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The Story of Helicobacter pylori:
Depicting Human Migrations from
the Phylogeography
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Abstract

Helicobacter pylori is a spiral-shaped Gram-
negative bacterium, which has infected more
than half of the human population. Besides its
colonisation capability, the genetic diversity of
H. pylori is exceptionally well structured and
belongs to several distinct genetic populations,
depicting various prehistorical human migra-
tion events. The evolutionary relationship of
H. pylori with its host had been started at least
~100,000 years ago. In addition, the discovery
of the ancient H. pylori genome from a
European Copper Age glacier mummy, “The
Iceman”, gave the idea that the second out of
Africa migration resulted in the recombinant
population of hpEurope at least about
5300 years ago. The advancement of next-
generation genome sequencing discovered
the prophage of H. pylori and could discrimi-
nate the big population of hpEurope into two

different subpopulations. In addition, the
implementation of the chromopainter/
fineSTRUCTURE algorithm to the whole
genome analysis of H. pylori provides a finer
resolution population genetics of H. pylori;
therefore it could also depict the recent
migrations within the past 500 years after colo-
nial expansion. This discovery shows that the
genetic recombination of H. pylori strains is
far more dynamic compared to its human host,
but still maintains the similarity to its host,
suggesting that H. pylori is a handy tool to
reconstruct the human migration both in the
past and the recent.
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1 Introduction

Helicobacter pylori is a spiral Gram-negative
bacterium, which demonstrated its roles in gastri-
tis, peptic ulcer and gastric cancer formation in
humans (Uemura et al. 2001). Since its original
revelation in the early 1980s, many ongoing stud-
ies had been conducted and showed that this
bacterium infected more than half of the human
population (Hooi et al. 2017). The route of
infection is still controversial; however, the most
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reasonable route is oral-oral, which indicates the
possibility of transmission within families,
mainly from parents to their children. In addition
to the vertical transmission, H. pylori also could
be transmitted between unrelated people living
nearby (Kivi et al. 2003; Björkholm et al. 2001).
These routes of transmission could become the
fundamental evolution of this bacterium, which
we are going to discuss later.

The evolutionary process resulting in genetic
diversity of the organism involves mutation,
recombination, migration, selection and genetic
drift. These forces are typically sufficient to
explain the genetic differences occurring in the
evolutionary process. These forces drive the
H. pylori to evolve as it had been colonising the
highest selective pressure environment in the
human stomach. The high selective pressure and
long-term colonization, in addition to the nature of
H. pylori,which has unusually highmutation rates
(Björkholm et al. 2001) and homologous recom-
bination rates (Falush et al. 2001; Suerbaum et al.
1998). This resulted in extremely high DNA
sequence diversity that is much higher compared
to that of other bacteria (Achtman et al. 1999) and
even 50-fold higher than its human host (Li and
Sadler 1991). These attributes are responsible for
makingH. pylori considerably as the most diverse
pathogenic bacterium worldwide (Fischer et al.
2010). Interestingly, the high diversity of H. pylori
genomes is very well structured, which could be
divided into several distinct clusters. The population
genetics of H. pylori is very consistent with the
hosting people on different continents; therefore it
reflects the human migration events in the past.

The multilocus sequence typing (MLST)
approach has been used for many years to charac-
terise the phylogeographic features of bacteria,
including H. pylori. The combination of MLST
sequence data and the STRUCTURE algorithm
have discovered the population genetics of
H. pylori,which correlates with the human migra-
tion events (Falush et al. 2003b; Linz et al. 2007).
One of the most important virulence genes, cagA
(Backert et al. 2010; Posselt et al. 2013), also has
been proven to be a geographic predictor along-
side with MLST and it could differentiate the
isolates from East Asian and the Western isolates

(Yamaoka 2010; Achtman et al. 1999). In recent
years, the next-generation sequencing (NGS)
methodology became less expensive, and thus
available to generate more whole genome
sequences. NGS analysis can obtain much more
sequence data and in a shorter time, compared to
the conventional Sanger sequencing approach.
Therefore, NGS data can give us even better
insights in terms of phylogeographic
characterisation of H. pylori at the recent recom-
bination point of view (Thorell et al. 2017) as well
as the new phylogeographic tools, the
bacteriophages (Vale et al. 2017). In addition,
the discovery of a 5300-year-old H. pylori
genome from a European Copper Age glacier
mummy, “The Iceman”, gave us an idea of the
hybridisation between Asia and African
populations of H. pylori (Maixner et al. 2016).
Here, we summarise the current understanding of
phylogeographic of H. pylori as genomic-based
evidence to support the concept of human migra-
tion events, characterised by the MLST, specific
virulence genes and entire genomes.

2 Characterization
the Population Genetics
of H. pylori

Population genetics characterisation is a useful
technique to discover the genetic background of a
given microorganism. Understanding the genetic
background gives us an idea of the relationship of
microorganisms and the nature of infection (dis-
cover the origin of the microbe and the way of
transmission, for example in a particular outbreak);
clinical outcomes (discovery of several virulence
factors) and the geographic location of isolated
microorganisms. In the case of H. pylori, which
has an incredible highly and well-structured
genetic diversity, the population genetics could
reconstruct the evolutionary history.

We can characterise population genetics of
bacteria in many ways. To characterise the popu-
lation genetics of a given bacterium, the MLST
was first proposed and applied to Neisseria
meningitidis to determine the lineage from differ-
ent invasive diseases and healthy carrier in 1998
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(Maiden et al. 1998). For each cluster, the cluster
analysis was applied to assign numbers arbitrarily
and dendrograms by calculating the pairwise
differences in multi-locus allelic profiles. This
method resulting in ~470 bp fragments from alto-
gether six genes identified meningococcal
lineages associated with invasive diseases of
humans (Maiden et al. 1998).

In 1999, Achtman and co-workers applied a
similar approach to assign the population genetics
to H. pylori. Their studies proposed the MLST
using seven housekeeping genes (i.e., atpA, efp,
mutY, ppa, trpC, ureI, and yphC) and two
virulence-associated genes (vacA and cagA).
This method resulted in a clonal descent, which
could be observed, and this separation between
one population compared to others reflected the
geographical origin of the H. pylori isolates
(Achtman et al. 1999). Currently, the method
using seven housekeeping genes became a stan-
dard tool to describe the genetic populations of
H. pylori using MLST analysis.

One of the most common approaches infer-
ring population genetics based on the MLST
data is the STRUCTURE algorithm (Pritchard
et al. 2000). This algorithm was built using the
Bayesian probability approach followed by Mar-
kov Chain Monte Carlo (MCMC), which
inferred the posterior probability of the given
MLST data into several population genetics.
However, as H. pylori had a lot of interspecies
recombination and mutation events, inferring
the population genetics of this bacterium is chal-
lenging. Employing this condition, another
model is implemented in the STRUCTURE soft-
ware, known as the linkage model (Falush et al.
2003a). This model relies on the admixture link-
age disequilibrium that is resulted when a gene
flow (migration) occurs between genetically dis-
tinct populations. Therefore, it infers a finite
number of “ancestral” or precursor number of
populations (Falush et al. 2003a). In case of
H. pylori, with the increasing number of
investigated isolates from the original MLST
study, this approach succeeded to build the
population genetics of H. pylori and linear with
the geographical origin of the isolates (Falush
et al. 2003b).

The advancement of NGS put the genetic
information of the microorganism to the next
level. Increasing the high-throughput data,
which contain high abundance of sequences,
needed to consider the effectivity and efficiency
of the analysis. One of the drawbacks of the
STRUCTURE analysis is the time-consuming
property. Therefore, a new approach was
introduced, and it is called chromopainter and
fineSTRUCTURE, which is less time consuming
with the larger dataset. The chromopainter algo-
rithm relies on the consideration that each
sequence in a given sample is regarded in turn
as a recipient, whose chromosomes are
reconstructed using chunks of DNA donated by
the other individuals. The result of this algorithm
can be summarised as a matrix of co-ancestry,
which reveals the critical information directly
about the ancestral relationship among
individuals (Lawson et al. 2012). Therefore, we
can obtain a higher resolution of the genetic rela-
tionship between one strain and others at the
donor-recipient wise. By applying these main
methods, population genetics of H. pylori could
reflect the major human migration events out of
Africa, from the prehistorical migrations to the
recent migrations.

3 The Phylogeographic
of H. pylori from Out of Africa
to the Pacific

There is accumulating evidence, which showed
that modern humans migrated out of Africa to the
Arabian Peninsula approximately
60,000–150,000 years ago (kya), then indepen-
dently went to Europe and Asia (Cavalli-Sforza
et al. 1994). By applying the Bayesian inferring
algorithm implemented in the STRUCTURE
programme, Linz and co-workers demonstrated
the simulation, which indicated that H. pylori
had spread from East Africa approximately
~58 kya, then the population was spreading
through East Asia (Linz et al. 2007). The simula-
tion resulted in several different populations,
including hpEurope, hpAsia2, hpEastAsia and
hpSahul with a characteristic of decreasing
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genetic diversity by the increasing distance from
Africa, reflecting the genetic drift of each popula-
tion in the H. pylori (Linz et al. 2007).

The European population (hpEurope) is the
biggest in terms of number and distribution in
the H. pylori population genetics. The hpEurope
cluster includes almost all H. pylori isolated from
European countries as far east as Southeast Asian
countries (Table 1). In addition, hpEurope also
possessed very distinct properties from the other
population genetic clusters in global
observations. The European genetic properties
of H. pylori were characterised by great genetic
diversity, even higher than in Africa.
Observations made with the MLST sequences
using linkage model (Falush et al. 2003a)
implemented in STRUCTURE algorithm showed
that the hpEurope was formed by the
hybridisation between two ancestral populations,
known as Ancestral Europe 1 (AE1) and Ances-
tral Europe 2 (AE2) (Falush et al. 2003b).

Originally, the AE1 was defined as the population
found in Ladakh in north India, especially
H. pylori from Ladakhi Muslim, which showed
a distinct ancestral relation to either East Asian or
European populations, respectively (Wirth et al.
2004), and currently known as hpAsia2; the AE2
is currently known as hpNEAfrica. The result
showing that the current hpEurope population
arose by the recombination between AE1 and
AE2, suggests that the introduction of H. pylori
into Europe occurred more than once in history
(Moodley et al. 2012). Hence, it opens a question
of how and when was the second introduction of
H. pylori in the Eurasian land, especially in
Europe, which needs to be solved in future
studies.

In terms of where the second introduction of
H. pylori in Eurasian land is coming from, imple-
mentation of the linkage model (Falush et al.
2003a) of STRUCTURE could capture the distri-
bution of AE1 and AE2 of European H. pylori.

Table 1 The population genetics of H. pylori and geographic localization

Population Sub-population Locations Main references

hpAfrica2 hspNorthSan Namibia, Angola Moodley et al. (2012) and
Falush et al. 2003b)hspSouthSan South Africa

hpAfrica1 hspWAfrica Senegal, the Gambia, Burkina Faso, Morocco,
Algeria, Nigeria, Cameroon, South Africa

Nell et al. (2013), Linz et al.
(2014), and Falush et al.
(2003b)hspSAfrica Namibia, Angola, South Africa, Madagascar

hspCAfrica Cameroon, Namibia
hpAfrica1/
hpEurope

hspAfrica1Nicaragua Central America Thorell et al. (2017)
hspAfrica1NAmerica North, Central and South America
hspMiscAmerica Central and South America
hspEuropeColombia South America

hpNEAfrica hspCentralNEAfrica Sudan, Cameroon, Nigeria, Algeria Linz et al. (2007), and Nell
et al. (2013)hspEastNEAfrica Sudan, Ethiopia, Somalia, Algeria

hpEurope hspNorthEurope Europe as far east as Southeast Asia Thorell et al. (2017) and
Falush et al. (2003b)hspSouthEurope

hpAsia2 hspIndia India, Bangladesh, Malaysia, Thailand, the
Philipines, Nepal

Linz et al. (2007), Wirth et al.
(2004), and Tay et al. (2009)

hspLadakh India (Himalaya)
hpSahul hspAustralia Australia Moodley et al. (2009)

hspNGuinea New Guinea
hpEastAsia hspEasia China, India, Malaysia, Singapore, Taiwan,

Thailand, Cambodia, Vietnam, Japan, Korea
Moodley et al. (2009), Falush
et al. (2003b), and Linz et al.
(2007)hspMaori Taiwan, the Philippines, Japan, Samoa, New

Caledonia, Wallis and Futuna, Indonesia,
New Zealand

hspAmerind Canada, the USA, Venezuela, Colombia,
Peru
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The implementation of the linkage model showed
a different ratio between AE1/AE2 with the
higher proportion of AE1 in northern Europe
and a lower proportion of AE1 in southern
Europe (Falush et al. 2003b). The utilisation of
whole genome sequence data using
chromopainter/fineSTRUCTURE algorithm also
captured those kinds of information in a finer
scale manner. The first study implementing
chromopainter/fineSTRUCTURE algorithm to
the H. pylori genome showed that the European
population was divided into two subgroups,
Europe_sg1 (mostly strains from Northern
Europe) and Europe_sg2 (mostly strains from
Southern Europe) (Yahara et al. 2013). Another
study implementing chromopainter/
fineSTRUCTURE to H. pylori also showed that
the co-ancestry level of hpNEAfrica strains was
higher in H. pylori isolates from Southern Europe
than the Northern Europe ones (Maixner et al.
2016). In addition, the new phylogeographic
characterization method generated from two pro-
phage genes of H. pylori (integrase and holin)
showed different European populations, present
mainly in Northern Europe and Southern Europe
(Vale et al. 2015). These data suggest that the
introduction of the second H. pylori wave was
coming from south of Eurasian continent as a
“second out of Africa” event.

The time-wise of the second H. pylori intro-
duction in the Eurasian land is somewhat
puzzling until today. One assumption time is
about 30–40 kya when modern humans settled
Europe via two entering routes: from Turkey
along the Danube corridor into Eastern Europe,
and along the Mediterranean coast with early
Neolithic farmers (Correa and Piazuelo 2012).
Another assumption is, when after 52 kya based
on the split time between hpNEAfrica (as the
descendant of AE1) and the hpAfrica1, which
was predicted 35–52 kya (Moodley et al. 2012).
However, the discovery and characterization of
H. pylori inside the stomach of “The Iceman”, a
European copper age mummified human,
revealed intriguing evidence of the second intro-
duction time of H. pylori in Europe. The MLST
characterisation of “The Iceman”was almost pure
of AE1 with the minimum admixture of AE2

(6.5%, probability interval 1.5–13.5%) (Maixner
et al. 2016). The genome analysis showed a high
co-ancestry relation to the Indian hpAsia2
H. pylori and with most of the European
hpEurope H. pylori strains. “The Iceman” is
believed to be killed in the Italian Ötztal Alps
mountains ~5300 years ago, which is located in
the European land. This discovery suggests, if
H. pylori from the Iceman is representative of
the time, the low level of AE2 admixture
indicated there was no introduction of AE2 prior
to H. pylori from the Iceman. Therefore, the AE2
ancestry observed in hpEurope today is a result of
AE2 introgression into Europe after the Copper
Age or at least later in Central Europe (Ötzal
Alps) (Maixner et al. 2016). However, the limita-
tion of this conclusion was due to the data from
only one strain.

From all H. pylori populations, which have
evolved outside Africa, hpAsia2 is probably the
most intriguing. This population evolved among
the people who either did not follow a southern
coastal migration route or who settled in the early
phase of migration and later began expanding to
the Western and Central Asia (Fig. 1). The distri-
bution of hpAsia2 was widespread through
Asians and Europeans prior to the evolution of
current hpEurope strains. In addition, hpAsia2
might have accompanied the humans who settled
in Europe ~40 kya (Moodley 2016). However, in
the modern days the hpAsia2 population was
mostly replaced by the hpEurope, especially in
western Eurasia, but it still could be found in the
South and South East Asian countries, including
Nepal, Bangladesh, Malaysia, Myanmar,
Thailand and India (Wirth et al. 2004; Aftab
et al. 2017; Miftahussurur et al. 2015a; Breurec
et al. 2011a; Subsomwong et al. 2017; Tay et al.
2009). The hpAsia2 H. pylori can be
differentiated into two subpopulations,
hspLadakh from the isolated Himalayan region
of northern India and hspIndia, which is found
among Indians, Malays and Thais (Breurec et al.
2011a; Tay et al. 2009). The presence of hpAsia2
in Finland and Estonia showed the evidence of
the remaining of AE1, which initially inhabited
the Eurasian land before the introduction of AE2
from the south.
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hpEastAsia is common among H. pylori
isolates from East Asia and native American peo-
ple. hpEastAsia is divided into three different
subpopulations; hspMaori, hspAmerind, and
hspEAsia and it was simulated to be split from
hpAsia2 30–50 kya (Moodley et al. 2009). The
hspEAsia is the biggest sub-population among
the hpEastAsia population. This subpopulation
was mainly observed in most East Asian
countries, including China, South Korea, Japan,
Thailand and Vietnam (Subsomwong et al. 2017;
Breurec et al. 2011a; Linz et al. 2007; Falush et al.
2003a). The homogeneous distribution of the sub-
population of hspEAsia across those countries
reflects the Chinese expansion language (family,
Sino-Tibetan) during the last 3000 years, but
mainly during the expansion of Zhou Dynasty
(1100–211 BC) (Moodley 2016). Among three
subpopulations of hpEastAsia, the hspAmerind
was isolated among the diverse indigenous Amer-
ican population in North and South America, and
it has its uniqueness characterised by very low
genetic diversity compared to hpEastAsia,
suggesting that the formation of Amerindian sub-
population was formed by a small group of peo-
ple who migrated to America. This fact was
different from the assumption of H. pylori in
America was introduced by Chinese and Japanese
people who migrated to America in more recent
migration events. Instead, a subgroup was split
from the big hpEastAsian population and went to
America via crossing the Bering Strait approxi-
mately 12,000 years ago (Yamaoka et al. 2002).
In addition, our previous data showed that four
strains isolated from the Ainu ethnic group, living
in Hokkaido, a northern island of Japan, belonged
to the hspAmerind population (Gressmann et al.
2005), suggesting that the split between
hpEastAsia and hspAmerind happened prior
crossing the Bering Strait, possibly by human
migrations in boats over the pacific ocean.

hspMaori was first observed in an isolate from
Polynesians (Maoris, Tongans, and Samoans) of
New Zealand, but was also observed in a small
proportion of people in the Philippines and Japan
(Linz et al. 2007; Falush et al. 2003b). In 2009,

Moodley and co-workers discovered more
hspMaori subpopulations among native Taiwanese,
New Caledonia, and Torres Straits (an island
located between Australia and New Guinea, which
has been extensively visited by Polynesians),
suggesting that the hspMaori is the marker for the
entire Austronesian expansion rather than only for
Polynesians (Moodley et al. 2009). Genetic
analyses showed that the Taiwanese hspMaori
have a significantly higher genetic diversity com-
pared to the Pacific hspMaori (π95¼ 1.79–1.82% vs
1.58–1.62%) and the indigenous Taiwanese isolates
were isolated from the tribe that speak 5 of
10 subgroups of Austronesian family of languages,
whereas the Pacific clades were isolated from indi-
vidual speaking variants of Malayo-Polynesian,
suggesting that the source of Austronesian expan-
sion was in Taiwan. The split between indigenous
Taiwanese hspMaori and Pacific hspMaori was
predicted 4.9–5.0 kya (Moodley et al. 2009).

3.1 Observation of Asia2
and EastAsian Split from CagA
Perspective

The split between hpAsia2 and hpEastAsia is also
captured by the cagA gene, which encodes a
highly immunogenic protein (CagA), located at
the 30 prime end of the cag pathogenicity island
(PAI). The cagPAI encodes a type IV secretion
system, through which CagA is delivered into
host cells (Backert et al. 2015, Naumann et al.
2017). After delivery into gastric epithelial cells,
CagA becomes tyrosine-phosphorylated at
Glu-Pro-Ile-Tyr-Ala sequence motif (EPIYA)
located in the 30 region of the cagA gene (Backert
and Selbach 2008; Zhang et al. 2015). Supporting
the idea that H. pylori mirrors the human evolu-
tion, it was reported that the structure of the 30

region of the cagA varies between strains from
East Asian andWestern countries (Yamaoka et al.
1998; Yamaoka et al. 1999; Yamaoka et al. 2000;
Yamaoka et al. 2002). Isolates from the Western
countries (Europe and Americas) mostly possess
segments of the so-called EPIYA-ABC type,
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which are well known as Western-type CagAs,
whereas strains from East Asian countries possess
segments of the EPIYA-ABD type, which were
classified as East Asian-type CagAs. Recent stud-
ies in the borderline of Europe and Middle East
countries (i.e. Turkey and Iran), reporting that the
distribution Western-type CagA was predominant
(Kocazeybek et al. 2015; Honarmand-Jahromy
et al. 2015). The same pattern was also reported
in Nepal (Miftahussurur et al. 2015a). Interest-
ingly, in Bhutan, the country that shares a border
with India, almost all strains possessing East
Asian-type CagA with more than half having
multiple repeats in the 30 region, which is very
rare in other countries (Matsunari et al. 2016).
When moving to South-East Asian countries,
the predominant CagA genotype was shifted
from Western-type to East Asian-type. For exam-
ple, in Vietnam and Malaysia, East Asian-type
CagA is predominant by 96% and 56%, respec-
tively (Uchida et al. 2009; Schmidt et al. 2009).
However, Cambodia and Thailand showed a little
different pattern with the neighbour countries,
with the Western-type CagA being predominant
(59% and 54%, respectively) (Breurec et al.
2011b; Chomvarin et al. 2012). The split between
Western-type CagA and East Asian-type CagA
was a result of sequence rearrangement within
the cagA gene, including the CagA
multimerisation sequence (CM) and the EPIYA-
motifs. This rearrangement in the left half of the
EPIYA-D segment, characteristic of East Asian
CagA, was derived from Western-type EPIYA
with Amerind-type EPIYA as intermediate,
through recombination of specific sequences
within the gene (Furuta et al. 2011; Correa and
Piazuelo 2012).

3.2 Peopling of Australians and New
Guineans: hpSahul

A subsequent split occurred from the hpAsia2
population, which migrated towards a South-
East tip of the Sundaland (i.e., the Malay

Peninsula, Sumatra, Java, Borneo, and Bali),
and went to a continent called Sahul (i.e.
Australia, New Guinea, and Tasmania).
Observations on the human parental markers
showed that the indigenous Australians are
closely related to New Guineans (Hudjashov
et al. 2007). However, the observations in
H. pylori showed that a single population inhabits
the indigenous people Australian and New
Guinean as hpSahul. Furthermore, detailed anal-
ysis showed that hpSahul was divided into two
subpopulations, hspAustralia and hspNGuinea
(Moodley et al. 2009).

The split between the Asian population and the
Sahulian population was somewhat mystifying.
The evidence based on Pleistocene human
archaeological sites showed that the human
colonisation in the Pleistocene Sahul was approx-
imately between 42–48 kya (Pope and Terrell
2008; Allen and O’Connell 2014; Gillespie
2002). This dating was a somewhat before the
split dating observed by Moodley and
co-workers, which was ~31–37 kya (Moodley
et al. 2009). Interestingly, the observation of sin-
gle phylogeny of hpSahul suggested that the
introduction of H. pylori into Sahul occurred
once, and was followed by the split between
hspNGuenia and hspAustralia, because there
was no sign of gene flow between those two
split sub-populations (Moodley 2016).

Distinct genetic drift was also observed in the
H. pylori strains isolated from individuals in the
Highlander New Guineans, which was captured
by the CagA characterisation. The CagA
characterisation of highlander New Guinean
strain PNG84A (Montano et al. 2015) showed
the presence of the unique AB-type EPIYA
CagA. Our data also showed the presence of the
unique ABB-type CagA, predominantly in strains
isolated from Papuan ethnic people
(Miftahussurur et al. 2015c). In fact, this unique
ABB-type CagA has a very similar B-segment
compared to that observed in strain PNG84A.
These data suggest a different genetic drift from
the one demonstrated by Furuta and co-workers
(Furuta et al. 2011)
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4 The Migration Inside Africa
and the Intimation
with the Host

4.1 The Origin of H. pylori and Split
of hpAfrica2

H. pylori is believed to accompany the humans
who migrated out of Africa ~58 kya. This
intriguing fact leads us to the assumption that, if
the H. pylori and modern human migrated
together out of Africa, then the initial colonisation
of H. pylori in the human stomach has occurred
far prior to these migration events. Moodley and
co-workers demonstrated the possible initial
colonisation of H. pylori in the human stomach
using a rooted, fully resolved and calibrated
global clonal phylogeny (Moodley et al. 2012).
This approach resulted from the coalescent to
single common ancestor, which has occurred

approximately 100 kya (range: 88–116 kya,
Fig. 2). However, lineage sorting and population
bottleneck would wipe out the possible extended
older lineage in this time frame. Therefore, it is
possible that the association between human and
H. pylori is older than this estimation (Moodley
2016).

Another intriguing fact about the origin of
H. pylori is the very distinct relationship between
hpAfrica2 and other genetic H. pylori
populations. The hpAfrica2 population exhibits
a great diversity compared to other populations
and is exclusively possessed by individuals in the
southern part of Africa, including South Africa,
Namibia, and southern Angola. The distinct rela-
tionship between hpAfrica2 and other H. pylori
was attributed to the different migration waves
once the H. pylori successfully colonised modern
humans. In addition, the exclusive possession on
the specified location in Africa should have an

hpAfrica1 hpNEAfricahpAfrica2 hpSahul hpAsia2 hpEastAsia

Recombination 
creating hpEurope

The first colonization of H. pylori to modern 
human approximately 88-116 kya

The first introduction of cag PAI 
from unknown source 
approximately 56-88 kya

The “Out of Africa” 
ca. ~60 kya

Divergence of hpAfrica1 
and hpNEAfrica

Ancestor

Split between 
Sahulian and Asian

100

75

50

25

0

Time 
(Kyr)

Hac

Fig. 2 Global phylogeny of H. pylori simulating the time
split between populations and the estimated time in which
the cagPAI was transferred to the H. pylori genome
constructed based on previous papers (Moodley et al.
2009; Olbermann et al. 2010; Moodley et al. 2012). The
housekeeping gene sequence diversity is structured into

two super-lineages which coalescent approximately
~88–116 kya. The absence of the cagPAI in the hpAfrica2
population was attributed by the introduction of the
cagPAI after a split into other H. pylori, but prior the
first “out of Africa” wave approximately ~58–88 kya
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association with the San Hunter-Gatherers.
Indeed, hpAfrica2 was found in individuals from
non-San people in Southern Africa (Falush et al.
2003b); however, there was a distinct relation
inside the hpAfrica2 between Northern San and
Southern San-Bantu speakers (Fig. 3), suggesting
that the original host of hpAfrica2 was the North-
ern San Hunter-Gatherers and was then split into
the Southern San Hunter-Gatherers approxi-
mately 32–47 kya (Moodley et al. 2012).

4.2 The hpNEAfrica
and the Acquisition of cagPAI

Another independent migration wave from the
human ancestor to the north, aside from the wave
out of Africa, resulted in another genetic H. pylori
population, called hpNEAfrica. This population
was spread along the central Sahel and North
Africa and shared its distribution with the popula-
tion hpAfrica1 (Linz et al. 2007). Its frequency was

D

E

F B

A

C

Fig. 3 The reconstruction of migration events and initial
coalescent of H. pylori in Africa based on previous
findings (Nell et al. 2013; Moodley et al. 2012; Linz
et al. 2014; Maixner et al. 2016). (A) The first coalescent
of H. pylori to human from the unknown ancestor; (B) The
first out of Africa; (C) The other wave of the ancestor to
the south, which evolved to the hpAfrica2 population; (D)
H. pylori divergence of hpAfrica1 and hpNEAfrica.; (E)

The expansion of Nilo-Saharan speakers to the western
part of Africa (~6–9 kya). The subsequent population went
to Eurasian via the Levant introducing the AE2 resulting
hpEurope; (F) The expansion of Bantu speakers, including
in the western and eastern coast of Africa, which
introduced hpAfrica1 to Madagascar via Mozambique
channel

10 L. A. Waskito and Y. Yamaoka



increasing eastwards to the Nile and Horn of
Africa, which is the home of the Nilo-Saharan
speaking pastoralist society. Thus, the hpNEAfrica
conveniently became the marker of Nilo-Saharan
language in the shape of hpNEAfrica migration
wave (Moodley 2016). The hpNEAfrica population
was split into two subpopulations, hspCentralNEA
and hspEastNEA and the split was demonstrated
roughly along the Nile valley and Sudan which
straddles the Nile containing both subpopulations
at high frequency. The presence of hpsCentralNEA
throughout Cameroon, Angola, and Nigeria
suggested the migration wave of Nilo-Saharan
speakers in the Holocene humid period
(~6–9 kya) and carried their own language west-
wards from its home in northeast Africa into the
waterlogged Sahara and beyond (Nell et al. 2013).
As the introduction of secondH. pylori into Europe
occurred about the same time frame compared to
the hpNEAfrica expansion during Holocene
periods (~6–9 kya), there is a possibility that a
subsequent population of hpNEAfrica migrated to
Eurasian land via the Levant and introduced the
AE2, resulting from the recombination population
hpEurope (Fig. 3).

Another interesting observation of this super-
lineage distinct between hpAfrica2 and other
H. pylori populations is the acquisition of the
cagPAI. The cagPAI was hypothesised to be
acquired from the unknown source prior to the
out of Africa period and alongside with the host
migrated up to Pacific and crossing Bering Strait;
therefore it exhibits a specific genetic diversity
pattern as determined by MLST (Olbermann
et al. 2010). However, the cagPAI has not been
observed in the hpAfrica2 population. The lack of
the cagPAI in hpAfrica2 might be due to a differ-
ent wave of human migration northwards, which
acquired the cagPAI approximately ~88–58 kya
just before the out of Africa migration events
(Fig. 2) (Linz et al. 2007; Moodley et al. 2012).

4.3 The hpAfrica1: The Marker
of Bantu Speakers

After settling in the Nile and at the horn of Africa,
subsequent human migration westwards generated

another H. pylori population, called hpAfrica1.
The distribution of hpAfrica1 was spread along-
side Morocco and Algeria in the north up to
South Africa in the South (Fig. 3). Based on the
geographical distribution of the hpAfrica1, cluster
analysis divided the hpAfrica1 into three closely
related subpopulations in the west and north of
Africa, called hspWAfrica (Falush et al. 2003b);
central Africa, hspCAfrica (Nell et al. 2013) and
southern Africa (hspSAfrica) (Falush et al. 2003b)
(Table 1). This distribution alongside those
countries could be associated with the expansion
of Bantu speakers people within last five kya from
their original homeland in Nigeria/Cameroon. The
observation of the subpopulation hspCAfrica in
Cameroon and Angola, but not in South Africa
and Namibia, supports the probability of a migra-
tion route alongside the west coast of Africa
(Fig. 2). The hspSAfrica is presumed to be evolved
during Bantu speakers expansion along the east
coast that brought the Nguni speakers to southern
Africa. Therefore, the observation of hpSAfrica in
Madagascar, which is very closely related to
hpSAfrica from South Africa, suggests the migra-
tion of Bantu speakers across the Mozambique
Channel during or after the migration alongside
the east coast of Africa (Linz et al. 2014).

5 The Recombination During
Post Colonial Expansion

Population genetics of H. pylori not only capture
the prehistoric migrations, but also capturing
recent migration events. This idea was introduced
by the observation of hpAfrica1, which could be
found in America. The hspWAfrica was observed
in several H. pylori isolates from several places in
America, especially in African Americans in
Louisiana and Tennessee (Falush et al. 2003b).
This observation suggests the recent introduction
of hpAfrica1 H. pylori in Americas by the trans-
atlantic slave trades in the 16th–19th centuries. In
addition, the hpEurope not only colonized the
Eurasian area, but was also found in Australia,
Africa, and America. The fact that several
European Kingdoms (e.g. Portuguese, Spanish
and Great Britain) explored the world since the
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fifteenth century could be responsible for the
export of hpEurope into several other places of
the world (Falush et al. 2003b).

The high genetic recombination between more
than two populations was also observed in
H. pylori isolates from Portuguese speaking
countries, including Portugal, Angola, Brazil
and Cape Verde, as captured by MLST analysis
(Oleastro et al. 2017). The hpEurope in Europe
and Portuguese speaking countries revealed a dis-
tinct relation to each other. This distinct relation
was attributed by the ancestral Africa
1 components. The observation of Ancestral
Africa 1 in H. pylori strains from Portuguese
speaking countries suggested a long history
between those countries, which resulted in new
recombination of H. pylori consisting of more
than three ancestral populations. Also, the isolates
from Brazil were mostly hpEurope. However,
several isolates from Brazil, which were assigned
as hpEurope, had a small components of
EastAsian ancestral, from which hspAmerind is
a subpopulation (Oleastro et al. 2017). This data
suggests the replacement of hspAmerind from the
native Brazilian people to the other H. pylori
populations due to low genetic diversity com-
pared to either hpEurope or hpAfrica1
(Dominguez-Bello et al. 2008).

Population separation was observed inH. pylori
strains from Latin America countries, including
Mexico, Nicaragua, and Colombia using MLST,
Virtual Genome Fingerprint (VGF) and the
cagPAI phylogenetic tree studies. These analyses
resulted in the discovery of a new subpopulation,
which is very different from the native H. pylori
American population hspAmerind. The separation
from the indigenous population could be attributed
to H. pylori, which were isolated from the modern
population of those countries instead of indigenous
population. This would reflect the recent genetic
admixture of pre-Columbian American groups
with the European colonisers and African slaves
last ~500 years due to the European expansion
(Munoz-Ramirez et al. 2017). In addition, imple-
mentation of chromopainter/fineSTRUCTURE to
the H. pylori genome isolated from Latin America
discovered several new subpopulations, introduced
as hspAfrica1NAmerica, hspEuropeColombia,

hspAfrica1Nicaragua and hspMiscAmericas
(Thorell et al. 2017). The formation of new
subpopulations was attributed in the combination
of recombination and drift events. The genetic drift
was taken place as a result of a recent demographic
bottleneck, which assumed to have a low sequence
divergence. However, the pairwise sequence diver-
gence of that new sub-population was as high as
the recombinant population hpEurope. This high
sequence divergence was maintained by the
admixture between hpEurope and hpAfrica1 popu-
lation. This high sequence divergence (which
mostly attributed by the high frequency of African
component) suggested that the bacteria of African
origin have been particularly effective in
colonizing the new continent (Thorell et al.
2017). These data suggest that the expansion of
modern humans in the new environment lead to the
rapid evolution of H. pylori, which was faster and
more dynamic than the host.

6 Conclusions

In the recent years, there are remarkable findings
of the human migration based on the fossil and
human genetic studies, which could divide the
migration waves into two major migrations,
pre-60 kya and post-60 kya (reviewed by (Bae
et al. 2017)). In case of H. pylori, the story mostly
yielded to the post-60 kya “Out of Africa” era,
which is regarded as the major migration event.
Together, H. pylori has been regarded as a handy
tool to trace human migrations, from the
pre-historic migrations to the recent migrations.
Moreover, the H. pylori genome with the
chromopainting analysis gives us more detail in
the high-resolution data of the recent migrations.
The rapid and dynamic evolution compared to its
host still become major features for H. pylori,
which inform us comprehensively about the
recent recombination events.

With these current data, however, it becomes
obvious that several more places are needed to be
discovered, such as Siberia, Mongolia, Northern
part of Japan and Indonesia since those places are
located at the “bridge” of the split of several
populations. Interestingly, the ability of
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H. pylori to colonize more than 50% of the human
population became a “common sense”, however,
it seems not to fit to the tip of Sundaland countries
such as Indonesia and Malaysia, which shows a
very low prevalence of H. pylori (Syam et al.
2015; Miftahussurur et al. 2015b; Rahim et al.
2010). This fact leads us to the speculation that
the people at the tip of Sundaland might not carry
any H. pylori and perhaps the introduction of
H. pylori to the Indonesian and Malay people
was performed by the Chinese expansion
(hspEAsia) in more recent migrations. In addi-
tion, since the “African expansion” was success-
fully demonstrated in America, it is also
interesting to find out the “African expansion”
in the different continent such as Europe
and Asia.
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