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Only few molecular studies have addressed the age of bacterial pathogens
that infected humans before the beginnings of medical bacteriology, but
these have provided dramatic insights. The global genetic diversity of
Helicobacter pylori, which infects human stomachs, parallels that of its
human host. The time to the most recent common ancestor (tMRCA) of
these bacteria approximates that of anatomically modern humans, i.e. at
least 100000 years, after calibrating the evolutionary divergence within
H. pylori against major ancient human migrations. Similarly, genomic
reconstructions of Mycobacterium tuberculosis, the cause of tuberculosis,
from ancient skeletons in South America and mummies in Hungary support
estimates of less than 6000 years for the tMRCA of M. tuberculosis. Finally,
modern global patterns of genetic diversity and ancient DNA studies
indicate that during the last 5000 years plague caused by Yersinia pestis
has spread globally on multiple occasions from China and Central Asia.
Such tMRCA estimates provide only lower bounds on the ages of bacterial
pathogens, and additional studies are needed for realistic upper bounds
on how long humans and animals have suffered from bacterial diseases.

1. Background

The oldest bacterial pathogens in microbiological strain collections date from
the 1890s, soon after medical bacteriology was introduced. Older, historical
descriptions of clinical disease are rarely sufficiently precise to provide defini-
tive attributions to individual bacterial pathogens, and only a few bacterial
diseases leave characteristic lesions on skeletons. In recent years, comparative
genomics has reconstructed the short-term evolutionary history of multiple bac-
terial clades whose diversity converges on a recent common ancestor (MRCA)
that existed decades ago. One example is a clone of antibiotic-resistant Staphy-
lococcus aureus that has been a common cause of hospital disease in Europe and
other continents [1] (electronic supplementary material, table S1). Another
example is food-borne gastroenteritis caused by Salmonella enterica serovar
Agona, whose MRCA dates to the 1930s, and which spread globally in the
1960s via contaminated fish meal from South America [2]. However, despite
some claims to the contrary, we have not identified any special properties
that are generally characteristic for clones that spread globally. Instead, with
few exceptions [3,4], it has not been possible to definitively identify any genetic
changes in bacteria that have resulted in increased virulence or transmissibility,
and could therefore have accounted for recent expansions of the bacterial popu-
lations [5]. Even though antibiotic-resistant mutants are repeatedly selected by
the use of antibiotics for medical and veterinary treatment of disease, many
such mutants are soon replaced by their antibiotic-sensitive kin [5,6]. Similarly,
antigenic variants that were selected for resistance to specific antibodies were
soon eliminated once the bacteria had spread to immunologically naive popu-
lations, leaving only the parental variants expressing the original antibody
targets [7]. We also lack an understanding of why many pathogenic clones
are transient, flaring and spreading for decades, only to be replaced by
others. One possible explanation for our lack of understanding of these
phenomena is that our time frame of comparison is too short, and as a result
focuses on random genetic drift, whereas important changes primarily occur
over longer periods.

© 2016 The Author(s) Published by the Royal Society. Al rights reserved.
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Any analysis of changes during long-term evolution
needs to know when such changes happened, which, in
turn, depends on dating genetic events. Until several years
ago, microbiologists believed that bacteria accumulate
mutations at a constant molecular clock rate of approximately
3.4 x 107 substitutions per nucleotide per year, which was
based on an estimate that the bacterial species Escherichia coli
and S. enterica separated about 160 million years ago [8]. This
universal clock rate was used to calculate the ages of other bac-
terial taxa based on their genetic diversity, resulting in
estimates of 70 million years for the age of Moraxella catarrhalis
[9], 10000-43 000 years for S. enterica serovar Typhi [6] and
7000 years for E. coli O157:H7 [10]. However, these estimated
ages are almost certainly wrong, as are all other estimates pub-
lished before 2009, because protein-coding genes mutate at
different rates in different taxa [11], and the original calibra-
tions that supported a constant clock rate are invalid [12].
Instead, comparative genomics of multiple bacterial pathogens
have indicated that their clock rates vary from taxon to taxon,
with extreme values that differ by orders of magnitude
(electronic supplementary material, table S1).

Even our newest estimates of bacterial clock rates are too
simplistic: they assume that clock rates are constant over time,
and uniform within lineages. However, it has been argued
that the clock rate slows down with time owing to purifying
selection [13], which would result in an underestimate of the
time to the most recent common ancestor (tMRCA). This con-
cept has received little attention for bacteria, although it may
apply to Helicobacter pylori. For H. pylori, the average clock
rate was 1000-fold slower for bacterial lineages that separa-
ted more than 50000 years ago (2.6 x 107) [12] than the
short-term clock rate (3 x 10™%) measured immediately after
initiating an infection [14], and chronic infections over years
were associated with intermediate rates (1.4 x 107°) [15].
Short-term rates would therefore be inappropriate for calcu-
lating the tMRCA of H. pylori. Calculations based on the
laboratory mutation rate are even worse because they differ
by at least sevenfold between different strains of H. pylori
[12], and it is not possible to convert from the mutations
per generation calculated in the laboratory into substitutions
per year. Clock rates in nature are also not necessarily inde-
pendent of demography. For example, clock rates seem to
have accelerated temporarily within Y. pestis during the
large bacterial population expansions that occurred during
plague outbreaks [16].

Here, I concentrate on selected examples where the ages
of pathogenic bacteria were investigated over longer time
frames through combinations of studies on extant bacteria
plus genomic data from ancient DNA (aDNA).

2. Helicobacter pylori and anatomically modern
humans

Helicobacter pylori infects the stomachs of approximately
50% of all humans, but the frequency of infection varies region-
ally, ranging from very low infection rates in young North
Americans and Europeans to more than 90% infection rates
in large parts of Africa [17]. Infection almost always results in
chronic gastritis; approximately 10-15% of infected individ-
uals develop gastric or peptic ulcers and gastric or MALT
lymphoma also arises in approximately 1%. The only known
natural hosts for H. pylori are humans, but these bacteria can

also infect some laboratory animals and are transmitted from n

humans to captive primates in zoos. Helicobacter acinonychis,
the closest relative of H. pylori, seems to have arisen as a distinct
species after a host jump of H. pylori from humans to large
felines [18].

In the late 1990s, I became intrigued by why the genetic
diversity of H. pylori seemed to reflect their geographical
origins [19]. My co-workers and I collected bacteria from
highly diverse geographical sources and distinct human popu-
lations, including former hunter—gatherers (San in South
Africa: [20]; Baka pygmies in Cameroon [21]; aboriginals in
Taiwan and Australia [22]) as well as highlanders in Papua
New Guinea [22], Amerinds in North and South America
[23] and Buddhists and Muslims in the Himalayas (Ladakh)
[24]. Over 2000 strains from diverse geographical sources
were genotyped for seven housekeeping gene fragments, con-
firming that H. pylori from distinct continents or subcontinents
belonged to distinct bacterial populations. These populations
were assigned mnemonic designations referring to their
geographical or ethnic associations (figure 1a). Many of the
geographical associations correspond to regions first colonized
by anatomically modern humans in sequential migrations
during the last 60 000 years (figure 1c). As a result of the bottle-
necks associated with those migrations, and subsequent
isolation by distance, the pairwise genetic distances between
human populations increase with distance and their genetic
diversity drops with distance from sub-Saharan Africa [26].
Quantitatively similar patterns were found for H. pylori [25],
and the pairwise genetic distances between H. pylori correlated
strongly with genetic distances between human mtDNA
sequences from corresponding geographical areas (figure 1d).
The obvious interpretation was that H. pylori have accompanied
humans since their out of Africa migrations about 60 kya. In
further support of this conclusion, a non-recombinant phylo-
genetic tree of the sequences of housekeeping gene fragments
of H. pylori shares important branching patterns with that of
mtDNA from humans (figure 1e). We therefore used six dates
when modern humans first reached certain geographical
areas to calibrate the corresponding nodes in the H. pylori
phylogenetic tree, and estimated a tMRCA for H. pylori of
about 100 000 years (figure 1e) [20].

A striking number of parallels were obtained between the
genetic patterns and sources of native human populations
and their associations with populations of H. pylori, including
native Americans who migrated from Asia across the Bering
Strait (hspAmerind, a subpopulation of hpEastAsia); Austro-
nesians who migrated from Taiwan to the Pacific (hspMaori,
a subpopulation of hpEastAsia; figure 1b,c); Bantu who
migrated from West Africa to East and South Africa (hp-
Africal) and the original inhabitants of the highlands of
Papua New Guinea and central Australia (hpSahul)
[20,22,23,25]. It is also striking that the click-speaking San,
former hunter—gatherers whose mtDNA defines a basal lineage
for humans, were found to be the original host of hpAfrica2,
which, together with the feline H. acinonychis, forms a basal
lineage within H. pylori (figure 1e).

Not all geographical patterns are concordant between
H. pylori and humans. For example, we had hoped to identify
ancestral variants of H. pylori within Baka pygmies in Camer-
oon. However, the H. pylori that infected Baka pygmies
belonged to the same hpAfrical and hpNEAfrica populations
as those from their Bantu neighbours who had first migrated
to that area within the last 3000-6000 years [21]. If Baka
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Figure 1. Population structure, dated phylogeny and ancient migrations of Helicobacter pylori based on sequences of seven housekeeping gene fragments. (a) Global
population structure (based on electronic supplementary material, figure S3 [25] updated with additional data from [22]). (b,c) Migrations into the Pacific of
hspMaori and hpSahul (modified from figure 1 of [22]). (b) A phylogenetic tree of hspMaori, a subpopulation of hpEastAsia, shows patterns of serial descent
from bacteria from indigenous Taiwanese of six ethnic groupings through isolates from Filipinos, Melanesians and Polynesians. (c) Frequencies of hspMaori

(orange) and hpSahul (red) in pie charts according to geographical source. (c inset;

Taiwan subdivided by indigenous ethnic group; number of hspMaori/

number of all H. pylori (Austronesian language family)). (d) Quantitative parallel patterns of pairwise genetic distances between H. pylori and human mtDNA
samples from corresponding geographical areas. (source: figure 7 of [20]). (¢) Comparison of phylogenetic tree of H. pylori housekeeping gene fragments (left)
and human mtDNA (right) (source: figure 6 of [20]). African lineages are shown on a green background, whereas the background for lineages outside Africa
is light blue. San clades are purple, non-San clades are orange and H. acinonychis is yellow. San mtDNA lineages that were identified in this study are shown

as white lines.
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pygmies were previously infected by other H. pylori, those
bacteria have likely been lost through the lineage extinction
that would be associated with human population sizes that
are too small to stably maintain infection [21]. A similar pat-
tern was observed with Amerinds in the Americas, who were
predominantly infected with hpEurope and hpAfrical that
were imported after 1492 [23]. In South America, hspAmer-
ind H. pylori were only isolated from Amerinds living in
extremely remote areas of the Amazon basin, and who
have had only limited contact with Europeans and Africans.

Possibly the most dramatic apparent discrepancy between
human population structure and that of H. pylori is rep-
resented by the hpEurope bacterial population. Similar to
Europeans, hpEurope is predominant from Western Asia
throughout Europe. However, hpEurope is a hybrid popu-
lation, representing the descendents of admixture between
the ancestors of hpNEAfrica, now largely restricted to north-
eastern Africa, and hpAsia2, which is found throughout
central and northern Asia. This admixture event seems to
have occurred long after humans and H. pylori left Africa
[20] (figure 1le). Indeed, analyses of ancient H. pylori DNA
from the Iceman, a 5300-year-old copper age mummy from
the Italian Alps, showed that its genomic structure predates
that admixture event, and its ancestry was almost exclusively
from hpAsia2 [27]. In contrast, the only modern hpAsia2
H. pylori that were isolated in Europe in modern times were
from the Bangladeshi community. Finding pure hpAsia2 in
the Italian Alps 5000 years ago suggests that the admixture
that led to hpEurope was even more recent than 5000 years.
However, the human migrations that are known to have
occurred since the Bronze age [28] do not include a potential
wave of migrants who might have introduced hpNEAfrica
throughout Western Eurasia.

3. Over 5000 years of plague

Bubonic plague is an invasive disease of humans that often
presents with buboes (inflamed lymph nodes in the inguinal,
axillary and cervical regions) as clinical symptoms [29]. Prior
to the introduction of antibiotic therapy in the mid-twentieth
century, the mortality rate of bubonic plague was extremely
high, and even higher for pneumonic plague, an infection
of the lungs which is transmitted from human to human by
droplets. In 1894, marine shipping from Hong Kong distribu-
ted Yersinia pestis from China to shipping ports around the
globe, thus initiating the third plague pandemic (figure 2d).
In some areas, these bacteria caused novel chains of endemic
and epidemic infections of local rodents whose fleas were
able to infect humans, and caused large outbreaks of bubonic
plague. Rats were the primary rodent hosts in Hong Kong
itself, as well as in India and Madagascar. However, in most
other geographical areas, including the USA, human plague
infections are usually acquired from other species of rodents.
Pneumonic plague was less common than bubonic plague,
with the notable exception of Manchuria, where the trans-
mission of Y. pestis from infected marmots to fur trappers
resulted in large outbreaks after 1910 [29].

Historical records from two prior plague pandemics had
already described an association of buboes with lethal epi-
demic diseases. These pandemics are referred to as the
Justinianic (First) Pandemic (multiple waves between 541
and 767; figure 2b) [38] and the Second Pandemic that

recurred in multiple waves through to the early-nineteenth
century after reaching Europe in 1348 (the Black Death;
figure 2c¢) [39]. Within 1-2 years after these pandemics
began, plague had already spread by marine routes to a
large part of the Mediterranean basin and Western Europe
(henceforth collectively referred to as Europe), and then con-
tinued to spread inland at great speed. Each of those two
pandemics killed a significant proportion of the European
population at that time. The rapid inland geographical trans-
mission and the high proportion of lethality across European
populations differs from the epidemiological patterns of
modern plague, which spreads much more slowly, and
does not kill more than a small fraction of the local human
population during a major outbreak. As a consequence,
epidemiologists, zoologists and historians long questioned
whether Y. pestis was indeed responsible for the first two
plague pandemics, and presented a variety of seemingly
convincing arguments for alternative aetiological agents [40].
However, human skeletons dating between 300 and 5000
years ago have now yielded aDNA derived from Y. pestis
genotypes, and the evolutionary branches defined by these
genotypes are intertwined among those of extant Y. pestis. As
a result, there is now a general consensus that Y. pestis has
been a common cause of plague for millennia. There is a total
lack of convincing evidence for the existence of any additional
factors or other pathogens that may have been responsible for
the special epidemiological patterns of the first two pandemics
of historical plague. Indeed, the power of the ‘new plague
paradigm’ is now stimulating historians to articulate new
questions about the history of these deadly pandemics [41].

(a) Populations and phylogeny

When I first developed an interest in Y. pestis in the late 1990s,
multiple technical issues hindered definitive population gen-
etic analyses. First, Y. pestis is a category A potential agent for
biocrimes or bioterrorism, whose transport is prohibited
except for military organizations or WHO reference labora-
tories. As a result, no single laboratory has yet assembled a
collection of Y. pestis bacteria or their DNA, that is broadly
representative of its entire extant global diversity. Second,
endemic plague is primarily a disease of wild rodents, but
most microbiologists and historians focus on human plague
even though it represents a rare consequence of occasional
spillover from the primary, rodent hosts [42]. Third, unlike
H. pylori, in which every third nucleotide is polymorphic,
only a few thousand nucleotides are polymorphic over the
entire genome of Y. pestis [16], a frequency of approximately
1/1000. Fourth, the greatest genetic diversity of Y. pestis is
found in Central to Eastern Asia [16,30]. However, Central
Asia is underrepresented in modern analyses because its
microbiological surveillance of rodent infections largely
disappeared after the collapse of the Soviet Union in 1990.
Fortunately, extensive historical collections of bacteria that
were isolated during the twentieth century still exist at the
Institut Pasteur in Paris [43] and Madagascar [44], the Beijing
Institute of Microbiology and Epidemiology [16] and the
Bundeswehr Institute of Microbiology in Munich [45].
These facilitated access to DNA from bacterial strains isolated
from a variety of global sources, including Africa, the USA,
the Middle East, South East Asia, China and Mongolia as
well as a few strains from Central Asia. Furthermore, sequen-
cing and SNP typing have become much simpler since the
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from [30] (http:/research.ucc.ie/NGT/index.html).

early 2000s, and genome sequencing and genotyping of
genetically monomorphic bacteria [46] such as Y. pestis is
now quite straightforward. As a result, my extensive global
collaborations with scientists in France, China, the USA, the
UK and Madagascar have now resulted in hundreds of com-
plete and draft genomes and SNP-based genotypes [16,30].
These are quite easy to interpret, because, unlike H. pylori,
there are no traces of homologous recombination within
Y. pestis. Instead, almost all of the polymorphic nucleotides
(SNPs) in the genome of Y. pestis represent unique (non-
homoplastic) mutations that have each only occurred once
in its evolutionary history [16,30]. These SNPs define the

same topology independent of the phylogenetic algorithm
used, including that of a unique maximum-parsimony tree.
An important consequence of this genetic simplicity is that
results from SNP testing, and full genome sequences from
both extant and ancient sequences can be readily combined
in a single evolutionary tree (figure 24).

The Y. pestis evolutionary tree is unambiguously rooted
within Yersinia pseudotuberculosis, of which Y. pestis is a
genetically monomorphic clade [47]. Branches and popu-
lations within that tree that are defined by extant diversity
have already been assigned characteristic names [16,30,48],
for example branch 0 for the ancestral branch leading from
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Y. pseudotuberculosis. I have now taken the liberty of arbitra-
rily assigning similar designations to ancient genotypes in
figure 2a in order to facilitate the following summary.
Branch 0 begins with ancient genomes from the teeth of
Bronze-age individuals who died up to 5000 years ago [31]
(populations 0.PRE1, 0.PRE2). These are followed by a variety
of extant populations found today in eastern and central Asia
(0.PE7, 0.PE1-4, 0.ANT1) [16,30] and then by a genome from
the Justinianic pandemic in Germany (0.ANT4) [32]. Branch 0
continues with extant populations from eastern and central

Asia (0.ANT2-3), and culminates in a ‘big bang’ of explosive
radiation [16], as witnessed by a polytomy that yielded
extant branches 1, 2, 3 and 4. This radiation must have hap-
pened shortly before the Black Death in 1348, likely within
decades, because the core genome from skeletons buried in
1348-1349 in London (1.PRE1) differ by only one informative
SNP from that polytomous branch point. In turn, all sub-
divisions of populations within branches 1-4 and their
transmissions to multiple geographic locations must have
happened since the mid-fourteenth century.
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(b) Patterns of global transmission since 1348

Little is yet known about branches 3 and 4, which encompass
rare isolates from China and Mongolia. However, extant strains
of branch 2 have been isolated from multiple geographically
different sources, indicating extensive spread in the last 650
years since its origins. The 2.ANT3 population is common in
northeastern China, and 2.MED3 in central China [16,30].
2.ANT1 and 2.ANT3 were also found in China, and their geo-
graphical sources overlap with a branch of the Tea-Horse trade
road connecting China with South Asia; 2.ANT1 has even been
isolated in Nepal [16]. Similarly, 2.MED2 predominated along
the southern route of the former Silk Roads. An even more
dramatic correlation was found for 2.MED1, which was
found in China along the northern route of the Silk Roads as
well as throughout former Kurdistan. The Silk Roads followed
oases through the deserts of central Asia, and passes through
the high mountains in that region [49]. Finding Y. pestis along
these former trade routes suggests that they might have also
provided routes for the migrations of native rodents, and facili-
tated sequential plague infections between neighbouring
rodent populations. Alternately, plague transmission may
have been facilitated by human trade and migrations [16,30]
or military manoeuvres, for example by the Mongols in the
thirteenth century [50].

Our information on historical transmissions is greatest for
branch 1. The reconstruction of ancient genomes have indi-
cated that 1.PRE1 (figure 2a) caused the Black Death in
London [33] as well as other medieval outbreaks in continen-
tal Europe [34,37]. A descendant of these bacteria, 1.PRE1B,
which had accumulated 20 nucleotide substitutions (SNV),
was isolated from Ellwangen, Germany (1485-1627) [34],
and 1.PRE1A, a further descendant population with about
60 additional informative SNVs, caused plague in Marseille
in 1722 [36], almost 400 years after the Black Death. Bacteria
that are related to 1.PRE by low-resolution SNP genotyping
were also isolated in Germany in the fourteenth and seven-
teenth centuries [35]. The 1.PRE1 set of populations forms a
side-branch to branch 1. The direct descent along branch 1
is marked after one SNP by 1.PRE2. 1.PRE2 was isolated
from London in the decades after the Black Death [36] and
its close relatives, according to SNP typing, were isolated
from plague deaths from the fourteenth century in The
Netherlands [37]. 1.PRE3 designates a population that is
one further SNP along branch 1; its genome was obtained
from a mass grave in Bolgar City, Tatarstan, Russia
(1362-1400) [34].

1.PRE3 is ancestral to the 1.ANT1-1.ANT3 populations,
which have only been isolated in East Africa, followed
along branch 1 by 1.IN1C-1.IN3, which have only been
found in China [30,48]. In turn, 1.IN3 is the last known popu-
lation that branched off before 1.ORI, which spread globally
to cause the ongoing Third Pandemic from Hong Kong in
1894. The plague epidemic in Hong Kong is linked by epide-
miological data from the nineteenth century to Yunnan
province [51], which was the sole source of 1.IN3.

These data pose a conundrum, because the sequential SNPs
along branch 1 can only have arisen in single cells, one at a
time. The isolation of aDNA from 1.PRE1 populations from
graves in Europe that differ in age by centuries is very sugges-
tive that these bacteria established transmission chains in
European rodents that lasted hundreds of years, and from
whom waves of transmissions to humans occurred till

the mid-eighteenth century. Historical records of repeated

infections in remote Alpine villages suggest that one potential
habitat for these rodents might have been in the Alps [52].
However, where did branch 1 itself continue to evolve? It has
been suggested that a considerable part of that evolution, poss-
ibly for hundreds of years, was also in local reservoirs in
Europe, with subsequent seeding of the 1.ANT populations
in East and Central Africa followed by the 1.IN populations
in China [32,34,36]. Alternately, that evolution might have con-
tinued in China and central Asia, with occasional epidemic
sweeps that seeded Europe and East Africa [30]. The isolation
of 1.PRE3 in the fourteenth century in Central Russia strongly
supports this latter interpretation, but a definitive answer
about the early epidemiological history of branch 1 must
await further genomic studies on ancient DNA.

The third pandemic was unambiguously and exclusively
caused by 1.0RI (figure 2d) [30,48]. Ten discrete subpopu-
lations of ORI1-1.0RI3 are distinguished by informative
SNPs that were fixed by bottlenecks during the spread from
Hong Kong to other areas, including 1.ORI1 (Hawaii and
continental USA), 1.0RI3 (sequentially to India, Madagascar
and Turkey) and 1.0ORI sublineages ii—ix which followed still
other routes (figure 2d). Each of these lineages was appar-
ently established within a few years after 1894, and the
descendants of those clades have persisted to the present
day in Madagascar, North America and Eastern Asia. These
results provide a paradigm for the sparser results found
with aDNA after the Black Death, which also showed rapid
diversification during a pandemic. Rapid diversification
may be caused by a combination of multiple bottlenecks, geo-
graphical isolation, large population sizes and an effectively
high mutation rate per year owing to the demography of
explosive transmission chains [16,30].

Our understanding of the detailed patterns of global
transmissions of plague has increased very dramatically in
the last 20 years owing to population genetic analyses.
Bronze-age genomes of this pathogen were found in both
Poland and Russia [31], and each of the last three pandemics
has swept across large parts of Eurasia. Thus, plague caused
by Y. pestis has swept across Asia on multiple occasions over
the last 5000 years, or even longer.

4. How long have humans been afflicted
by tuberculosis?

Tuberculosis is one of the most common infectious diseases
of humans, and each year, an estimated nine million individ-
uals develop clinical tuberculosis, and two million die of
the disease. Tuberculosis is caused by the Mycobacterium
tuberculosis complex of bacteria (MTBC), which all descend
from a recent, common ancestor [53]. Human infection
usually results in latent disease without clinical symptoms;
it is thought that one-third of the global human population
has been infected at some point in their lives [54].

The MTBC consists of multiple genetic lineages (figure 3a)
[57], some of which are specific for animals, but occasionally
infect humans. Almost all of the human-specific lineages are
found in Africa, and some (L5-L7) are only rarely isolated
elsewhere. Similar to H. pylori, it has been proposed that
the MTBC originated in Africa and first spread globally
some 60 kyr ago during the out of Africa human migrations
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[57]. Lineages L2-L4 have shorter branches, and are inter-
preted as being ‘modern’, i.e. as having evolved after this
migration, and then spread globally. The other lineages are
interpreted as being “ancient” (pre-60 kyr). In support of this
interpretation, there is a statistically significant correlation
(= ~0.3) in pairwise comparisons between the genetic and
geographical distances between ‘ancient’ bacterial strains, and
a weaker correlation (¥ = ~0.1) for ‘modern’ strains [57].
Based on these observations, a single calibration date of 60 kyr
for the out of Africa human migrations was recently used to esti-
mate the tMRCA of the MTBC as 70000 years ago [53].
However, none of the arguments summarized above are fully
convincing, and this dating should be treated as a speculative
hypothesis until it receives support from other sources.

The ancient history of M. tuberculosis has possibly been
studied more intensively by palaeoarchaeologists than that of
any other bacterial pathogen. The osteological signs of bone
lesions that are specific to clinical tuberculosis have been
found in multiple ancient skeletons. In some cases, PCR ana-
lyses of DNA extracts, coupled with limited sequencing and/
or hybridization with CRISPR spacers, have provided presump-
tive genetic evidence that these lesions did arise from M.
tuberculosis infections of humans and wild animals [58]. Those
analyses dated human infections in Israel to 9000 years ago
[59] and tuberculosis of wild bison in North America to 17 000
years ago [60]. It has been suggested that aDNA from Mycobac-
terium is less exposed to DNA damage than that of other
bacterial taxa, because mycobacterial cell walls contain mycolic
acid [61]. This explanation could explain an unusually high
success rate for the PCR amplification of aDNA from
M. tuberculosis. However, many older descriptions of aDNA
do not satisfy current requirements for excluding environmental
contamination [62], and a convincing case for age estimates of
the MTBC of 17000 years and older must await genome-
based confirmation. Until now, I know only of two sites from
which ancient genomes of M. tuberculosis have been elucidated.

The older of these two sites was near the coast of Peru, where
three genomes were reconstructed from Peruvian Indians who
died about 1000 years ago [55]. These genomes belonged to
the MTBC, but surprisingly they were most closely related to
M. pinnipedii, which infects seals (figure 3a). The authors suggest
that ancient Peruvians were infected after eating seal meat, and
the bacteria then made a successful host jump from seals to
humans which resulted in interhuman transmissions. They
further postulate the same bacteria became established among
South American Indians and persisted for centuries until
being replaced by ‘modern’ lineages from Europe and Africa
after European colonization in 1492. Modern M. pinnipedii can
also infect humans today, but those infections are not trans-
mitted to other humans. It therefore remains possible that the
Peruvian genomes represent human infections, but not interhu-
man transmissions, and genomic data from other ancient
genomes of the MTBC in South America would be needed to
substantiate a successful host jump from seals to humans.
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