning L3 into 4 groups since pre-
viously only a single group with one sub-lineage was character-
ized (3.1) for L3. We found an internal sub-lineage of 1.1
(1.1.3.i1) that was found almost exclusively in Malawi (85/91
isolates) with nearest neighbors isolated from India. The tMRCA
of this group dates back to a point in time between c1497 and
c1754. Recent work examining the evolutionary history of L1
concluded that its origin was most likely in South Asia with a
tMRCA estimated in the twelfth century AD!. Dissemination of
L1 out of South Asia may have been related to increase in mar-
itime trade between the continents in this era including seasonal
trade following the monsoon season between South Asia and
East/Southern Africa. In this study, a group of isolates belonging
to sub-lineage 1.1.3 was defined, the vast majority of which are
from Malawi, consistent with our results. European contact
with the autochthonous populations in South Eastern Africa is
estimated to have taken place in the late 15th century, around the
time of origin of sub-lineage 1.1.3.il. Despite the opportunity
for dissemination mediated by trade and colonization into
Europe and other continents, we observe an unusual pattern of
geographic restriction of this group of isolates, consistent
with a specialist phenotype. This supports the idea that this is a
candidate lineage with adaptation to a specific human genetic
background in this region of Africa through co-evolution. This
observation can be confirmed as more extensive and systematic
pathogen whole genome sequencing becomes available from Sub-
saharan Africa.

For L2, we find limited internal diversity with the exception of
major splits between the proto-, ancient and modern-Beijing
groups. Our schema supports 3 out of 4 groups previously
described as either proto-Beijing or ancient-Beijing; the fourth
unsupported group in our schema is Asia ancestral 3 previously
proposed as a subdivision of ancient Beijing’. We also identify a
separate new sub-lineage of the ancient-Beijing group (2.2.1.2).
Our results show no evidence for sub-lineages inside the modern-
Beijing group, but support three internal groups (2.2.1.1.1.l,
2.2.1.1.1.i2, 2.2.1.1.1.i3) one of which (Central Asia) was pre-
viously described by Shitikov et al. Our analysis supports the
existing schemas for L4%8 and extends them by defining 11 new
sub-lineages (and 5 internal groups). In particular, we improve
the resolution of known sub-lineages, for instance, 4.2, 4.6.1, and
4.6.2, and define three new sub-lineages (4.11-4.13) which
increase the total number of L4 major sub-lineages from 7
(4.1-4.6 and 4.10 in the Stucki et al. classification) to 10.

We define a SNS barcode (95 SNS) that allows the rapid
assignment of Mtb sub-lineage designations with detailed
semantic and hierarchical sub-lineage naming schema from
genomic data (.vcf files)°-8. Along with this, we provide a soft-
ware package and comparative tables/figures to facilitate the
interchange between five SNS schemas and three Mtb sub-lineage
naming systems®~826. We expect these tools to facilitate the use of
the expanded Mtb classification by scholars of Mtb evolution and
public health practitioners alike for applications such as the rapid

assessment of potential outbreaks and isolate triage for detailed
phylogenetic analyses. Further, low-level susceptibility to specific
Mtb drugs has been reported for some lineages?’>28. Improving
the resolution of classification at the sub-lineage level can allow
for a better understanding of these findings and potentially a
more refined prediction of drug resistance profiles.

We find evidence supporting the Mtb-human co-evolution
hypothesis and its corollary of lineage differential adaptation?,
including a spectrum of transmissibility across the four major
Mtb lineages. We characterize L4 and L2 as the most trans-
missible, L1 as the least transmissible one, and L3 showing an
intermediate level of transmissibility using different phyloge-
netic metrics. This is consistent with previous studies that have
identified L2 sub-lineages as more transmissible than L1 in
Vietnam?! and Malawi?2. This result also supports several
reports which have failed to identify differences in transmissi-
bility between L2 and L4%°-31. In order to test the robustness of
our findings and minimize the potential sampling bias, we also
compared the transmissibility of the major Mtb lineages using a
the pan-susceptible isolates form our data set with curated
phenotypes (n =4939/9584) and using a data set where isolates
were randomly sampled in five countries and we got similar
results. Finally, our results are also in line with a larger number
of geographically unrestricted “generalist” L4 and L2 sub-
lineages observed (compared with L3 or L1).

We find two new candidates with geographically restricted sub-
lineages/internal groups, one of them from Malawi and one from
South-East Asia (Vietnam and Thailand). We also report evi-
dence of a geographically unrestricted “generalist” sub-lineage in
L1 (1.1.2). L1 is the most ancestral of the four main Mtb lineages
(L1-4), and given the evidence of low transmissibility on average
across countries and sub-lineages, the finding of a potential
generalist L1 sub-lineage requires further study and validation
with additional data.

Our results raise the question of whether the geographically
restricted sub-lineages represent cases of specialization or adap-
tation to specific human populations and whether the geo-
graphically unrestricted sub-lineages might have genetic features
that allow them to spread efficiently in many different human
populations. Although the phylogenies and validated geographic
distribution are suggestive of differential adaptation, confirmation
of this observation requires control for TB exposure and differ-
ences in contact networks using epidemiological data. A limita-
tion of our analysis is the lack of this data and other patient and
country-level data, including human ancestry, recent migration,
and HIV prevalence. Nevertheless, we find large differences in the
geographic distribution of more than 20 Mtb sub-lineages across
51 countries and validated using systematically sampled data
from these respective geographies. In the future, as additional
patient metadata and Mtb sequence data become available,
follow-up analyses can confirm the geographic distribution of
these sub-lineages. In summary, this work provides new insights
into the population structure, biogeography, and transmissibility
of Mtb and demonstrates the use of this information to classify
Mtb strains and investigate the relationships between population
structure, pathogenicity, and transmission.

Methods

Phenotypic and geographic location data. We compiled a first data set of anti-
biotic susceptibility and resistance data for 11,349 Mtb isolates using public
databases (Patric)?2 and literature curation®33-44, A summary table of the data and
the scripts used to generate it are available at https://github.com/farhat-lab/resdata
(v1.0). The isolate metadata including the country of isolation were downloaded
using SRAtools v2.9.1 (https://github.com/ncbi/sra-tools). Isolates were filtered
according to the procedures described below, resulting in a data set of 9584 isolates.
The full list of isolates and countries of isolation are available on Supplementary
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Data 1. We used this data set to determine the sub-lineages definitions and study
the differences in transmissibility between the major Mtb lineages. In order to
determine the geographic distribution of the Mtb sub-lineages we used a second
data set of 17,431 Mtb isolates. The full list of isolates and countries of isolation are
available on Supplementary Data 4. Finally, in order to validate the geographic
distribution of sub-lineages we used a third data set of 3791 Mtb isolates from five
countries and three continents (Azerbaijan, Bangladesh, Pakistan, South Africa,
and Ukraine, Supplementary Data 6). These isolates come from epidemiological
surveys designed to be representative of the entire population of TB patients of
each one of these countries'8. A summary table containing the breakdown by
country and lineage of all these three datasets is available on Supplementary Data 7.

Sequencing data analysis and lineage calling. Sequence read data for the isolates
were downloaded from NCBI (the list of BioSamples is available on Supplementary
Data 1). We used an implementation of the pipeline proposed by Ezewudo et al.*>
to get the genetic variants that characterize any strain with respect to the Mtb
reference strain H37Rv. For each isolate, identified by a BioSample, we downloaded
all the associated Illumina sequencing runs and we ran PRINSEQ v0.20.4%0 to trim
and filter the reads (using an average phred score threshold of 20). Then we ran
Kraken v0.10.647 and discarded the isolates where <90% of the reads were assigned
to Mtb. For this purpose, we set up a custom Kraken database, to reduce the
memory requirements of the default database (Reference sequences: NC_009565.1 /
L4, NC_000962.3 / L4, NC_017524.1 / L4, NC_002755.2 / L4, NC_021054.1 / L2).

Reads were then aligned to the H37Rv (NC_000962.3) reference genome using
“BWA mem” v0.7.1748, Duplicate reads were removed with Picard v2.9.2 (http://
broadinstitute.github.io/picard/). As an additional quality check the coverage of the
Mtb genome was evaluated using samtools v1.94° and all isolates having a coverage
of less than 95% of the Mtb genome with a depth of at least 10X were dropped.
Genetic variants were called using Pilon v1.22°Y. Lineage calls were made using the
fast-lineage-caller v1.0 (https://github.com/farhat-lab/fast-lineage-caller), using the
Coll et al.® and Shitikov et al.” SNS schemes.

Phylogenetic trees. In order to reduce the probability of having mixed isolates
(e.g., isolates from different lineages/sub-lineages that infected the same patient),
that could affect the determination of the tree of a given Mtb lineage, we computed
the F2 lineage-mixture metric>! and excluded the isolates that had scores greater
than 0.5. We separately determined the phylogenetic trees for the pan-susceptible
isolates (isolates that were susceptible to both isoniazid and rifampicin as well as all
other antibiotics they were tested) and the resistant ones (isolates that were
resistant to one or more antibiotics). To generate the trees we merged the .vcf files
of the isolates of a given lineage with bcftools v1.9°2. Then we removed the
repetitive, antibiotic resistance and low coverage regions (Supplementary Data 8).
We generated a multi-sequence.fasta alignment from the merged.vcf with
vef2phylip v1.5 (https://doi.org/10.5281/zenodo.1257057) and we determined the
phylogenetic tree with igtree v1.6.10 (automatic model selection, 1000 bootstraps).

Fsy and PCA. The Fgr was calculated using the PopGenome R package v2.6.1%3,
PCA analysis was performed using the ade4 R package>* v1.7-8 (R v3.5.1).

Sub-lineage definition. We defined the sub-lineages by evaluating: (1) the infor-
mation of the tree topology, (2) the support (bootstrap), (3) the Fgr, and (4) the
results of a PCA analysis performed at each node. We considered a node as an
informative one if: the support was >95 (iqtree ultrafast bootstrap), the Fsr was
>0.33 and in the PCA analysis, we were able to identify two groups (since our trees
were binary trees). The threshold of the Fgr (0.33), we choose was already used to
characterize sub-lineages in the previous works® and the distributions of the Fgr
calculated at each internal node of all lineages suggest it is a reasonable value to
discriminate between Mtb sub-lineages (Supplementary Fig. 25). In a few situations
(n=3) we relaxed one of these constraints either because the node was the first
split within a major lineage (split between 1.1 and 1.2, split between 4.1 and
4.[2-6,10-13]) or the group was already identified by previous studies and the
results taken together were indicating that the group is valid (4.3.i1). The scripts
used to define the sub-lineages/internal groups are available at https://github.com/
farhat-lab/mtb-popstruct-2020.

Hierarchical sub-lineage naming system. We assigned to all the sub-lineages
their major lineage number (1, 2, 3, or 4). For each of the informative nodes in the
tree (it is important to notice that we generated binary trees), we assigned a “.1” for
the subtree having most of the descendants, while we assigned a “.2” for the subtree
having the least descendants (exceptions to this rule were made for 4.1 and 2.1 to
retain compatibility with the Coll et al.® SNS scheme). We stopped defining groups
when a split was not sufficiently supported (ultrafast bootstrap < 95), the Fsr was
<0.33, or the results of a PCA analysis were not conclusive (see also the Sub-lineage
definition section). We also allowed for internal groups, i.e., if one or more
ancestors of a given informative node were not informative we considered all the
descendants of the informative node as members of an internal group of a given
sub-lineage. We, therefore, added a “.i <n>” suffix to design such groups of strains
as internal groups (e.g., 4.1.il).

Comparison of tree topologies. In order to compare the topologies of L1-4 trees,
we calculated the proportion of tree length as a function of the node level. We used
a phylogenetic tree containing all L1-4 isolates. Starting from the MRCA node of
each one of the L1-4 sets of isolates we iteratively looked for the children nodes
(target nodes) and determined the average patristic distances between the target
nodes and the MRCA node. Each one of the iterations represented a node level. We
then normalized the resulting averaged distances by the maximum value of the
average patristic distance obtained. This algorithm was implemented in R using the
ape v5.3°° and phangorn v2.5.3°¢ packages.

A python lineage caller. We developed a python module (https://github.com/
farhat-lab/fast-lineage-caller) that takes as input a.vcf file and returns the lineage /
sub-lineage calls. We provide five SNS schemes for Mtb: Coll et al.® (all lineages),
the Shitikov et al.” (L2), Stucki et al.3 (L4, geographically bounded and unbounded
sub-lineages), Lipworth et al.2® (Mtb complex species, Mtb main lineages) and the
one proposed here (L1-4). Version 1.0 was used for the analyses described in
this study.

Dating the MRCA of internal group 1.1.3.i1. We calculated the median branch
length from the MRCA node of all 1.1.3.il isolates and converted it to the number
of SNS using the alignment length. We then considered an evolutionary rate
bracket of 0.3 to 0.6 substitutions per genome per year and multiplied it for the
number of SNS to get a time range corresponding to such branch length.

Simpson diversity index. The Simpson diversity index was calculated using the
vegan (version 2.5.6; https://cran.r-project.org/package=vegan) R package. The
correlations between the Simpson diversity index and the number of continents
where a given sub-lineage has been found or the number of isolates of each sub-
lineage (Supplementary Figs. 12 and 14) were determined using the cor function of
the stats®’ (version 3.5.1) R package.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

A summary table of the first data set of 11,349 public isolates including drug resistance
phenotypes and the scripts used to generate it from source databases are available at
https://github.com/farhat-lab/resdata (v1.0). Isolates were filtered according to the
criteria described in the methods resulting in a data set of 9584 isolates (described in
Supplementary Data 1). To determine the geographic distribution of Mtb sub-lineages
identified in this data, we used a second data set of 17,431 isolates (accession numbers are
provided in Supplementary Data 4). Lastly, to validate the geographic distribution of sub-
lineages we used a third data set of 3791 Mtb isolates systematically samples from five
countries and three continents (Azerbaijan, Bangladesh, Pakistan, South Africa, and
Ukraine and accession numbers are detailed in Supplementary Data 6). Source data are
provided with this paper. Any additional data are available from the corresponding
authors upon reasonable request. Source data are provided with this paper.

Code availability

Fast-lineage-caller is available for download at https://github.com/farhat-lab/fast-lineage-
caller (v1.0 was used in this study). The scripts used to determine Fgr values and that
were used in the process of defining sub-lineages/internal groups are available at https://
github.com/farhat-lab/mtb-popstruct-2020 (v0.3 was used in this study). Both these
software are released under the GPL-3.0 license.

Received: 14 October 2020; Accepted: 6 September 2021;
Published online: 20 October 2021

References

1. Gagneux, S. & Small, P. M. Global phylogeography of Mycobacterium
tuberculosis and implications for tuberculosis product development. Lancet
Infect. Dis. 7, 328-337 (2007).

2. Sreevatsan, S. et al. Restricted structural gene polymorphism in the
Mycobacterium tuberculosis complex indicates evolutionarily recent global
dissemination. Proc. Natl Acad. Sci. USA 94, 9869-9874 (1997).

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

4. Brudey, K. et al. Mycobacterium tuberculosis complex genetic diversity: mining
the fourth international spoligotyping database (SpolDB4) for classification,
population genetics and epidemiology. BMC Microbiol. 6, 23 (2006).

5. Baker, L., Brown, T., Maiden, M. C. & Drobniewski, F. Silent nucleotide
polymorphisms and a phylogeny for Mycobacterium tuberculosis. Emerg.
Infect. Dis. 10, 1568-1577 (2004).

| (2021)12:6099 | https://doi.org/10.1038/541467-021-26248-1 | www.nature.com/naturecommunications 9


http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
https://github.com/farhat-lab/fast-lineage-caller
https://doi.org/10.5281/zenodo.1257057
https://github.com/farhat-lab/mtb-popstruct-2020
https://github.com/farhat-lab/mtb-popstruct-2020
https://github.com/farhat-lab/fast-lineage-caller
https://github.com/farhat-lab/fast-lineage-caller
https://cran.r-project.org/package=vegan
https://github.com/farhat-lab/resdata
https://github.com/farhat-lab/fast-lineage-caller
https://github.com/farhat-lab/fast-lineage-caller
https://github.com/farhat-lab/mtb-popstruct-2020
https://github.com/farhat-lab/mtb-popstruct-2020
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Coll, F. et al. A robust SNP barcode for typing Mycobacterium tuberculosis
complex strains. Nat. Commun. 5, 4812 (2014).

Shitikov, E. et al. Evolutionary pathway analysis and unified classification of
East Asian lineage of Mycobacterium tuberculosis. Sci. Rep. 7, 9227 (2017).
Stucki, D. et al. Mycobacterium tuberculosis lineage 4 comprises globally
distributed and geographically restricted sublineages. Nat. Genet. 48,
1535-1543 (2016).

Merker, M. et al. Evolutionary history and global spread of the Mycobacterium
tuberculosis Beijing lineage. Nat. Genet. 47, 242-249 (2015).

Filliol, I. et al. Global phylogeny of Mycobacterium tuberculosis based on single
nucleotide polymorphism (SNP) analysis: insights into tuberculosis evolution,
phylogenetic accuracy of other DNA fingerprinting systems, and
recommendations for a minimal standard SNP set. J. Bacteriol. 188, 759-772
(2006).

Gutacker, M. M. et al. Single-nucleotide polymorphism-based population
genetic analysis of Mycobacterium tuberculosis strains from 4 geographic sites.
J. Infect. Dis. 193, 121-128 (2006).

Ngabonziza, J. C. S. et al. A sister lineage of the Mycobacterium tuberculosis
complex discovered in the African Great Lakes region. Nat. Commun. 11,
2917 (2020).

Blouin, Y. et al. Significance of the identification in the Horn of Africa of an
exceptionally deep branching Mycobacterium tuberculosis clade. PLoS ONE 7,
52841 (2012).

Coscolla, M. et al. Phylogenomics of Mycobacterium africanum reveals a new
lineage and a complex evolutionary history. Cold Spring Harb. Lab. https://
doi.org/10.1101/2020.06.10.141788 (2020).

Couvin, D., Reynaud, Y. & Rastogi, N. Two tales: worldwide distribution of
Central Asian (CAS) versus ancestral East-African Indian (EAI) lineages of
Mycobacterium tuberculosis underlines a remarkable cleavage for
phylogeographical, epidemiological and demographical characteristics. PLoS
ONE 14, €0219706 (2019).

Menardo, F. et al. Local adaptation in populations of Mycobacterium
tuberculosis endemic to the Indian Ocean Rim. Cold Spring Harb. Lab. https://
doi.org/10.1101/2020.10.20.346866 (2020).

O’Neill, M. B. et al. Lineage specific histories of Mycobacterium tuberculosis
dispersal in Africa and Eurasia. Mol. Ecol. 28, 3241-3256 (2019).

Zignol, M. et al. Genetic sequencing for surveillance of drug resistance in
tuberculosis in highly endemic countries: a multi-country population-based
surveillance study. Lancet Infect. Dis. 18, 675-683 (2018).

Gagneux, S. Ecology and evolution of Mycobacterium tuberculosis. Nat. Rev.
Microbiol. 16, 202-213 (2018).

Chiner-Oms, A. et al. Genomic determinants of speciation and spread of the
Mycobacterium tuberculosis complex. Sci. Adv. 5, eaaw3307 (2019).

Holt, K. E. et al. Frequent transmission of the Mycobacterium tuberculosis
Beijing lineage and positive selection for the EsxW Beijing variant in Vietnam.
Nat. Genet. 50, 849-856 (2018).

Guerra-Assungio, J. A. et al. Large-scale whole genome sequencing of M.
tuberculosis provides insights into transmission in a high prevalence area.
Elife 4, €05166 (2015).

Albanna, A. S. et al. Reduced transmissibility of East African Indian strains of
Mycobacterium tuberculosis. PLoS ONE 6, €25075 (2011).

Jajou, R. et al. Towards standardisation: comparison of five whole genome
sequencing (WGS) analysis pipelines for detection of epidemiologically linked
tuberculosis cases. Euro Surveill. 24, 1900130 (2019).

Colijn, C. & Gardy, J. Phylogenetic tree shapes resolve disease transmission
patterns. Evol. Med. Public Health 2014, 96-108 (2014).

Lipworth, S. et al. SNP-IT tool for identifying subspecies and associated lineages
of Mycobacterium tuberculosis complex. Emerg. Infect. Dis. ]. 25, 482 (2019).
Farhat, M. R. et al. Rifampicin and rifabutin resistance in 1003 Mycobacterium
tuberculosis clinical isolates. J. Antimicrob. Chemother. 74, 1477-1483 (2019).
Farhat, M. R. et al. GWAS for quantitative resistance phenotypes in
Mycobacterium tuberculosis reveals resistance genes and regulatory regions.
Nat. Commun. 10, 2128 (2019).

Nebenzahl-Guimaraes, H., Verhagen, L. M., Borgdorff, M. W. & van Soolingen,
D. Transmission and progression to disease of Mycobacterium tuberculosis
phylogenetic lineages in the Netherlands. J. Clin. Microbiol. 53, 3264-3271 (2015).
Nebenzahl-Guimaraes, H., Borgdorff, M. W., Murray, M. B. & van Soolingen,
D. A novel approach—the propensity to propagate (PTP) method for
controlling for host factors in studying the transmission of Mycobacterium
tuberculosis. PLoS ONE 9, €97816 (2014).

Peres, R. L. et al. Risk factors associated with cluster size of Mycobacterium
tuberculosis (Mtb) of different RFLP lineages in Brazil. BMC Infect. Dis. 18, 71
(2018).

Wattam, A. R. et al. Improvements to PATRIC, the all-bacterial Bioinformatics
Database and Analysis Resource Center. Nucleic Acids Res. 45, D535-D542 (2017).
Walker, T. M. et al. Whole-genome sequencing to delineate Mycobacterium
tuberculosis outbreaks: a retrospective observational study. Lancet Infect. Dis.
13, 137-146 (2013).

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Gardy, J. L. et al. Whole-genome sequencing and social-network analysis of a
tuberculosis outbreak. N. Engl. J. Med. 364, 730-739 (2011).

Chatterjee, A., Nilgiriwala, K., Saranath, D., Rodrigues, C. & Mistry, N. Whole
genome sequencing of clinical strains of Mycobacterium tuberculosis from
Mumbai, India: a potential tool for determining drug-resistance and strain
lineage. Tuberculosis 107, 63-72 (2017).

Manson, A. L. et al. Mycobacterium tuberculosis whole genome sequences
from southern India suggest novel resistance mechanisms and the need for
region-specific diagnostics. Clin. Infect. Dis. 64, 1494-1501 (2017).

Walker, T. M. et al. Whole-genome sequencing for prediction of
Mycobacterium tuberculosis drug susceptibility and resistance: a retrospective
cohort study. Lancet Infect. Dis. 15, 1193-1202 (2015).

Bryant, J. M. et al. Inferring patient to patient transmission of Mycobacterium
tuberculosis from whole genome sequencing data. BMC Infect. Dis. 13, 110
(2013).

Casali, N. et al. Evolution and transmission of drug-resistant tuberculosis in a
Russian population. Nat. Genet. 46, 279-286 (2014).

Clark, T. G. et al. Elucidating emergence and transmission of multidrug-
resistant tuberculosis in treatment experienced patients by whole genome
sequencing. PLoS ONE 8, e83012 (2013).

Cohen, K. A. et al. Evolution of extensively drug-resistant tuberculosis

over four decades: whole genome sequencing and dating analysis of
Mycobacterium tuberculosis Isolates from KwaZulu-Natal. PLoS Med. 12,
1001880 (2015).

Zhang, H. et al. Genome sequencing of 161 Mycobacterium tuberculosis
isolates from China identifies genes and intergenic regions associated with
drug resistance. Nat. Genet. 45, 1255-1260 (2013).

Comas, . et al. Out-of-Africa migration and Neolithic coexpansion of
Mycobacterium tuberculosis with modern humans. Nat. Genet. 45, 1176-1182
(2013).

Perdigdo, J. et al. Unraveling Mycobacterium tuberculosis genomic diversity
and evolution in Lisbon, Portugal, a highly drug resistant setting. BMC
Genomics 15, 991 (2014).

Ezewudo, M. et al. Integrating standardized whole genome sequence analysis
with a global Mycobacterium tuberculosis antibiotic resistance knowledgebase.
Sci. Rep. 8, 15382 (2018).

Schmieder, R. & Edwards, R. Quality control and preprocessing of
metagenomic datasets. Bioinformatics 27, 863-864 (2011).

Wood, D. E. & Salzberg, S. L. Kraken: ultrafast metagenomic sequence
classification using exact alignments. Genome Biol. 15, R46 (2014).

Li, H. Aligning sequence reads, clone sequences and assembly contigs with
BWA-MEM. Preprint at https://arxiv.org/abs/1303.3997 (2013).

Li, H. A statistical framework for SNP calling, mutation discovery, association
mapping and population genetical parameter estimation from sequencing
data. Bioinformatics 27, 2987-2993 (2011).

Walker, B. J. et al. Pilon: an integrated tool for comprehensive microbial
variant detection and genome assembly improvement. PLoS ONE 9, 112963
(2014).

Whyllie, D. H. et al. Identifying mixed Mycobacterium tuberculosis infection
and laboratory cross-contamination during mycobacterial sequencing
programs. J. Clin. Microbiol. 56, €00923-18 (2018).

Li, H. et al. The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).

Pfeifer, B., Wittelsbiirger, U., Ramos-Onsins, S. E. & Lercher, M. J.
PopGenome: an efficient Swiss army knife for population genomic analyses in
R. Mol. Biol. Evol. 31, 1929-1936 (2014).

Dray, S. & Dufour, A.-B. The ade4 package: implementing the duality diagram
for ecologists. J. Stat. Softw. 22, 1-20 (2007).

Paradis, E. & Schliep, K. ape 5.0: an environment for modern phylogenetics
and evolutionary analyses in R. Bioinformatics 35, 526-528 (2019).

Schliep, K. P. phangorn: phylogenetic analysis in R. Bioinformatics 27,
592-593 (2011).

R Core Team. R: A Language and Environment for Statistical Computing
(2018).

Acknowledgements
We thank Karel Bfinda for comments on the manuscript.

Author contributions

M.RF. and LF. conceived the study, designed the analysis and wrote the manuscript.
LF. and RV Jr. performed the analyses. A H., SM.M.K,, A.S,, S.T,, NI, AB, SN,
D.M.C, AS.D., and M.Z. contributed data. All authors reviewed the manuscript.

Competing interests

The authors declare no competing interests.

| (2021)12:6099 | https://doi.org/10.1038/s41467-021-26248-1 | www.nature.com/naturecommunications


https://doi.org/10.1101/2020.06.10.141788
https://doi.org/10.1101/2020.06.10.141788
https://doi.org/10.1101/2020.10.20.346866
https://doi.org/10.1101/2020.10.20.346866
https://arxiv.org/abs/1303.3997
www.nature.com/naturecommunications

ARTICLE

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-26248-1.

Correspondence and requests for materials should be addressed to Luca Freschi or Maha
Reda Farhat.

Peer review information Nature Communications thanks Stephen Gordon, David
Couvin and the other, anonymous, reviewer for their contribution to the peer review of
this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

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

Open Access This article is licensed under a Creative Commons
BY

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

© The Author(s) 2021

| (2021)12:6099 | https://doi.org/10.1038/541467-021-26248-1 | www.nature.com/naturecommunications 1


https://doi.org/10.1038/s41467-021-26248-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Population structure, biogeography and transmissibility of Mycobacterium tuberculosis
	Results
	Detailed population structure of L1&#x02013;nobreak4 and a hierarchical sub-lineage naming system
	A new barcode to define L1&#x02013;nobreak4 Mtb sub-lineages and a software package to type Mtb strains from WGS data
	Geographic distribution of the Mtb sub-lineages
	Differences in transmissibility between the Mtb global lineages

	Discussion
	Methods
	Phenotypic and geographic location data
	Sequencing data analysis and lineage calling
	Phylogenetic trees
	FST and PCA
	Sub-lineage definition
	Hierarchical sub-lineage naming system
	Comparison of tree topologies
	A python lineage caller
	Dating the MRCA of internal group 1.1.3.i1
	Simpson diversity index

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




