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Abstract

Mycobacterium tuberculosis (M.tb) is a globally distributed, obligate pathogen of
humans that can be divided into seven clearly defined lineages. How the ancestral
clone of M.tb spread and differentiated is important for identifying the ecological drivers
of the current pandemic. We reconstructed M.tb migration in Africa and Eurasia, and
investigated lineage specific patterns of spread. Applying evolutionary rates inferred
with ancient M.tb genome calibration, we link M.tb dispersal to historical phenomena
that altered patterns of connectivity throughout Africa and Eurasia: trans-Indian Ocean
trade in spices and other goods, the Silk Road and its predecessors, the expansion of
the Roman Empire and the European Age of Exploration. We find that Eastern Africa
and Southeast Asia have been critical in the dispersal of M.tb. Our results reveal
complex relationships between spatial dispersal and expansion of M.tb populations, and
delineate the independent evolutionary trajectories of bacterial sub-populations
underlying the current pandemic.

Introduction

The history of tuberculosis (TB) has been rewritten several times as genetic data
accumulate from its causative agent, Mycobacterium tuberculosis (M.tb). In the nascent
genomic era, these data refuted the long-held hypothesis that human-adapted M.tb
emerged from an animal adapted genetic background represented among extant
bacteria by Mycobacterium bovis, another member of the Mycobacterium tuberculosis
complex (MTBC) (1). Genetic data from bacteria infecting multiple species of hosts
revealed that animal-adapted strains form a nested clade within the diversity of extant
M.tb (1-3).

M.tb can be classified into seven well-differentiated lineages, which differ in their
geographic distribution and association with human sub-populations (4, 5). This
observation led to the hypothesis that M.tb diversity has been shaped by human
migrations out of Africa, and that the most recent common ancestor (MRCA) of extant
M.tb emerged in Africa approximately 73,000 years ago (6). Human out-of-Africa
migrations are a plausible means by which M.tb could have spread globally. However,
several features of M.tb population genetics suggest it has diversified over relatively
short time scales: for example, the species is characterized by low genetic diversity (7,
8) and high rates of non-synonymous polymorphism (9).

The observation of limited diversity among extant M.tb could be reconciled with the out-
of-Africa scenario if M.tb’s rate of evolution were orders of magnitude lower than
estimates from other bacterial pathogens (6, 8). There are at least nine published
estimates of the rate of M.tb molecular evolution, which use a variety of calibration
methods (10). Rate estimates calibrated with sampling dates, historical events,
experimental infection in non-human primates, recent transmission events, and ancient
DNA are concordant, and demonstrate expected rate decay as the window of
observation shifts from epidemiological to historical time scales. Critically, these M.tb
rate estimates are similar to those of other bacterial species, and are inconsistent with
the out of Africa hypothesis.
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When calibrated with ancient DNA, the estimates of the time to most recent common
ancestor (TMRCA) for the MTBC are <6,000 years before present (11, 12). This is not
necessarily the time period over which TB first emerged, as it is possible — particularly
given the apparent absence of recombination among M.tb (13) — that the global
population has undergone clonal replacement events that displaced ancient diversity
from the species.

M.tb is an obligate pathogen of humans with a global geographic range. The finding of a
recent origin for the extant M.tb population raises the question of how the organism
could have spread within this timeframe to occupy its current distribution. M.tb
populations in the Americas show the impacts of European colonial movements as well
as recent immigration [e.g. (14)]; the role of other historical phenomena in driving TB
dispersal is not well understood. Here we sought to reconstruct the migratory history of
M.tb populations in Africa and Eurasia within the newly established framework of a
recent origin and evolutionary rates derived from ancient DNA data (11, 12). We
discovered lineage-specific patterns of migration and a complex relationship between
M.tb population growth and migration. Our results connect M.tb migration to major
historical events in human history that altered patterns of connectivity in Africa and
Eurasia. These findings provide context for a recent evolutionary origin of the MRCA of
M.tb (11-13), which represents yet another paradigm shift in our understanding of the
history and origin of this successful pathogen.

Results

A maximum likelihood phylogeny inferred from whole genome sequence (WGS) data
from 552 globally extant isolates is shown in Fig. S1. This shows the well described
M.tb lineage structure, and some associations are evident between lineages and
geographic regions (defined here by the United Nations geoscheme). Geographic
structure is most evident for lineages 5 and 6 (L5 and L6), limited to West Africa, and
lineage 7 (L7), which is restricted to Ethiopia. The phylogeny has an unbalanced
shape, with long internal branches that define the lineages and feathery tips, consistent
with recent population expansion across lineages.

Heatmaps of lineage frequencies, based on spoligotyping data from 42,358 isolates, are
shown in Fig. 1. Geographic patterns in prevalence vary between lineages. Lineage 1
(L1) is prevalent in regions bordering the Indian Ocean, extending from Eastern Africa
to Melanesia. Lineage 2 (L2) is broadly distributed, with a predominance in Eastern
Eurasia and South East Asia. Lineage 3 (L3) is similar to L1 in that its distribution rings
the Indian Ocean, but it does not extend into Southeastern Asia, it has a stronger
presence in Northern Africa, and a broader distribution across Southern Asia. Lineage
4 (L4) is strikingly well dispersed, with a predominance throughout Africa and Europe
and the entire region bordering the Mediterranean. L5 and L6 are found at low
frequencies in Western and Northern Africa. L7, as previously described, is limited to
Ethiopia.

Summary statistics comparing the complete sample and individual lineages are shown
in Table 1. Genetic diversity, as measured by the numbers of segregating sites and
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121 pairwise differences (Watterson’s © and =), varied among lineages. L1 and L4 group
122 together and have the highest diversity; L2, L3, L5, and L6 have similar levels of

123  diversity and form the middle grouping; L7 has the lowest diversity. We used the

124  methods implemented in dadi to reconstruct the demographic histories of M.tb lineages
125 from their synonymous site frequency spectra (SFS). Expansion offered an improved fit
126  to the data in comparison with the constant population size model for each dataset

127  (Table 1, Fig. S2).

128

129 Individual phylogenetic structures vary among lineages (Fig. 2), likely reflecting their
130 distinct demographic histories. Branch lengths are relatively even across the

131  phylogenies of L1 and L4, whereas L2 and L3 have a less balanced phylogenetic

132 structure. The long, sparse internal branches and radiating tips of L2 and L3

133  phylogenies are consistent with an early history during which the effective population
134  size remained small (and diversity was lost to drift), followed by more recent population
135 expansion. L5 has a star-like structure, consistent with rapid population expansion.
136

137  We used an analysis of molecular variance (AMOVA) to delineate the effects of

138  population sub-division on M.tb diversity (Table 1). The global population was highly
139  structured among UN subregions (21% of variation attributable to between-region

140 comparisons), whereas this structure was less apparent when regions were defined by
141  botanical continents (14%). This is consistent with M.tb’s niche as an obligate human
142  pathogen, with bacterial population structure directly shaped by that of its host

143  population rather than climatic and other environmental features. We obtained similar
144  results when the lineages were considered separately, except for L4, which had little
145  evidence of population structure (4% variation among UN subregions, 2% among

146  botanical continents).

147

148  There was evidence of isolation by distance in the global M.tb population, as assessed
149  with a Mantel test of correlations between genetic and geographic distances. We

150 defined geographic distances using three schemes: great circle distances, great circle
151  distances through waypoints of human migration (as described in (15)), and distances
152  along historical trade routes. To allow comparisons between the schemes, values were
153 centered and standardized (see Methods). Values of the Mantel test statistic were

154  similar for great circle distances (r = 0.16) and trade network distances (r = 0.16), with
155  distances through waypoints reflective of human migration patterns having a lower

156  value (r = 0.14, p = 0.0001 for all three analyses). In analyses of human genetic data,
157  adjustment of great circle distances with waypoints results in a higher correlation

158 between genetic and geographic distances (15). Our Mantel test results therefore do
159  not support a pattern of isolation by distance as expected if the original out-of-Africa
160 human migrations were the primary influence on global diversity of extant M.tb (6). To
161 further investigate a potential influence of ancient human migration on M.tb evolution,
162  we calculated the correlation between M.tb genetic diversity (r) within subregions and
163 their average distances from Addis Ababa (great circle distances through waypoints).
164  Contrary to what is observed for human population diversity (15), we did not observe a
165  significant decline in M.tb diversity as a function of distance (adjusted R-squared = -0.1,
166 p =0.88), even when samples from the Americas were included (adjusted R-squared =
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8.9e-4, p = 0.34, Fig.S3, Dataset S1). We additionally find no trend in diversity as a
function of distance at the lineage specific level (Fig. S3, Dataset S1).

The latter result conflicts with a previously published report (16). We note that samples
from the Americas consist solely of L4 isolates in the study by Comas et al., unlike other
regions in their analysis that contain isolates from multiple lineages. Ethiopia was over-
represented relative to other regions in the previously published analysis, and diversity
was calculated for isolates spanning very large geographic regions. The greater sample
size, finer geographic resolution, and the use of waypoints of human migration in the
present analysis may explain our differing results.

We used the methods implemented in BEAST to reconstruct the migratory history of
global M.tb (Fig. 3, Fig. S4). Using an evolutionary rate calibrated with 18" century M.tb
DNA (11), which is similar to the rate inferred with data from 1,000 year old specimens
(12), our estimate of the time to most recent common ancestor for extant M.tb is
between 4032 BCE and 2172 BCE (Table 1; date ranges are based on the upper and
lower limits of the 95% highest posterior density (HPD) for the rate reported in Kay et al
which is more conservative than the 95% HPD of the model). We infer an African origin
for the MRCA (Eastern or Western subregion, Table 1). Shortly after emergence of the
common ancestor, we infer a migration of the L1-L2-L.3-L4-L7 ancestor lineage from
Western to Eastern Africa (prior to 2683 BCE), with subsequent migrations occurring
out of East Africa.

Emergence of L1 follows migration from East Africa to South Asia at some time
between the 3™ millennium and 4™ century BCE. L1 has an ‘out of India’
phylogeographic pattern (Fig. S5), with diverse Indian lineages interspersed throughout
the phylogeny. This suggests that the current distribution of L1 around the Indian
Ocean arose from migrations out of India, from a pool of bacterial lineages that
diversified following migration from East Africa.

The phylogeographic reconstruction indicates that following the divergence of L1, M.tb
continued to diversify in East Africa, with emergence of L7 there, followed by L4 (Table
1, Fig. 3, Fig. S4). The contemporary distribution of L4 is extremely broad (Fig. 1) and
in this analysis of the full alignment we infer an East African location for the internal
branches of L4. Notably, in the lineage-specific analyses, we infer a European location
for these branches (Fig. S6). The difference is likely due to the fact that inference is
informed by deeper as well as descendant nodes in the full alignment. Together, these
results imply close ties between Europe and Africa during the early history of this
lineage with further migration following emergence of the MRCA in the 1% century CE.

After the emergence of L1 and L7 from East Africa, a migration occurring between 697
BCE and 520 CE established L3 in Southern Asia, with subsequent dispersal out of
Southern Asia into its present distribution, which includes East Africa (i.e., a back
migration of L3 to Africa). We estimate that L2 diversified in Southeast Asia following
migration from East Africa at some point between 697 BCE and 20 BCE. A previously
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published analysis of L2 phylogeography also inferred a Southeast Asian origin for the
lineage (17).

Bayesian skyline plot (BSP) reconstructions of historical population size were consistent
with analyses using dadi and indicated that lineages 1-6 have undergone expansion
(Fig. 4, Fig. S7, Table 1). L2 and L3 underwent abrupt expansion at approximately the
same time, whereas expansions of L1 and L4 appeared relatively smooth.

Temporal trends in migration also varied among lineages (Fig. 4). L1 was characterized
by high levels of migration until approximately the 7" century CE, when the rate of
migration decreased abruptly and remained stable thereafter. L3, by contrast, exhibited
consistently low rates of migration. L2 and L4 had more variable trends in migration, as
each underwent punctuated increases in migration rate. We estimate this took place in
the 9™ century for L4, whereas the shift occurred later (13" century) in L2. Temporal
trends in growth and migration are congruent for L2 and L4, with increases in migration
rate preceding population expansions. Taken together, these results suggest that L1
and L3 populations (as well as L5, L6, and L7) grew in situ, whereas range expansion
may have contributed to the growth of L2 and L4.

A map showing patterns of connectivity among UN subregions and relative rates of M.tb
migration with strong posterior support is shown in Fig. 5. Southeast Asia was the most
connected region, with significant rates of migration connecting it to eight other regions.
Eastern Africa, Eastern Europe, and Southern Asia were also highly connected, with
significant rates with six, six, and five other regions, respectively. Western Africa,
Eastern Asia, and Western Asia were the least connected regions, with just one
significant connection each (to Eastern Africa, Southeast Asia, and Eastern Europe,
respectively). Our sample from Western Asia is, however, limited (Dataset S2), and
migration from this region may have consequently been underestimated. The highest
rates of migration were seen between Eastern Asia and Southeastern Asia, and
between Eastern Africa and Southern Asia.

Lineage specific analyses showed that migration between Southern Asia, Eastern
Africa, and Southeast Asia has been important for the dispersal of L1, whereas
Southeast Asia and Eastern Europe have been important for L2 (Fig. S8). L3 is similar
to L1 in that there is evidence of relatively high rates of migration between Southern
Asia and Eastern Africa. There is also evidence of migration within Africa between the
eastern and southern subregions. In the analyses of migration for L4, Eastern Africa
appeared highly connected with other regions.

Discussion

Our reconstructions of M.tb dispersal throughout the Old World delineate a complex
migratory history that varies substantially between bacterial lineages. Patterns of
diversity among extant M.tb suggest that historical pathogen populations were capable
of moving fluidly over vast distances. Using evolutionary rate estimates from ancient
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257 DNA calibration, we time the dispersal of M.tb to a historical period of exploration, trade,
258 and increased connectivity among regions of the Old World.

259

260 Consistent with prior reports (6), we infer an origin of M.tb on the African continent.

261 There is a modest preference for Western Africa over Eastern Africa, likely due to the
262  early branching West African lineages (i.e. Mycobacterium africanum, L5 and L6).

263  Larger samples may allow more precise localization of the M.tb MRCA, and Northern
264  Africa in particular is under-studied.

265

266  We find that the first lineage to have emerged out of Africa was L1, which is currently
267 concentrated in regions bordering the Indian Ocean from East Africa to Melanesia. The
268 genesis of this lineage traces to migration from East Africa to Southern Asia between
269 the 3™ millennium and 4" century BCE, with subsequent dispersal occurring out of the
270 Indian subcontinent. Our phylogeographic analysis suggests that the early history of L1
271  was characterized by high levels of migration, particularly between Southern Asia and
272  East Africa, and between Southern Asia and Southeast Asia (Fig. 4, Fig. S8). The

273 geographic distribution of L1, the timing of its emergence and spread, as well as

274  patterns of connectivity underlying its dispersal, are all consistent with migration via

275 established trans-Indian Ocean trade routes linking East Africa to Southern and

276  Southeast Asia (Fig. 6). The initial migration overlaps with the so-called Middle Asian
277  Interaction sphere in The Age of Integration (2600-1900 BCE), which is marked by

278 increased cultural exchange and bulk trade in obsidian, metals, shell, precious stones,
279  spices, and aromatics, among other commodities, along a chain of regional networks
280 between civilizations of Egypt, Mesopotamia, the Arabian peninsula, and the Indus

281 Valley (18-22). East-West contact and trade across the Indian Ocean intensified in the
282  first millennium BCE, when primary sources from Egyptian, Greek, and Roman

283  civilization attest to the extension of these maritime networks to include the eastern

284  Mediterranean, the Red Sea, and the Black Sea (23—-26). Historical data from the

285 Roman era indicate that crews on trading ships crossing the Indian Ocean comprised
286 fluid assemblages of individuals from diverse regions, brought together under conditions
287  favorable for the transmission of TB (27-30). These ships would have been an efficient
288 means of spreading M.tb among the distant regions involved in trade.

289

290 L2 may similarly have an origin in East-West maritime trade across the Indian Ocean,
291 as we infer it arose from a migration event from East Africa to Southeast Asia during the
292 1% millennium BCE. Trade in spices and aromatics, as well as metals and precious

293  stones, continued to proliferate in these regions at this time, and increased

294  sophistication in ship technology allowed for longer voyages (21, 22, 24, 28, 31, 32). L2
295 appears to have spread out of Southeast Asia, a highly connected region in our

296  analyses of M.tb migration, and is currently found across Eastern Eurasia and

297 throughout Southeast Asia (Fig. 1, Fig. 3, Fig. S8). Interestingly, although L2 is

298 dominant in East Asia, the region did not appear to have played a prominent role in

299 dispersal of this lineage, except in its exchanges with Southeast Asia.

300

301 Incontrastto L1 and L2, L3 appears to have had relatively low rates of migration

302 throughout its history (Fig. 4). The contemporary geographic range of L3 is also
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narrower, extending east from Northern Africa, through Western Asia to the Indian
subcontinent (Fig. 1). A study of lineage prevalence in Ethiopia showed that L3 is
currently concentrated in the north of the country (16), consistent with our observed
north to south gradient in its distribution on the African continent. This is in opposition to
L1, which has a southern predominance in Ethiopia and across Eastern Africa (Fig. 1).
We estimate L3 emerged in South Asia ca. 520 CE (177-739 CE). Pakistan harbors
diverse strains belonging to L3 (Fig. S9), and the Southern Asia region was highly
connected with Eastern Africa in our analyses (Fig. S8). Trade along the Silk Road
connecting Europe and Asia was very active at the time L3 emerged (33, 34) and its
distribution suggests it spread primarily along trading routes connecting Northeast
Africa, Western Asia and South Asia (30, 33—-35) (Fig. 6). We speculate that this
occurred via overland routes, which may have limited L3’s migration relative to maritime
dispersal of the other lineages.

The geographic distribution of L4 is strikingly broad (Fig. 1) and it exhibits minimal
population structure (Table 1). This suggests L4 dispersed efficiently and continued to
mix fluidly among regions, a pattern we would expect if it was carried by an
exceptionally mobile population of hosts. L4 is currently concentrated in regions
bordering the Mediterranean, and elsewhere throughout Africa and Europe. We
estimate the MRCA of L4 emerged in the 1% century CE (range 368 BCE-362 CE),
during the peak of Roman Imperial power across the entire Mediterranean world and
expansionist Roman policies into Africa, Europe, and Mesopotamia (36, 37). Rome's
population eclipsed one million at this time, a first for any city on Earth. This period also
corresponds with the zenith of the Roman army, which numbered over 250,000 soldiers
annually for more than three centuries (ca. 27 BCE - 305 CE), and peaked at about
450,000 soldiers in the early third century CE. Swift movement over long distances
were hallmarks of the army, as were stations near the frontiers of the vast empire,
where soldiers intermarried with locals and veterans settled (35). The empire reached
its greatest territorial extent in the early second century CE, when all of North Africa,
from the Atlantic Ocean to the Red Sea, was under a single power, with trade on land
and sea facilitated by networks of stone-paved roads and protected maritime routes (33,
36, 39). Primary sources from Roman civilization attest to trade with China, purposeful
expeditions for exploration, cartography and trade in the Red Sea and Indian Ocean
(25, 29, 40-42).

We hypothesize that the broad distribution of L4 reflects rapid diffusion from the
Mediterranean region along trade routes extending throughout Africa, the Middle East,
and on to India, China, and Southeast Asia. High rates of migration appear to have
been maintained for this lineage over much of its evolutionary history (Fig. 4); patterns
of connectivity implicate Europe and Africa in its dispersal (Fig. S8). The association of
L4 with European migrants is well described, particularly migrants to the Americas (5,
14). We also note the origin and concentration of this lineage on the African continent.
Our sample of L4 isolates includes several deeply rooting African isolates, and African
isolates are interspersed throughout the phylogeny (Fig. S6). Our analyses showed an
increase in migration ca. 9" century: given the distribution of L4, the Arab slave trade is
a plausible contributing factor explaining the timing of this increase (28, 43, 44).
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The migratory histories of L5, L6, and L7 are less complicated than those of lineages 1-
4. Specifically, L5 and L6 are restricted to Western Africa and L7 is found only in
Ethiopia (Fig. 3). The reasons for the restricted distributions of these lineages are not
immediately obvious: there is evidence in our analyses that other lineages migrated in
and out of Western Africa, and Eastern Africa emerged as highly connected and central
to the dispersal of M.tb. A potential explanation is restriction of the pathogen population
to human sub-populations with distinct patterns of mobility and connectivity that did not
facilitate dispersal. This is likely the case for L7, which was discovered only recently
(45), and is currently largely restricted to the highlands of northern Ethiopia (16). In the
case of L6 (also known as Mycobacterium africanum), there is evidence suggesting
infection is less likely to progress to active disease than for M. tuberculosis sensu stricto
(46), which could have played a role in limiting its dispersal.

Our reconstructions of M.tb’s migratory history suggest that patterns of migration were
highly dynamic: the pathogen appears to have dispersed efficiently, in complex patterns
that nonetheless preserved the distinct structure of each lineage. Some findings,
notably population expansion, were consistent across lineages. Though growth of the
global M.tb population has been described previously (6, 13), we found here that the
pace and magnitude of expansion, and its apparent relationship to trends in migration,
varied among lineages (Fig. 4, Fig. S7). Interestingly, L2 and L3 share a similar
phylogenetic structure (Fig. 2) and we estimate they have both undergone large-scale,
similarly timed (ca. 13" century) expansions (Fig. 4).

The expansion of L2 was preceded by an impressive increase in its rate of migration,
suggesting that growth of the pathogen population was facilitated by expansion into new
niches. Our phylogeographic reconstructions implicate Russia, Central and Western
Asia in L2’s recent migratory history (Fig. S8, Fig. S10), which is consistent with a
recently reported phylogeographic analysis of L2 (17). The inferred timing of L2’s
growth and increased migration is close to the well documented incursion of Yersinia
pestis from Central Asia into Europe that resulted in explosive plague epidemics (47).
The experience with plague suggests that patterns of connectivity among humans and
other disease vectors were shifting at this place and time, which would potentially open
new niches for pathogens including M.tb. A similar pattern of growth preceded by
geographic range expansion is seen in L4, in the 9" and 15" centuries. The latter
expansion coincides with the onset of the ‘age of exploration’ (48), which would have
provided numerous opportunities for spread of this lineage from Europeans to other
populations. L1 underwent a similarly timed expansion (Fig. 4) but in this case it
appears to have grown in situ, e.g. due to changing ecological conditions and/or growth
of local human populations. A study of the molecular epidemiology of TB in Vietham
identified numerous recent migrations of L2 and L4 into the region, versus a stable
presence of L1 (49); this is consistent with our finding of higher recent rates of migration
for L2 and L4 versus L1. A pattern similar to L1 has been identified previously, in the
delay between dispersal of M.tb from European migrants to Canadian First Nations and
later epidemics of TB driven by shifting disease ecology (14). L1 and L4 are similar in
that these lineages with a long history of high migration rates underwent smooth
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395 expansions, versus the abrupt expansions observed in the setting of a consistently low
396  migration rate (L3), or recent, abrupt increase in migration (L2). These results

397 demonstrate the complex relationship between M.tb population growth and migration,
398 and show that under favorable conditions the pathogen can expand into novel niches or
399 accommodate growth in an existing niche.

400

401  While this study comprises the largest phylogeographic analysis on M.tb done to date,
402  with 552 isolates collected from 51 countries and all seven described lineages

403 represented, it has some important limitations. We did not attempt to estimate the rate
404  ortimescale of M.tb evolution, instead relying on published rates that were calibrated
405  with ancient DNA. This is an active area of research, and newly discovered ancient M.tb
406 DNA samples will likely refine inference of both the timing and locations of historical
407  migration events, though it is critical to note that recent substitution rate estimates of
408  M.tb have converged on rates around 5x10°® substitutions per site per year (10). The
409 addition of contemporary isolates of M.tb from under-represented regions of the globe
410 would additionally strengthen the sample. While thousands of M.tb genomes have been
411 sequenced to date, certain geographic locations are under-studied. For example, we
412  were unable to obtain WGS data for isolates from Northern and Middle Africa. Samples
413  from under-studied regions may allow more precise localization of the MRCA of M.tb
414  and uncover new connections that were important in its dispersal throughout the globe.
415

416  Methods

417 Sample Description. We assembled/aligned publicly available whole genome

418 sequences (WGS) of M.tb isolates for which country of origin information were known
419 and corresponded to traditional definitions of the Old World. We excluded countries

420 where the majority of TB cases are identified in immigrants (50-55). Numbers of

421  isolates per country were selected based on the availability of appropriate genome

422  sequence data as well as relative TB prevalence (56). Our sample necessarily contains
423  alarge number of drug-resistant isolates as these are more commonly sequenced.

424  Countries with large numbers of available genomes were sub-sampled such that

425  phylogenetic lineage diversity was captured: phylogenetic inference on all isolates

426  available from a country was performed with Fasttree (57) and a random isolate was
427 selected from each clade extending from n branches, where n was the desired number
428 of isolates from the country. We also included all isolates belonging to lineages 5-7. Our
429 final dataset consisted of the WGS of 552 previously published M.tb isolates collected
430 from 51 countries spanning 13 UN geoscheme subregions. Accession numbers and
431  pertinent information about each sample can be found in Dataset S2. Isolates were
432  assembled via reference guided assembly (RGA) when FASTQ data were available and
433 by multiple genome alignment (MGA) when only draft genome assemblies were

434  accessible.

435

436 Reference Guided Assembly. Previously published FASTQ data were retrieved from
437  the National Center for Biotechnology Information (NCBI) sequence read archive (SRA)
438 (58). Low-quality bases were trimmed using a threshold quality of 15, and reads

439 resulting in less than 20bp length were discarded using Trim Galore!

440  (http://www.bioinformatics.babraham.ac.uk/projects/trim galore/), which is a wrapper

10
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tool around Cutadapt (59) and FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were mapped to
H37Rv (NC_000962.3) (60) with the MEM algorithm (61). Duplicates were removed
using Picard Tools (http://picard.sourceforge.net), and local realignment was performed
with GATK (62). To ensure only high quality sequencing data were included, individual
sequencing runs for which <80% of the H37Rv genome was covered by at least 20X
coverage were discarded, as were runs for which <70% of the reads mapped as
determined by Qualimap (63). Pilon (64) was used to call variants with the following
parameters: --variant --mindepth 10 --minmq 40 --minqual 20.

Multiple Genome Alignment. Draft genome assemblies were aligned to H37Rv
(NC_000962.3) (60) with Mugsy v1.2.3 (65). Regions not present in H37Rv were
removed and merged with the reference-guided assembly.

SNP alignment. VCFs were converted to FASTAs with in-house scripts that treat
ambiguous calls and deletions as missing data (available at
https://github.com/pepperell-lab/RGAPepPipe). Transposable elements, phage
elements, and repetitive families of genes (PE, PPE, and PE-PGRS gene families) that
are poorly resolved with short read sequencing were masked to missing data. Isolates
with >20% missing sites were excluded from the final Old World collection (Dataset S1).
Variant positions with respect to H37Rv were extracted with SNP-sites (66) resulting in
60,818 variant sites. Only sites were at least half of the isolates had confident data (i.e.,
non-missing) were included in the phylogeographic models and population genetic
analyses (60,787 variant sites; 3,838,249 bp). Only 1.7% of variant sites landed in loci
associated with drug resistance (Table S1).

Geographic Information. Geographic locations for each of the 552 samples in the Old
World collection were obtained from NCBI and/or the respective publications from which
the isolates were first described. When precise geographic information was available
(e.g., city, province, etc.), coordinates were obtained from www.mapcoordinates.net.
When only country level geographic information was found, the ‘Create Random Point’
tool in ArcGIS 10.3 was used to randomly place each isolate without specific latitude
and longitude inside its respective country; inhospitable areas (e.g., deserts and high
mountains) and unpopulated areas from each country using 50m data from Natural
Earth (http://www.naturalearthdata.com/downloads, accessed February 17, 2016) were
excluded as possible coordinates. The ‘precision’ column of Dataset S1 reflects which
method was used.

Trade Route Information. Data for all trade routes active throughout Europe, Africa,
and Asia by 1400 CE were compiled from the Old World Trade Routes (OWTRAD)
Project (www.ciolek.com/owtrad.html, accessed February 17, 2016). For each route,
both node information (trade cities, oases, and caravanserai) and arc information (the
routes between nodes) were imported into ArcGIS (Fig. 6). M.tb isolate locations were
also imported as points and the ‘Generate Near Table’ tool was used to assign each
isolate to its nearest node in the trade network and is listed in the ‘NearPost’ column of
Dataset S2.

11
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Maximum Likelihood Inference. We used RAXML v8.2.3 (67) for maximum likelihood
phylogenetic analysis of the Old World M.tb alignment (all sites where at least half of
isolates had non-missing data) under the general time reversible model of nucleotide
substitution with a gamma distribution to account for site-specific rate heterogeneity.
Rapid bootstrapping of the corresponding SNP alignment was performed with the -
autoMR flag, converging after 50 replicates. Tree visualization was created with the
ggtree package in R (68).

Lineage Frequencies. The SITVIT WEB database (69), which is an open access M.tb
molecular markers database, was accessed on September 5, 2016. Spoligotypes were
translated to lineages based on the following study (70). The following conversions
were also included: EAI7-BGD2 for L1, CAS for L3, and LAM7-TUR, LAM12-Madrid1,
T5, T3-OSA, and H4 for L4. Isolates containing ambiguous spoligotypes (denoted with
>1 spoligotype) were inspected manually and assigned to appropriate lineages.
Relative lineage frequencies of lineages 1-6 for each country containing data for >10
isolates were calculated and plotted with the rworldmap package in R (71).

Population genetic statistics. Nucleotide diversity (11) and Watterson’s theta (©) for
various population assignments (e.g., lineage, UN subregion) were calculated with
EggLib v2.1.10 (72).

Demographic inference from the observed site frequency spectrum (SFS). SNP-
sites (66) was used to convert the Old World M.tb alignment to a multi-sample VCF and
SnpEff (73) was used to annotate variants with respect to H37Rv (NC_000962.3) (60)
as synonymous, non-synonymous, or intergenic. Loci at which any sequence in the
population had a gap or unknown character where removed from the data set.
Demographic inference with the synonymous SFS for each of the seven lineages and
the entire collection was performed using dadi (74). We modeled constant population
size (standard neutral model) and an instantaneous expansion model, and identified the
best-fit model and maximal likelihood parameters of the demographic model given our
observed data. Our parameter estimates, v and 1, were optimized for the instantaneous
expansion and exponential growth models. Uncertainty analysis of these parameters
were analyzed using the Godambe Information Matrix (75) on 100 samplings of the
observed synonymous SFS with replacement and subsequent model inference.

Phylogeographic & Demographic Inference. The Old World M.tb SNP alignment and
individual lineage SNP alignments were analyzed using the Bayesian Markov Chain
Monte Carlo coalescent method implemented in BEAST v1.8 (76) with the BEAGLE
library (77) to facilitate rapid likelihood calculations. Analyses were performed using the
general time reversible model of nucleotide substitution with a gamma distribution to
account for rate heterogeneity between sites, a strict molecular clock, and both constant
and Bayesian skyline plot (BSP) demographic models. Country of origin or the UN
subregion for each isolate was modeled as a discrete phylogenetic trait (78). All Markov
chains were run for at least 100 million generations, sampled every 10,000 generations,
and with the first 10,000,000 states discarded as burn-in; replicate runs were performed

12
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for analyses and combined to assess convergence. Estimated sample size (ESS)
values of non-nuisance parameters were >200 for all analyses. Site and substitution
model choice were based on previous analyses of M.tb global alignments as opposed to
an exhaustive comparison of models which would require unreasonable computational
resources. Strict vs relaxed molecular clocks did not result in altered trends of migration
at the lineage level, and comparisons between analyses using strict and relaxed clocks
show strong correlation between the estimated height of nodes (e.g., R? > 0.97; Fig.
S11, Fig. S12). Table S2 provides a summary of BEAST analyses presented and the
results derived from them. Tree visualizations were created with FigTree
(http://tree.bio.edu.ac.uk/software/figtree/) and the ggtree package in R (68).

We note that phylogeographic inference methods are an active area of research and
increasingly sophisticated models are continuously being developed [e.g. (79, 80)]. We
found alternative methods unsuitable and/or intractable for our large dataset. As
methods improve, comparison of the results inferred herein to other phylogeographic
models will be important to investigate the sensitivity of our results to the method of
phylogeographic inference.

Analysis of Molecular Variance (AMOVA). AMOVAs were performed using the
‘poppr.amova’ function (a wrapper for the ade4 package (81) implementation) in the
poppr package in R (82). Bins were assigned via the following classification systems:
UN geoscheme subregions and Level 1 (‘botanical continents’) of the World
Geographical Scheme for Recording Plant Distributions (WGSRPD). Isolate
assignation can be found in Dataset S2. Genetic distances between isolates were
calculated with the ‘dist.dna’ function of the ape v4.0 package in R (83) from the SNP
alignment.

Mantel tests. Great circle distances between M.tb isolate locations were calculated
with the ‘distVincentyEllipsoid’ function in the geosphere R package (84). Geographic
distances between isolate locations along the trade network were calculated by adding
the great circle distances from the isolates to the nearest trade hubs and the shortest
distance between trade hubs along the trade network; the latter was determined using
an Origin-Destination Cost Matrix and the ‘Solve’ tool in the Network Analyst Toolbox of
ArcGIS which calculates the shortest distance from each origin to every destination
along the arcs in the trade network. In the event that two isolates were assigned to the
same trade post, the great circle distance between the isolates was used. To calculate
the geographic distance between isolates in a manner that reflects human migrations,
the great circle distance between isolates and waypoints were summed. These were
calculated with a custom R function (available at

https://github.com/ONeillMB1/Mtb Phylogeography v2) using a series of rules to define
whether or not the path between isolates would have gone through a waypoint. For all
three distance metrics, values were log transformed and standardized. Genetic
distances between isolates were calculated with the ‘dist.dna’ function in the ape v4.0
package in R (83) from the SNP alignment. The ‘mantel’ function of the vegan package
in R (85) was used to perform a Mantel test between the genetic distance matrix and
each of the three geographic matrices for both the Old World M.tb collection and each

13
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579 individual lineage. Four of the 552 isolates were excluded from these analyses as they
580 were from Kiribati and trade networks spanning this region were not compiled.

581

582 Migration Rate Inference. Migration rates were inferred from the Bayesian maximum
583 clade credibility trees for the entire collection of M.tb isolates (n = 552). Individual

584 lineages that contain isolates from multiple UN subregions (i.e., L1: n =89, L2: n = 181,
585 L3:n =65, and L4: n = 143) were extracted and plotted separately. Only nodes with
586 posterior probabilities greater than or equal to 80% were considered. A migration event
587 was classified as a change in the most probable reconstructed ancestral geographic
588 region from a parent to child node. Median heights of the parent and child nodes were
589 treated as a range of time that the migration event could have occurred. The rate of
590 migration through time for each lineage or the Old World collection was inferred by

591 summing the number of migration events occurring across every year of the time-scaled
592  phylogeny, divided by the number of possible migration events (i.e., the total number of
593  branches in existence during each year of the time-scaled phylogeny). Code for these
594  analyses is available at https://github.com/ONeillMB1/Mtb Phylogeography v2.

595

596  Additionally, relative migration rates between UN subregions were derived from the

597 BEAST analyses of phylogeography. The Bayesian stochastic search variable selection
598 method (BSSVS) for identifying the most parsimonious migration matrix implemented in
599 BEAST as part of the discrete phylogeographic migration model (78) allowed us to use
600 Bayes Factors to identify the migration rates with the greatest posterior support and

601 provide posterior estimates for their relative rates. Significant relative rates (Bayes

602 Factor > 5) and connectivity among subregions were visualized with Cytoscape v3.2.0
603 (86) and superimposed onto a map generated with the ‘rworldmap’ package in R (71).
604

605 Relationship between genetic diversity and geographic distance from Addis

606 Ababa. For this analysis, we added Northern and Central American datasets,

607 assembled in an identical manner to those of the Old World collection and masked at
608 sites were less than half of the Old World collection had confident data (3,838,249 bp).
609 For each UN subregion, the mean latitude and longitude coordinates for all M.tb isolates
610  within the region were calculated. The great circle distances from these average

611 estimates for regions to Addis Ababa were then calculated, using waypoints for

612 between-continent distance estimates to make them more reflective of presumed

613  human migration patterns (15). Cairo was used as a waypoint for Eastern Europe,

614 Central Asia, Western Asia, Southern Asia, Eastern Asia, and South-Eastern Asia;

615 Cairo and Istanbul were used as waypoints for Western Europe and Southern Europe;
616  Cairo, Anadyr, and Prince Rupert were used as waypoints for Northern and Central

617 America. The distance between each region and Addis Ababa were the sum of the

618 great circle distances between the two points (the average coordinates for the UN

619 subregion and Addis Ababa) and the waypoint(s) in the path connecting them, plus the
620 great circle distance(s) between waypoints if two were used. Treating each UN

621  subregion as a population, the relationship between genetic diversity (assessed with 1r)
622 and geographic distance from Addis Ababa were explored with linear regression for
623  both the entire Old World collection and individual lineages in R (87). Code is available
624  at https://github.com/ONeillMB1/Mtb Phylogeography v2.
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833 Fig 1. Geographic distributions of Mycobacterium tuberculosis lineages 1-6. 42,358
834  spoligotypes from the SITVIT WEB database were assigned to lineages 1-6 and their
835 relative frequencies calculated in each country with data from > 10 isolates; countries
836 are colored based on the relative proportions of each lineage; unsampled countries are
837 shown in grey.
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840 Fig 2. Maximum clade credibility phylogenies of Mycobacterium tuberculosis lineages 1-
841 6. Bayesian analyses were performed with the general time reversible model of

842 nucleotide substitution with a gamma distribution to account for rate heterogeneity

843  between sites, a strict molecular clock, and Bayesian skyline plot (BSP) demographic
844 models. The most recent common ancestor (MRCA) of each lineage is indicated with a
845 black circle. Lineage phylogenies were rooted using lineage MRCAs from the

846  phylogeny of the entire Old World collection, which was dated using a substitution rate
847 of 5 x 10™ substitutions/site/year (11).
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850 Fig 3. Maximum clade credibility tree of 552 Mycobacterium tuberculosis genomes.
851 Estimated divergence dates are shown in calendar years based on median heights and
852  a substitution rate of 5 x 10 substitutions/site/year (11). Branches are colored

853 according to their most probable subregion in the UN geoscheme. Nodes

854  corresponding to the most recent common ancestors (MRCA) of each lineage, lineage
855  splits, and the MRCA of M.tb (outlined black) are marked with circles and colored to
856 reflect their most probable geographic origin.
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860 Fig 4. Demographic histories of Mycobacterium tuberculosis lineages 1-4. Bayesian
861 skyline plots (BSPs, top panels) show inferred change in effective population time

862 through time from lineage specific analyses. Black lines denote median N and gray
863 shading the 95% highest posterior density. Migration events inferred from

864  phylogeographic analysis of the full sample of M.tb genomes are shown in the second
865 panels (see Methods). Grey shading depicts the rates inferred after the addition or

866  subtraction of a single migration event, and demonstrate the uncertainty of rate

867 estimates, particularly from the early history of each lineage. Dates are shown in

868 calendar years and are based on scaling the phylogeny of the Old World collection with
869  a substitution rate of 5 x 10°® substitutions/site/year (11).
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Fig 5. Connectivity of UN regions during dispersal of M.tb. The Bayesian stochastic
search variable selection method (BSSVS) was used to identify and quantify migrations
with strong support in discrete phylogeographic analysis of 552 M.tb isolates. Node
sizes reflect the number of significant migrations emanating from the region, whereas
the thickness of lines connecting regions reflects the relative rate between regions.
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877
878 Fig. 6. Trade routes active throughout Europe, Africa and Asia by 1400 CE. Nodes

879 (trade cities, oases, and caravanserai) and arcs (the routes between nodes) are from
880 the Old World Trade Routes (OWTRAD) Project (www.ciolek.com/owtrad.html,
881 accessed February 17, 2016) and are visualized with ArcGIS.
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882 Table 1. Genetic diversity of Old World M.tb across lineages 1-7. TMRCA estimates
883 reflect scaling of results to evolutionary rates calibrated from ancient DNA [median
884  5.00x107 substitutions/ site/ year (11)]. To account for uncertainty in this rate estimate,
885 our lower and upper TMRCA estimates reflect scaling of our results with the low and
886  high bounds of the 95% highest posterior density estimates of the rate reported from
887 ancient DNA analysis (i.e. 4.06x10® and 5.87x10®, respectively).
MTBC L1 L4 L2 L3 L5 L6 L7
Sample o 552 89 143 181 65 15 31 28
5 e 2.13E-03 7.56E-04 7.80E-04 4.49E-04 3.88E-04 1.72E-04 3.04E-04 7.99E-05
iversity
™ 2.80E-04 1.92E-04 154E-04 7.46E-05 9.16E-05 8.77E-05 1.41E-04 4.52E-05
N/Nanc 91+4 71+5  55%22 111202 148+ 2 50141f 50+ 5 17+4
Generations 0.16 + 0.80 + 0.65 + 0.41+ 3.54 + 3.94 + 1.10 & 245+
, (Nanc) 0.01 0.06 0.35 0.94 0.04 0.73 0.09 0.89
Demographic LL
Inference expansion -1788.4 -424.2 -492.8 -467.1 -108.2 42.4 -151.9 -64.5
LL neutral 105492  -3246.6  -34746  -23789  -1717.0 520.7 912.3 -159.4
p-value 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
VL R 21 19 4 20 16 NA NA NA
Structure Var. Within 79 81 9% 80 84 NA NA NA
UN subregions
p-value <0.001 <0.001 0.001 <0.001 0.004 NA NA NA
Var. Between 14 5 2 9 13 NA NA NA
Structure L
Botanical Var. Within 86 95 08 91 87 NA NA NA
Continents -val
p-value <0.001 0.02 0.05 <0.001 <0.001 NA NA NA
median 2898 -360 77 20 520 784 100 1311
TMRCA lower -4032 -906 -368 -488 177 502 -339 1152
upper -2172 -10 362 279 739 964 382 1413
1st region W Africa SAsia  E Africa  SE Asia SAsia W Africa W Africa  E Africa
robabilit o, 0, 0, o, 0, 0, 0, 0,
Geographic P . Yy 54.2% 75.6% 98.9% 81.0% 63.5% 99.9% 99.8% 99.8%
origin 2nd region E Afica  E Africa EuropE EAsia EAfica EAfrica EAfrica S Africa
probability 37.5% 24.1% 0.7% 9.2% 36.2% 0.1% 0.2% 0.0%
888
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895 Fig. S1. Phylogenetic structure and geographic origin of 552 Mycobacterium

896 tuberculosis isolates. (A) Maximum likelihood phylogeny. Phylogenetic analysis was
897 performed with RAXML using the general time reversible model of nucleotide

898  substitution under the Gamma model of rate heterogeneity. Rapid bootstrapping was
899 performed with the -autoMR flag, converging after 50 replicates. Tip labels are colored
900 with respect to their geographic origin according to the UN geoscheme. (B) Map of the
901 Old World colored by UN subregion.
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904 Fig. S2. Likelihood surfaces. Demographic inference with the synonymous SFS for the
905 entire Old World collection and each of the seven lineages was performed using

906 methods implemented in dadi. Heatmaps of logg likelihood values (see scale bars) over
907 arange of values for two demographic parameters in a model of instantaneous

908 expansion are plotted: generations since expansion (1) and Ne/Nanc (V). From left to

909 right, top to bottom: Old World collection (all isolates), L1, L2, L3, L4, L5, L6, and L7.
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911

912  Fig. S3. Relationship between genetic diversity and geographic distance from Addis
913  Ababa (A) Diversity as a function of distance for all isolates among 13 UN subregions.
914  Treating each UN subregion as a population, nucleotide diversity (11) was compared to
915 the mean distance of isolates from the region to Addis Ababa (see Methods). Point size
916 reflects the number of isolates per subregion and colors reflect the relative proportions
917 of each lineage (see key). The number of isolates per subregion are denoted near

918 points. (B) Diversity as a function of distance for all isolates and isolates belonging to
919 particular lineages. Individual lineages in each UN subregion were treated as a

920 population and nucleotide diversity (11) was compared to the mean distance of said

921 isolates from the region to Addis Ababa (see Methods); population groupings resulting
922 in less than seven isolates were not included. Point size reflects the number of isolates
923  (see key). Data pointsare in Dataset S1.
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927 Fig. S5. Maximum clade credibility tree of lineage 1 M.tb genomes. Pie charts at nodes
928 are colored according to the location state probabilities (country). Tip labels are colored
929 according to the country of origin where the isolate was obtained.
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Fig. S6. Maximum clade
credibility tree of lineage 4
M.tb genomes. Pie charts
at nodes are colored
according to the location
state probabilities
(country). Tip labels are
colored according to the
country of origin where the
isolate was obtained.
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944  Fig. S7. Demographic histories of M.tb. (A) Old World collection. Top panel — Bayesian
945  skyline plot (BSP) shows the inferred change in effective population through time. Black
946 lines denote median N and gray shading the 95% highest posterior density. Bottom
947  panel - migration rate through time inferred from the phylogeographic analysis (see
948 Methods). Grey shading depicts the rates inferred after the addition or subtraction of a
949  single migration event, demonstrating the uncertainty of rate estimates from the early
950 history of the phylogeny. (B) BSPs for Lineages 5-7 (top to bottom, respectively).

951 Lineages 5-7 are only found in only one subregion each throughout their phylogenies
952  resulting in a migration rate of zero through time. Dates are shown in calendar years
953  and are based on scaling the phylogeny with a substitution rate of 5 x 107

954  substitutions/site/year.
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Fig. S8. Relative rates of migration between UN subregions. Relative median rates of
migration between geographic regions sampled every 10,000 states in the Bayesian
analysis for individual lineages 1-4 are displayed by the thickness of the line connecting
the regions. Node size reflects the relative degree of connectivity within each analysis
(how many connections the region shares).
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965 Fig. S9. Maximum clade credibility tree of lineage 3 M.tb genomes. Pie charts at nodes
966 are colored according to the location state probabilities (country). Tip labels are colored
967 according to the country of origin where the isolate was obtained.
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Fig. $S10. Maximum clade credibility
tree of lineage 2 M.tb genomes. Pie
charts at nodes are colored according
to the location state probabilities
(country). Tip labels are colored
according to the country of origin
where the isolate was obtained.
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Lineage 1 Strict-Relaxed Clock Correlation
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989
990 Fig. S11. Correlation of Lineage 1 node heights estimated under strict and relaxed

991  (uncorrelated lognormal clock). R? for the correlation is 0.9534. Analyses were
992 performed in BEAST using the same conditions as described in the main text.
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Lineage 3 Strict-Relaxed Clock Correlation
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993
994  Fig. S12. Correlation of Lineage 3 node heights estimated under strict and relaxed

995  (uncorrelated lognormal clock). R? for the correlation is 0.9925. Analyses were
996 performed in BEAST using the same conditions as described in the main text.
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Table S2. Summary of BEAST analyses presented. All analyses were performed using
the general time reversible model of nucleotide substitution with a gamma distribution to
account for rate heterogeneity between sites and a strict molecular clock. Demographic
model, discrete traits, and whether the Bayesian stochastic search variable selection
method (BSSVS) was implemented are listed in the table as well as the results derived
from the respective analyses.

Dataset Demographic Discrete Molecular | BSSVS | Results derived
Model Trait Clock

Old World BSP UN strict Yes TMRCAs, phylogeography (UN

collection subregion subregion), migration through time,
Relative rates of migration between UN
subregions

Individual BSP UN strict No Tree structures, BSPs

lineages (1-7) subregion

Individual BSP UN relaxed No Tree structures, BSPs

lineages (1&3) subregion

Individual constant ISO2 code | strict No Phylogeography (country)

lineages (1-4) (country)

Individual BSP UN strict Yes Relative rates of migration between UN

lineages (1-4) subregion subregions

Other Supporting Information Files:

[Dataset S1.txt]

Dataset S1. Data used to assess genetic diversity as a function of geographic distance
from Addis Ababa.

[DatasetS2_ wAmericas.xlIsx]
Dataset S2. Old World and Americas M.tb collections and associated meta information.

[FigS4_OldWorld_UN.pdf]

Fig S4. Maximum clade credibility tree of 552 M.tb genomes. Bayesian analysis was
performed using the general time reversible model of nucleotide substitution under the
Gamma model of rate heterogeneity, a strict molecular clock, and a Bayesian skyline
plot (BSP) demographic model. Time scale is based on a substitution rate of 5 x 10
substitutions/site/year. Pie charts at nodes are colored according to the location state
probabilities based on the UN geoscheme. Tip labels are colored according to the
subregion of the isolate origin.

[TableS1.xIsx]
Table S1. Variable sites in loci associated with drug resistance.
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