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SUMMARY

Colonial medical reports claimed that tuberculosis
(TB) was largely unknown in Africa prior to European
contact, providing a ‘‘virgin soil’’ for spread of TB in
highly susceptible populations previously unex-
posed to the disease [1, 2]. This is in direct contrast
to recent phylogenetic models which support an Af-
rican origin for TB [3–6]. To address this apparent
contradiction, we performed a broad genomic sam-
pling of Mycobacterium tuberculosis in Ethiopia. All
members of the M. tuberculosis complex (MTBC)
arose from clonal expansion of a single common
ancestor [7] with a proposed origin in East Africa
[3, 4, 8]. Consistent with this proposal, MTBC lineage
7 is almost exclusively found in that region [9–11].
Although a detailed medical history of Ethiopia sup-
ports the view that TB was rare until the 20th century
[12], over the last century Ethiopia has become a
high-burden TB country [13]. Our results provide
further support for an African origin for TB, with
some genotypes already present on the continent
well before European contact. Phylogenetic analyses
reveal a pattern of serial introductions of multiple ge-
notypes into Ethiopia in association with human
migration and trade. In place of a ‘‘virgin soil’’
fostering the spread of TB in a previously naive pop-
ulation, we propose that increased TB mortality in
Africa was driven by the introduction of European
strains of M. tuberculosis alongside expansion of
selected indigenous strains having biological char-
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acteristics that carry a fitness benefit in the urbanized
settings of post-colonial Africa.

RESULTS AND DISCUSSION

Population Structure of M. tuberculosis in Ethiopia
The high incidence of tuberculosis (TB) among Africans during

European colonization in the late 19th and early 20th centuries

gave rise to the hypothesis that Africa was a ‘‘virgin soil,’’ partic-

ularly permissive to the spread of the disease in previously unex-

posed populations [1, 2]. This stands in sharp contrast to more

recent evolutionary models that propose an African origin for

Mycobacterium tuberculosis [3–5]. To address the apparent

contradiction between an African origin of human TB and the

‘‘virgin soil’’ hypothesis, we performed a broad genomic sam-

pling of M. tuberculosis in Ethiopia. We sequenced 66 strains

from a previously genotyped M. tuberculosis collection [9],

selected to represent the most common spoligotypes found in

Ethiopia along with examples of rare genotypic outliers and

high-density sampling of the unique Ethiopian lineage 7 (L7) (Ta-

ble S1). Figure 1 illustrates the phylogenetic structure of these

Ethiopian isolates in the context of a previously described panel

of 219M. tuberculosis complex (MTBC) strains representative of

the global diversity [3]. In addition to L7, the Ethiopian isolates

belonged to three M. tuberculosis lineages: lineage 1 (L1),

commonly associated with populations living around the Indian

Ocean; lineage 3 (L3), common in Central Asia but also prevalent

in East Africa; and lineage 4 (L4), the widespread Euro-American

lineage [14]. Mapping to a recent SNP-based classification

system [15] identified representatives of five of the eight L4

sub-lineages in the Ethiopian genome dataset. Within L3,

we were able to assign Ethiopian strains to three of the five

defined sub-lineages along with novel sub-lineages that we
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Figure 1. Topology Obtained by Bayesian Analyses as Described in Experimental Procedures

Note that no branch length information is used. The topology is highly congruent with the topology from neighbor-joining analysis (see Figure S1). For both

analyses, bootstrap values and Bayesian posterior probability values were higher than 95% in almost all nodes. The tree is rooted withMycobacterium africanum

strains that are the most basal clades within theMycobacterium tuberculosis complex [3]. External branches are color coded according to the geographic region

of the patient from which the isolate was collected. Black dots indicate that the strain was isolated in Ethiopia. The groups identified within each lineage

correspond to the groups delineated using a set of diagnostic SNPs as explained in Experimental Procedures. Groups with no diagnostic SNP or that do not form

a monophyletic group within the sub-lineage were labeled LX.ETHX. Geographic region: CAM, Central America; CAS, Central Asia; EAF, East Africa; EAS, East

Asia; EEUR, Eastern Europe; EUR, Europe; NAM, North America; SAF, South Africa; SAM, South America; SAS, South Asia; SEA, Southeast Asia; WAF, West

Africa; WAS, West Asia.
provisionally name as L3.ETH1, L3.ETH2, and L3.ETH3. Within

L1, we assigned Ethiopian strains to four of the eight defined

sub-lineages.

We then explored whether the sub-lineages observed in

Ethiopia had a likely African origin by comparing them with our

global reference dataset [3]. By combining principal-component

analysis (PCA) and the sub-lineage classification described

above, we classified the groups assigned to the Ethiopian strains

as being of likely ‘‘African’’ or ‘‘non-African’’ origin. Figure 2A

shows a PCA of the L4 sub-lineages color coded according to

their most likely geographic origin. The classic description of

L4 as the ‘‘Euro-American’’ lineage is reflected in the high per-

centage of non-African strains in Figure 2A, though L4 strains
Current Bio
are in fact geographically widespread, including genotypes

such as sub-lineage L4.6 that are found only in Africa. Within

the more cosmopolitan L4 sub-lineages, Ethiopian L4.2 strains

cluster with Eurasian strains belonging to the Ural family at two

branchpoints in Figure 1, suggesting their introduction into

Ethiopia from Central Asia or from some common ancestral

homeland [16]. The coalescent point for sub-lineage 4.2 indi-

cates more recent dissemination as compared to the deep-

rooted African sub-lineage L4.6 (Figure 1). Similarly, deep-rooted

African strains can be found within L3 and L1 (Figures S2 and

S3). L3.ETH1 is comprised exclusively of Ethiopian isolates, for

example, and deep-rooted L1.2.1 suggests an early introduction

into Ethiopia.
logy 25, 3260–3266, December 21, 2015 ª2015 The Authors 3261
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Figure 2. Principal-Component Analysis Using the SNP Matrices Derived from Whole-Genome Analysis

(A) The PCA shown is for lineage 4; the corresponding PCA for lineages 3 and 1 are shown in Figures S2 and S3, respectively. The colors represent strains with

known African origin (blue) or Eurasian and American origin (red) from a global reference collection and strains with Ethiopian origin (green).

(B) The correlation between genetic diversity within a geographic area and the geographic distance from Addis Ababa. Error bars indicate the variance in diversity

indices within a region. Geographic region: AF, Africa; SAS, South Asia; EUR, Europe; SEA, Southeast Asia; EEUR, Eastern Europe; EAS, East Asia; CAS, Central

Asia; AM, America.
In summary, we find strains belonging to sub-lineages with a

global distribution as well as strains from sub-lineages specific

to Africa or even to Ethiopia. This diversity of M. tuberculosis

mirrors the complex admixture of African and non-African haplo-

types revealed by analysis of human genetic diversity in Ethio-

pian populations [17, 18].

The Horn of Africa as the Likely Place of Origin of TB
By integrating genome data with our previously reported spoli-

gotype frequencies and collection sites [9], we built contour

maps representing the geographic distribution of the principal

M. tuberculosis genotypes across Ethiopia (Figure 3). L4 domi-

nates across the entire country, L3 is widespread but more

frequent in the north, and L1 occurs only in southern Ethiopia.

L7 is largely restricted to the highlands aroundWoldiya and Gon-

dar in northern Ethiopia. The prevalence of L3 in northern

Ethiopia is mirrored by the predominant SIT25 spoligotype

(L3.ETH1) in neighboring Sudan [19]. Similarly in the south, L1

strains are common in neighboring Somalia [10] (Figure S4).

The geographic restriction of L7 could have arisen if the infection

was maintained within a stable and isolated human population.

Alternatively, it is possible that strains from this lineage have

acquired mutations that enhance their infection and transmis-

sion in the context of some particular host genetic background

but incur a fitness cost in other populations. Similar patterns

have been observed in other M. tuberculosis populations [20]

and in Helicobacter pylori [21].

Placing the Ethiopian strains in the context of the global di-

versity dataset, we plotted within-area genetic diversity against

the geographic distances from a midpoint in the African conti-

nent and found a strong negative correlation (r = �0.81, p <

0.05) (Figure 2B). When we repeated the calculation specifying

West Africa as the starting point of diversification, we found a

similar correlation (r = �0.79, p < 0.05). However, when we

specified the coordinates of Addis Ababa—the capital of
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Ethiopia—as the point of origin, the correlation became stron-

ger and with higher statistical significance (r = �0.84, p <

0.01), pointing to East Africa as the likely place of origin of

the MTBC. Taken together, our results indicate that the

geographic distance to Africa can explain up to 71% of the

global genetic diversity of the human-adapted MTBC, which

is consistent with serial bottlenecks following initial emergence

from a genetically diverse pool in Africa [5]. The strong parallels

with patterns identified in human populations [22] and for path-

ogens such as Plasmodium falciparum and Helicobacter pylori

[23, 24] are striking but consistent with epidemiological obser-

vations of robust associations between MTBC genotypes with

human populations despite frequent redistribution following

increased globalization [20].

Molecular Dating Contradicts the ‘‘Virgin Soil’’
Hypothesis
To review the ‘‘virgin soil’’ hypothesis in the context of an African

origin for TB, we tested whether the MTBC lineages and sub-lin-

eages currently circulating in Ethiopia appeared before or after

Ethiopia experienced major contacts with Europeans. Although

Ethiopia escaped colonization sensu stricto, human genetic di-

versity data as well as historical records indicate that the region

was a bridge between Africa and Eurasia [17, 18]. We analyzed

the Ethiopian MTBC genomes in the context of our global diver-

sity dataset and the two competing models for the timing of early

events in the evolution of the MTBC. We identified two coales-

cent points for each of the clusters containing Ethiopian isolates,

corresponding to (1) the point of origin of the common ancestor

of the cluster and (2) the point at which Ethiopian genotypes

diverged from genetically related strains outside of East Africa.

We performed BEAST analysis using the 70-thousand-year

time frame (MTBC-70 [3]) and the 6-thousand-year time frame

(MTBC-6 [25]). The predicted coalescent times obtained using

the two models are shown for the major Ethiopian genotypes
Authors



Figure 3. Contour Maps Derived from Point

Estimation of the Frequency of Each Line-

age in the Different Sampling Locations

The results are based on a previously published

M. tuberculosis collection [9]. Note that there are

different scales for each lineage, reflecting their

maximum and minimum frequency across the

country.
in Table S2, while Figure 4 shows the estimated coalescent times

for the MTBC-6 model.

We were unable to determine which of the two competing

models was more likely in the face of historical or pre-historical

records (although see Supplemental Experimental Procedures

for an extended discussion of this topic). However, both

models are clearly incompatible with the view that TB did

not exist in Ethiopia or in Sub-Saharan Africa prior to European

contact as envisaged in the ‘‘virgin soil’’ hypothesis. Specif-

ically, MTBC-70 dating suggests that the main lineages and

sub-lineages were already established 4,000 years ago or

earlier (Table S2). The coalescent point for entry of the domi-

nant Ethiopian L4.2.ETH1 cluster is consistent with its arrival

in association with the major 3,000-years-ago north-south hu-

man migration and origin of the Ethiosemitic languages (95%

highest posterior density [HPD] interval: 2,055–3,835 years

ago for the divergence within Ethiopia) [26]. Other sub-lineages

were already established 5,000 years ago and may be linked to

the recent discovery of significant Eurasian admixture in

Ethiopia, explained by back migrations of earlier Neolithic

farmers probably from Anatolia around that time [18]. In

contrast, the MTBC-6 model suggests that some sub-lineages

like L4.2.ETH1 (95% HPD interval: 167–313 years ago) or

L4.1.2 (95% HPD interval: 404–539 years ago) could have

been introduced at the time of early Portuguese contact with

Ethiopia in the 16th century or later, while other sub-lineages

are several centuries older (Figure 4). In agreement with the

PCA plots (Figures 2A, S3, and S4), MTBC-6 predicts that

some sub-lineages of lineage 1, lineage 3, and lineage 4

were present in East Africa prior to the 10th century (Table

S2; Figure 4), long before the onset of European colonization.

The most extreme case of this pattern is L7, with the MTBC-70

time frame suggesting that L7 was branching off around the

time of initial human migrations out of Africa (Table S2).

MTBC-6 predicts a common ancestor reaching back to the
Current Biology 25, 3260–3266, De
11th century (95% HPD interval: 806–

1,191 years ago) and divergence of L7

from related MTBC strains as early as

the third millennium BCE (95% HPD in-

terval: 4,099–4,850 years ago; Table

S2; Figure 4). The dating analyses reveal

that the same observation of pre-colo-

nial presence of lineages also applies

to other parts of Africa. For example,

the West Africa-restricted lineages 5

and 6 (L5 and L6), also known as Myco-

bacterium africanum, are predicted to

have a common ancestor 5,000 years

ago under the MTBC-6 model. In sum-
mary, both dating models are incompatible with the ‘‘virgin

soil’’ hypothesis for Sub-Saharan Africa.

Conclusions
Understanding the factors underlying the historical persistence

or replacement of particular sub-populations of M. tuberculosis

has potential relevance for predicting future trends in disease

epidemiology. There is current evidence that strains belonging

to ancient African lineages L5 and L6 are slowly being replaced

by L4 in West Africa, and that L2 strains (prevalent in East

Asia) are expanding in South Africa (reviewed in [14]), for

example, and there is an urgent need to identify the mechanisms

that determine expansion or restriction of emerging drug-resis-

tant genotypes. Successful introduction of new genotypes could

be driven bymajor population migrations or by fitness properties

linked to host genotype or social environment [27]. A simple con-

ceptual model to account for the population structure in Ethiopia

would envisage that prolonged stable co-evolution of human

and microbial populations favors a relatively benign infection

that optimizes mutual survival of both partners, whereas an un-

stable environment favors expansion of more aggressive micro-

bial genotypes irrespective of their long-term impact on host

populations. TB epidemiology in colonial Africa would then

reflect replacement of a stable M. tuberculosis population with

introduction of aggressive genotypes selected in industrialized

Europe alongside expansion of opportunist indigenous geno-

types with the ability to exploit opportunities of African urbaniza-

tion [28]. This can explain the high heterogeneity in infection rates

across Sub-Saharan Africa observed after colonial contact [29].

Consistent with this model, the most recently introduced sub-

lineage L4.1.2 is associated with large transmission clusters in

Ethiopia [9]; an independent genotyping study in the Amhara re-

gion similarly demonstrated higher transmission and drug resis-

tance associated with spoligotypes corresponding to L4.1.2

(Haarlem) and L4.2.ETH1 (named NW-ETH3 in [30, 31]). In
cember 21, 2015 ª2015 The Authors 3263



Figure 4. Representation of Dating Events for MTBC Sub-lineages Included in This Study

Dots (d) represents the age of the most recent common ancestor of the different Ethiopian sub-lineages circulating today. Diamonds (A) represent the split of

those Ethiopian groups from the closest non-Ethiopian strains in the global dataset described in [3]. Note that for lineage 7, the split from otherMTBCwas the third

millennium BCE and is not represented. Light gray highlights the time of first sporadic European contacts in Ethiopia (16th–19th centuries CE). Dark gray highlights

the time frame for amore continuous contact between Ethiopia and foreign nations (19th century CE and onward). The data presented show only the results for the

MTBC-6 model in which the whole complex is predicted to be around 6,000 years old [25]; the results for the MTBC-70 model where all lineages were already

established by 4,000 years ago are not shown. (See Table S2.)
contrast, patients infected with L7 strains appear to report later

to the health clinics and tend not to be associated with recent

transmission and multidrug resistance [30].

EXPERIMENTAL PROCEDURES

Preparation of Genomic DNA and Genome Sequencing

All Ethiopian samples were obtained from a previous study [9]. SelectedMTBC

strains were cultured from frozen stocks on Middlebrook 7H11 agar. One sin-

gle colony per strain was then sub-cultured, cells were harvested by heat inac-

tivation, and genomic DNA was purified using a standard protocol [32] and

utilized for sequencing on an Illumina HiSeq platform at GATC Biotech (Kon-

stanz, Germany) with coverage ranging between 150 and 244 reads per

base pair. Reads were mapped to a reconstructed most recent common

ancestor of the MTBC as described previously [33]. For each strain, a combi-

nation of BWA mapping and SAMtools SNP calling [34] was used with the pa-

rameters set as described earlier [9]. We controlled for false positives by

removing calls falling in repetitive regions [33]. SNP calls should have been

present in at least 10 reads, with SNP mapping qualities of the bases higher

than 20. The 66 sequenced genomeswere combined with a recently published

whole-genome dataset of 219 global MTBC isolates [3].

Statistical Analyses

To define the population structure of M. tuberculosis in Ethiopia, we scanned

the strains for diagnostic SNPs defining phylogenetic groups as recently pub-

lished [15]. To associate the different Ethiopian phylogenetic groups with

global African or non-African clades, we carried out PCA using Stata [35]. To

explore the possible relationship between genetic diversity and geographic

distance, we classified MTBC strains into 13 broad geographic areas. These

areas are approximately the same as those defined by the United Nations

[3]. The within-area genetic diversity (pi) was calculated using DnaSP [20].
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We used the Pearson correlation coefficient to test for correlation between

pi for MTBC and the mean geographic distance between the country of origin

of the patient and an arbitrary point representing (1) a midpoint in Africa

(latitude 6.793981� N, longitude 21.299250� E), (2) Addis Ababa

(8.984711� N, 38.754112� E), or (3) West Africa (12.433722� N, 1.102581� W).

Contour maps to infer the frequency of each lineage across the country were

built using available genotyping data of almost 1,000 M. tuberculosis isolates

previously generated [9]. We inferred the incidence of the lineage across the

country using the inverse distance weighting interpolation with a power value

of 2.7. All analyseswere performed usingQGIS v2.8, which is freely available at

http://www.qgis.org/en/site/.

Phylogenetic and Dating Analyses

For phylogenetic inference, we used a core genome alignment of SNPs after

removing columns with gaps (deletions or heterozygous calls). Phylogenetic

analyses were performed using MEGA for the neighbor-joining (NJ) tree

(Tamura-3 parameters) with 1,000 bootstrap pseudo-replicates [36]. RAxML

version 8.0.0 [37] was used for the maximum-likelihood approach specifying

a general time-reversible model of nucleotide evolution and estimating five

gamma categories and 1,000 bootstrap pseudo-replicates. BEAST v1.7.5

was used for the Bayesian topology inference as specified below [38]. The

application of different inference methods or models of nucleotide evolution

did not have an impact on the phylogeny, with all relevant clades discussed

in this manuscript having a support value of 100 for the three inference

methods (see Figure 1 for the maximum-likelihood topology and Figure S1

for details of support values of the main clades discussed).

The dating analyses were performed using similar parameters as in earlier

publications [3, 25]. Briefly, the phylogenetic tree was calibrated with the

two existing competing models for predicting the origin of the MTBC: a

70,000-year-old ancestor [3] or a 6,000-year-old ancestor [25] was pre-spec-

ified in BEAST. We used an uncorrelated log-normal distribution to model the

variation of the substitution rate among branches, a Hasegawa-Kishino-Yano
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nucleotide substitution model, and a skyline demographic model with ten

different intervals. We ran between six and ten chains during 5 3 107 genera-

tions and sampled every 1 3 104 generations to assure independent conver-

gence. The burn-in was set to 20%. Convergence was evaluated in Tracer

[39] with all relevant parameters reaching an effective sample size > 100.
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8. Boritsch, E.C., Supply, P., Honoré, N., Seemann, T., Stinear, T.P., and

Brosch, R. (2014). A glimpse into the past and predictions for the future:

the molecular evolution of the tuberculosis agent. Mol. Microbiol. 93,

835–852.

9. Firdessa, R., Berg, S., Hailu, E., Schelling, E., Gumi, B., Erenso, G.,

Gadisa, E., Kiros, T., Habtamu, M., Hussein, J., et al. (2013).

Mycobacterial lineages causing pulmonary and extrapulmonary tubercu-

losis, Ethiopia. Emerg. Infect. Dis. 19, 460–463.

10. Blouin, Y., Hauck, Y., Soler, C., Fabre, M., Vong, R., Dehan, C., Cazajous,

G., Massoure, P.-L., Kraemer, P., Jenkins, A., et al. (2012). Significance of

the identification in the Horn of Africa of an exceptionally deep branching

Mycobacterium tuberculosis clade. PLoS ONE 7, e52841.

11. Blouin, Y., Cazajous, G., Dehan, C., Soler, C., Vong, R., Hassan, M.O.,

Hauck, Y., Boulais, C., Andriamanantena, D., Martinaud, C., et al.

(2014). Progenitor ‘‘Mycobacterium canettii’’ clone responsible for lymph

node tuberculosis epidemic, Djibouti. Emerg. Infect. Dis. 20, 21–28.

12. Pankhurst, R. (1990). The Medical History of Ethiopia (The Red Sea Press).

13. World Health Organization (2014). Global Tuberculosis Report 2014

(WHO).

14. Coscolla, M., andGagneux, S. (2014). Consequences of genomic diversity

in Mycobacterium tuberculosis. Semin. Immunol. 26, 431–444.

15. Coll, F., McNerney, R., Guerra-Assunção, J.A., Glynn, J.R., Perdigão, J.,

Viveiros, M., Portugal, I., Pain, A., Martin, N., and Clark, T.G. (2014).

A robust SNP barcode for typing Mycobacterium tuberculosis complex

strains. Nat. Commun. 5, 4812.

16. Mokrousov, I. (2012). The quiet and controversial: Ural family of

Mycobacterium tuberculosis. Infect. Genet. Evol. 12, 619–629.

17. Kivisild, T., Reidla, M., Metspalu, E., Rosa, A., Brehm, A., Pennarun, E.,

Parik, J., Geberhiwot, T., Usanga, E., and Villems, R. (2004). Ethiopian

mitochondrial DNA heritage: tracking gene flow across and around the

gate of tears. Am. J. Hum. Genet. 75, 752–770.

18. Llorente, M.G., Jones, E.R., Eriksson, A., Siska, V., Arthur, K.W., Arthur,

J.W., Curtis, M.C., Stock, J.T., Coltorti, M., Pieruccini, P., et al. (2015).

Ancient Ethiopian genome reveals extensive Eurasian admixture

throughout the African continent. Science. Published online October 8,

2015. http://dx.doi.org/10.1126/science.aad2879.

19. Sharaf Eldin, G.S., Fadl-Elmula, I., Ali, M.S., Ali, A.B., Salih, A.L., Mallard,

K., Bottomley, C., andMcnerney, R. (2011). Tuberculosis in Sudan: a study

of Mycobacterium tuberculosis strain genotype and susceptibility to anti-

tuberculosis drugs. BMC Infect. Dis. 11, 219.

20. Gagneux, S., DeRiemer, K., Van, T., Kato-Maeda, M., de Jong, B.C.,

Narayanan, S., Nicol, M., Niemann, S., Kremer, K., Gutierrez, M.C., et al.

(2006). Variable host-pathogen compatibility in Mycobacterium tubercu-

losis. Proc. Natl. Acad. Sci. USA 103, 2869–2873.

21. Kodaman, N., Pazos, A., Schneider, B.G., Piazuelo, M.B., Mera, R.,

Sobota, R.S., Sicinschi, L.A., Shaffer, C.L., Romero-Gallo, J., de Sablet,

T., et al. (2014). Human and Helicobacter pylori coevolution shapes the

risk of gastric disease. Proc. Natl. Acad. Sci. USA 111, 1455–1460.

22. Henn, B.M., Cavalli-Sforza, L.L., and Feldman, M.W. (2012). The great hu-

man expansion. Proc. Natl. Acad. Sci. USA 109, 17758–17764.

23. Tanabe, K., Mita, T., Jombart, T., Eriksson, A., Horibe, S., Palacpac, N.,

Ranford-Cartwright, L., Sawai, H., Sakihama, N., Ohmae, H., et al.

(2010). Plasmodium falciparum accompanied the human expansion out

of Africa. Curr. Biol. 20, 1283–1289.

24. Linz, B., Balloux, F., Moodley, Y., Manica, A., Liu, H., Roumagnac, P.,

Falush, D., Stamer, C., Prugnolle, F., van der Merwe, S.W., et al. (2007).
logy 25, 3260–3266, December 21, 2015 ª2015 The Authors 3265

http://dx.doi.org/10.1016/j.cub.2015.10.061
http://dx.doi.org/10.1016/j.cub.2015.10.061
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref1
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref1
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref2
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref2
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref2
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref2
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref3
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref3
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref3
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref3
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref4
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref4
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref4
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref4
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref4
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref5
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref5
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref5
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref5
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref6
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref6
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref6
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref7
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref7
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref7
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref7
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref8
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref8
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref8
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref8
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref9
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref9
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref9
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref9
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref10
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref10
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref10
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref10
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref11
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref11
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref11
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref11
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref11
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref11
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref12
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref13
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref13
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref14
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref14
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref15
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref15
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref15
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref15
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref16
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref16
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref17
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref17
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref17
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref17
http://dx.doi.org/10.1126/science.aad2879
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref19
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref19
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref19
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref19
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref20
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref20
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref20
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref20
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref21
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref21
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref21
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref21
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref22
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref22
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref23
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref23
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref23
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref23
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref24
http://refhub.elsevier.com/S0960-9822(15)01355-X/sref24


An African origin for the intimate association between humans and

Helicobacter pylori. Nature 445, 915–918.

25. Bos, K.I., Harkins, K.M., Herbig, A., Coscolla, M., Weber, N., Comas, I.,

Forrest, S.A., Bryant, J.M., Harris, S.R., Schuenemann, V.J., et al.

(2014). Pre-Columbian mycobacterial genomes reveal seals as a source

of New World human tuberculosis. Nature 514, 494–497.

26. Pagani, L., Kivisild, T., Tarekegn, A., Ekong, R., Plaster, C., Gallego

Romero, I., Ayub, Q., Mehdi, S.Q., Thomas, M.G., Luiselli, D., et al.

(2012). Ethiopian genetic diversity reveals linguistic stratification and com-

plex influences on the Ethiopian gene pool. Am. J. Hum. Genet. 91, 83–96.

27. Comas, I., and Gagneux, S. (2009). The past and future of tuberculosis

research. PLoS Pathog. 5, e1000600.

28. Comas, I., and Gagneux, S. (2011). A role for systems epidemiology in

tuberculosis research. Trends Microbiol. 19, 492–500.

29. Cummins, S.L. (1935). Studies of tuberculosis among African natives: re-

ports to the Medical Research Council. Tubercle 1935, 7–15.

30. Yimer, S.A., Norheim, G., Namouchi, A., Zegeye, E.D., Kinander, W.,
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