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Helicobacter pylori, a dominant member of the gastric microbiota, shares co-
evolutionary history with humans. This has led to the development of
genetically distinct H. pylori subpopulations associated with the geographic
origin of the host and with differential gastric disease risk. Here, we provide
insights into H. pylori population structure as a part of the Helicobacter pylori
Genome Project (HpGP), a multi-disciplinary initiative aimed at elucidating H.
pylori pathogenesis and identifying new therapeutic targets. We collected 1011
well-characterized clinical strains from 50 countries and generated high-
quality genome sequences. We analysed core genome diversity and popula-
tion structure of the HpGP dataset and 255 worldwide reference genomes to
outline the ancestral contribution to Eurasian, African, and American popu-
lations. We found evidence of substantial contribution of population hpNor-
thAsia and subpopulation hspUral in Northern European H. pylori. The
genomes of H. pylori isolated from northern and southern Indigenous Amer-
icans differed in that bacteria isolated in northern Indigenous communities
were more similar to North Asian H. pylori while the southern had higher
relatedness to hpEastAsia. Notably, we also found a highly clonal yet geo-
graphically dispersed North American subpopulation, which is negative for the
cag pathogenicity island, and present in 7% of sequenced US genomes. We
expect the HpGP dataset and the corresponding strains to become a major
asset for H. pylori genomics.

Helicobacter pylori has co-existed with humans for more than 100,000 together with predominantly vertical transmission, has led H. pylori to
years. It is the primary etiologic agent associated with gastric diseases  evolve into multiple distinct geographic populations®>. The phylo-
such as ulcers and gastric cancer. Still, while over half the world geographic structure of H. pylori is classified into major populations
population is colonized with H. pylori, less than 2% will end up with  (“hp”) and subpopulations (“hsp”) that correlate with ancient human
gastric cancer”. The intimate symbiotic relationship with humans, migrations®*°. However, most worldwide efforts in this regard have
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been based on the analysis of only a handful of genes rather than whole
genomes™*. The risk of developing disease from H. pylori infection
varies greatly by geography’ and genomic studies of both humans and
H. pylori are required to identify the factors that modify this risk.
The Helicobacter pylori Genome Project (HpGP) is an international
and multidisciplinary initiative to sequence and map H. pylori popu-
lation structure by collecting strains worldwide. Here we analyze 1011
H. pylori genomes, sequenced with PacBio Single Molecule, Real-Time
long-read technology, which made it possible to acquire complete
assemblies. By relating the HpGP dataset to a reference set of known
population assignment, we were able to quantify, with great resolu-
tion, the different inferred ancestral sources of H. pylori subpopula-
tions and the recent and ongoing admixture among subpopulations.

Results

HpGP is a dataset of high quality and worldwide representation
The HpGP has assembled clinical strains from 50 countries, including
12 countries from which no H. pylori genome sequences have pre-
viously been published (Table 1). Out of the 1011 genomes, all but seven
were completely circularized (Supplementary Data 1).

To investigate the population structure of the HpGP dataset, we
performed fineSTRUCTURE (FS), chromosome painting, and network
analyses of shared core genome features as described®, and dis-
criminant analysis of principal components (DAPC)’. To anchor the
dataset, we used 255 H. pylori reference genomes with known Hp/hsp
population assignments, representing 17 global subpopulations (Sup-
plementary Data 2). In total, the core genome (set of homologous
genes present in >95% of genomes) of the HpGP dataset, the HpGP-
26695 reference genome, and 255 worldwide references, consisted of
1227 genes.

The fineSTRUCTURE global analysis revealed four main H. pylori
population clusters: (i) Southwest Europe, including Latin America and
Northeast Africa, (ii) Northern and Central Europe, Middle East, and
Central Asia, (iii) Western and Southern Africa, including Africa2 and
North, South and Central America, and (iv) North, Central and East
Asia, and Indigenous populations in America. In total, these formed 17
main subpopulations (Fig. 1 and Supplementary Figs. 1 and 2). The
network and DAPC analyses supported this structure but with six main
clusters of differentiation (Fig. 2 and Supplementary Fig. 3).

South Africa (DAPC group 4, hpAfrica2 in FS) and the reference
genomes from Australia/New Guinea (DAPC group 6, hpSahul in
FS) differentiated extensively from the others. A further DAPC ana-
lysis not considering these two groups showed a clear separation of
two of the remaining clusters from the others: one composed of
isolates of African and American origin (DAPC group 2, FS cluster III)
and one that includes isolates from Central/East Asia and Indigenous
Americans (DAPC group 5, FS cluster IV). The remaining (groups 1
and 3) were more similar and intertwined, representing Southern
Europe/Northeast Africa and Eurasia/Central Asia and Americas,
respectively (Supplementary Fig. 3). The population assignments
according to the respective analyses are summarized in Supple-
mentary Data 3.

The hpEurope subpopulations span from the Atlantic coast to
South Asia

In the fineSTRUCTURE analysis, three main European/Eurasian sub-
populations emerged (Supplementary Figs. 1 and 2), of which
hspNEurope and hspSWEurope have previously been described®'®.
The hspEurasia population is proposed in this study, and includes the
already reported hspCEurope/hspSEurope®'°2, and hspMiddleEast'.
Previous studies had limited coverage of Eastern Europe and the
Middle East. The HpGP strains from Lithuania, Latvia, Russia,
Poland, Bulgaria, Tiirkiye, and Jordan allowed mapping of the Eurasian
H. pylori relationships with unprecedented detail (Fig. 1). Two northern
European populations showed an east-west differentiation, in

Table 1| Summary of the HpGP strain collection

Country Total Non-atrophic Intestinal meta- Gastric can-
number gastritis (%) plasia (%) cer (%)

Algeria® 10 100

Argentina 10 100

Bangladesh 10 100

Brazil 21 48 38 14

Bulgaria® 8 100

Canada 20 35 65

Chile 46 54 46

China 10 100

DR Congo® n 91 9

Colombia 45 78 16 7

Costa Rica 8 100

Dominican n 91 9

Republic®

France 21 48 52

Germany 17 59 41

Ghana® 2 100

The Gambia 5 100

Greece 21 48 52

Guatemala 3 100

Honduras 26 35 38 27

Indonesia n 91 9

India 10 100

Iran 4 100

Iceland® 1 9 9

Israel 10 70 30

Italy 29 34 34 31

Japan 29 38 21 4

Jordan® 10 100

Kazakhstan® 2 100

Kyrgyzstan® 10 100

Korea 54 19 19 63

Latvia® 34 29 24 47

Lithuania 23 43 35 22

Malaysia 19 47 53

Mexico 22 45 55

Myanmar® 12 83 17

Nepal 13 77 23

Nigeria 4 100

Peru 33 30 24 45

Poland® 20 100

Portugal 30 57 27 17

Russia 10 60 40

Singapore 21 38 33 29

South Africa 9 100

Spain 106 72 13 15

Sweden 30 33 33 33

Switzerland 15 60 40

Taiwan 24 42 58

Turkiye 17 59 18 24

US (continental) 68 96 1 3

US (Puerto Rico)® 7 100

Vietnam 9 100

Total mon 60 17 23

“Geographical areas from which no H. pylori whole-genome sequences were previously avail-
able in GenBank

hspNEurope an east clade with genomes from Latvia, Lithuania, and
Russia separated from a north-western clade with genomes from UK,
Sweden, Iceland, and Canada (Supplementary Fig. 2). Within hspEur-
asia, three main clades could be noted of which two spanned from west
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Fig. 1| World map of HpGP strain origins and population assignments. The area of each pie is proportional to the number of HpGP genomes from each country and
colored by the H. pylori population (hp) and subpopulation (hsp) as assigned by fineSTRUCTURE (Supplementary Figs. 1 and 2).

to east (Supplementary Fig. 2). The first, Central-Eastern European
hspEurasial, dominates in Germany, Poland, Lithuania, Latvia, Tirkiye,
and Russia, while hspEurasia2 is more Southern with representation
from France in the west, via Italy and Greece, to Jordan and Iran in the
Middle East. Thirdly, hspEurasia3 includes genomes from India and
Bangladesh, but also Greece, which separated from the others but
were still within the hspEurasia subpopulation.

The European subpopulations have different ancestry
proportions

To further investigate the proposed subpopulations we inferred
ancestry by comparing genomes within our contemporary dataset in a
directed chromosome painting using only the proposed H. pylori
ancestral populations hpAfrica2, hpNEAfrica, hspAfricalWAfrica,
hpAsia2, hspUral, hpNorthAsia, and hspEAsia as donors (i.e., con-
tributors of genomic ancestry)*'°. We confirmed a gradient in inferred
ancestry along both the north-south axis with increasing Asian ances-
try and decreasing African ancestry in the hspEurasial and hspNEurope
populations and the east-west axis with hspSWEurope having a higher
proportion of hspAfricalWAfrica ancestry and with the similar con-
tribution of hpNEAfrica as the Eurasia2 population (Fig. 3 and Sup-
plementary Fig. 3).

The more central Asian hspEurasia3 on the other hand, showed
markedly higher hpAsia2 ancestry than the other hpEurope popula-
tions, concordant with its geographical co-existence with hpAsia2.
Interestingly, hspUral was a more pronounced Asian ancestor for all
the hpEurope subpopulations than hpNorthAsia and hspEAsia, the
latter two being very even contributors, except for in hspNEurope,
where hpNorthAsian ancestry was slightly higher. This relationship was
also supported by the network analysis (Fig. 2).

Central Asia can be described with increased resolution but still
has underrepresented regions
Apart from the relatively well-investigated hspEAsian subpopulation®,
the fineSTRUCTURE analysis grouped the central Eurasian strains into
three main clades: hpAsia2 and two clades preliminarily termed
hpNorthAsia and hspUral, based on their association with reference
strains previously described by Moodley et al.".

HpAsia2 is one of the main ancestral populations of H. pylori but
has been comparatively understudied. In the HpGP dataset, genomes

belonging to hpAsia2 are mainly from India, Bangladesh, Myanmar,
and Nepal, with the Nepalese forming a clade slightly separated
from the others (Supplementary Fig. 2a, c). As seen in Fig. 1, hpAsia2
co-exists with the hpEurope hspEurasia3 population in all these
countries, except for Myanmar, where only hpAsia2 is present.
The DAPC analysis, on the other hand, did not distinguish
hpAsia2 from hspNEurope and hspEurasia using k=6, while the
separation was evident and very consistent using k=17 (Supple-
mentary Fig. 4).

HpNorthAsia was previously established as one of the
main Siberian populations using Multilocus Sequence Typing
(MLST)™. In our reference panel, hpNorthAsia (including hspAltai)
and its subpopulation hspSiberial were represented by genomes
from central and eastern Siberia. In our analyses, these two popula-
tions did not segregate, and HpGP genomes from Kazakhstan and
Kyrgyzstan were also associated with this cluster (Fig. 1 and Supple-
mentary Fig. 1).

hspUral has been suggested as a southern central Asian sub-
population of hpAsia2. In our dataset, a cluster with a relatively wide
geographical representation from Kazakhstan and Kyrgyzstan to
Indonesia and Japan (Fig. 1 and Supplementary Figs. 1 and 2) is asso-
ciated with the hspUral reference genomes. Our main chromosome
painting analysis suggested the proposed hspUral population to con-
tain two subclades with very different painting profiles (Supplemen-
tary Fig. 2), which was supported by the DAPC and network analysis,
and the fineSTRUCTURE principal component analysis (PCA) (see
https://hpgp.shinyapps.io/Interactive_figures, Fig. 4). The ancestral
contributions to the central Asian genomes confirmed the HpGP
“hspUral” clade not to have pronounced contribution by the hspUral
references but relatively high hpAsia2, hpNorthAsia and hspEAsia
painting proportions (Fig. 3). The variability of contributions was
also high within the clade, suggesting this may not constitute one pure
subpopulation but may consist of representatives of several HpAsia
subpopulations (https://hpgp.shinyapps.io/Interactive_figures, Fig. 2).
One hpAsia2 reference genome, L7, from Ladakh in northern India
grouped with this cluster, especially close to two Nepalese genomes.
Several “hspUral” genomes also showed an association with hpSahul
in the chromosome painting (Supplementary Fig. 2), which may indi-
cate a relationship between this group and the recently suggested
hpRyukyu®.
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Fig. 2 | Distance network analyses of the core genome of the H. pylori strains
studied. Fruchterman-Reingold layout of the pruned distance network between
HpGP genomes (circles) and reference genomes (triangles) (see Methods). Colors
indicate the H. pylori population (hp) and subpopulation (hsp) as assigned by
fineSTRUCTURE (Supplementary Figs. 1 and 2). The length and opacity of each link
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are proportional to the genetic distance between genomes (nodes), with higher
opacity and shorter length indicating genetic closeness and less opacity and higher
length indicating higher genetic distance between strains. The size of each node is
proportional to the connectivity (number of links) of that node, indicating that
bigger nodes have connections to more other strains than those of lesser sizes.

African and African-descent genomes

The HpGP dataset includes African genomes from understudied coun-
tries such as Algeria, Democratic Republic of Congo (DRC), Ghana, and
Nigeria, adding to previous knowledge from the Gambia and South
Africa. The fineSTRUCTURE analysis confirms earlier observations of
the presence of four African populations in this continent, hpAfrica2, in
the HpGP dataset represented in South Africa; hspAfricalSAfrica, which
reaches as far north as DRC; hspAfricalWAfrica represented in
the Gambia, as previously reported, and hpNEAfrica. However, the
Ghanaian and Nigerian genomes grouped with the more admixed
hspAfricalNorthAmerica and hspAfricalMiscAmericas populations,
interspersed with, and by chromosome painting indistinguishable from

genomes from the US, Puerto Rico (US territory), Dominican Republic,
Colombia, and Brazil, likely a result of the trans-Atlantic slave trade from
West Africa into the Americas.

The East African reference genomes from Sudan and Ethiopia
grouped within the hspSWEurope umbrella but distinctive from the
European SWEurope clade, instead forming a cluster with North
American genomes (Fig. 1 and Supplementary Fig. 1). In the fineS-
TRUCTURE PCA plots, especially pronounced in PC10 and PCl1, the
reference hpNEAfrican genomes and the US HpGP genomes clearly
formed two segregated groups except for one Malaysian and one Swiss
genome that grouped with the references (https://hpgp.shinyapps.io/
Interactive_figures, Fig. 5). Both the DAPC and network analysis
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Fig. 3 | Inferred ancestral genomic contributions to the Eurasian HpGP gen-
omes. Ancestral chromosome painting proportions by donor and Eurasian sub-
population. Boxplots show the median value per group, and the 25th and 75th
percentiles (hinges), with whiskers extending from the hinge to the largest value no
further than 1.5 x IQR (inter-quartile range) from the hinge. Data points beyond the
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whiskers are plotted individually. The number of genomes in each respective Eur-
asian population is hspSWEuropeLatinAmerica, n =15; hspSWEurope2, n=12;
hspSWEuropel, n=129; hspEurasia3, n =18; hspEurasia2, n = 76; hspEurasial,
n=103; hspNEurope, n =95; hpNorthAsia, n=2; HpGP “hspUral”, n=10; hpA-

sia2, n=27.

supported the separation of the hpAfrical population from hpNEA-
frica, the latter being intermingled with genomes from southern Eur-
ope and Iberia.

The Algerian strains did not cluster with the other African strains,
but within hspSWEurope, together with genomes from Israel and
Colombia in a cluster we termed SWEurope2. Despite showing slightly
higher West and Northeast African and lower Asian ancestry than
SWEuropel (https://hpgp.shinyapps.io/Interactive_figures, Fig. 2), our
analysis confirmed that North African H. pylori more closely resemble
Iberian and Middle Eastern bacteria than African bacteria.

North America hosts a geographically dispersed deep clone
The HpGP dataset contains 68 genomes from the wide geographical
representation of the continental US. This feature allowed us to iden-
tify a novel subpopulation of 15 US isolates, which showed high simi-
larity and clustered together with genomes of hpNEAfrican ancestry in
the fineSTRUCTURE analysis (Supplementary Figs. 1 and 2) and of
which none carried the cag pathogenicity island (cagPAl).

High levels of sequence homogeneity within H. pylori are unex-
pected as unrelated strains differ in their DNA sequence at almost all
genes. To further investigate the novel US subpopulation, we per-
formed core genome (cg) MLST of the entire dataset (Fig. 4a). Within
the HpGP, over 64% of strain pairs differ in sequence at all the 1040
genes. Even amongst strains sampled from the same country, 34%

differ in all the genes. Only 0.15%, 798 pairs, shared similarity at >1% of
genes. All but 213 of these pairs are between strains in the same
country. Nearly a tenth (66) of these pairs is found between a group of
12 US strains, showing allele distances between 0.83 and 0.94 (17-6%
identical alleles, respectively). Thus, this group represents older clonal
relationships, a putative “deep clone”; a set of strains that share a
recent common ancestor but have diverged via homologous recom-
bination at a large fraction of their genome. Three strains are some-
what less related to these 12, sharing between 1% and 7% of genes, and
were conservatively excluded from this clonal group. Other pairs
involving more than two samples from the same population also
showed deep clonal relationships (e.g., hspSWEuropeChile). However,
the amount and pattern of alleles shared between these samples could
be better explained by genetic drift and further analysis within this
population is needed to define the boundaries of a putative clone.
The HpGP strains from the deep clonal group were sampled from
California, Wisconsin, Tennessee, Arkansas, Georgia, and Texas and, in
total, represented a fifth of the HpGP US genomes. Kmer-based clus-
tering analysis showed an additional five public genomes from two
other geographical sources, Ohio and Louisiana, associating closely
with the proposed deep clonal group. We used ClonalFrameML to
estimate the relationships between the genomes. Assuming a pre-
viously estimated 1.38 x10° mutation rate per site per year', the
common ancestor lived an estimated 175 years before the strains were
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Fig. 4 | In-depth analysis of clonal relationships in the global H. pylori dataset.
a Pairwise core genome MLST (cgMLST) distances of the HpGP dataset. Bins illus-
trate the distribution of core genome allele sharing between pairs of samples. The
Xx-axis ranges from 0.1to 0.99, with lower values indicating higher number of shared
alleles. Every pair is included in a single category of comparison (color bar). Only a
small fraction of all possible pairs shares more than 1% of alleles, most of them
involving samples from the same country of origin. It is noteworthy that a group of
strains from different regions of the US shares between 6% and 17% of alleles

corresponding to 62 and 176 identical genes, suggesting the presence of a deep
clone. Other pairs exhibit larger portions of shared alleles (distances <50%),
representing recent transmissions between closely related strains. b Dated Clo-
nalFrameML tree of the final set of strains considered to belong to the US deep
clone Hp_Clone_US-1, including five publicly available genomes. Node ages corre-
spond to years based on a previously estimated 1.38 x 10~ mutation rate per site per
year. The colored dots represent the geographical origin of each strain.
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plementary Fig. 1, on the K = 6 discriminant analysis of principal components, DAPC
(Supplementary Fig. 3), and the network clusters (Fig. 2). The topology of the
dendrogram to the left is based on the fineSTRUCTURE hierarchical clustering of
Supplementary Fig. 1.

collected (95% confidence interval, 107-227 years), while the majority
of internal nodes are estimated to be less than 50 years old (Fig. 4b).
Thus, the sampled strains are not epidemiologically associated with
each other, and instead represent independent strains from a circu-
lating population of clonally related bacteria, which we suggest calling
Hp_Clone_US-1.

Latin American subpopulations are more admixed than others
A total of 238 strains from different regions of Latin America were
included in the HpGP (Table 1). In the fineSTRUCTURE analysis, most
Latin American strains clustered into two previously described popu-
lations, hspAfricalMiscAmerica and hspSWEuropeLatinAmerica®", and
in hspSWEuropeChile (Supplementary Figs. 1 and 2). Around one-third
of the Latin American genomes clustered in non-Latin American
populations, the majority in hspAfricalSAfrica, and hspSWEurope.
However, there were also hspEAsia genomes in Argentina, Brazil, and
Chile and two hspEurasia genomes from Brazil. Generally, the Latin
American genomes were more admixed than their European and
African counterparts, with a higher African proportion in hspSWEu-
rope Latin American genomes and a higher European proportion
in genomes grouping with hspAfrical (https://hpgp.shinyapps.io/
Interactive_figures, Fig. 3)

Notably, most Chilean isolates clustered in a separate group,
hspSWEuropeChile, (Supplementary Fig. 1), similar to Colombian iso-
lates (hspSWEuropeColombia) previously described®. This popula-
tion is close to hspSWEuropeLatinAmerica and hspSWEurope, as can
be seen in the fineSTRUCTURE PCA, particularly in components PC1
and PC7 (https://hpgp.shinyapps.io/Interactive_figures, Fig. 5). How-
ever, in the DAPC and network analyses, these strains are dispersed but
still near hspSWEurope (Fig. 2 and Supplementary Fig. 3), which is
supported by very high self-painting proportions in the chromosome
painting analyses (Supplementary Fig. 2), and high pairwise similarities
between the genomes of this subpopulation in the cgMLST analy-
sis (Fig. 4a).

Indigenous American H. pylori have different ancestral
contributions

The fineSTRUCTURE analysis confirmed the hspindigenousAmerica
group®*. This population is made up of isolates from urban
areas of mixed human ancestry, as well as Indigenous communities.
HspindigenousAmerica can be subdivided into two groups called

hspindigenousNAmerica and hsplndigenousSAmerica (Supplemen-
tary Figs. 1 and 2). While hspIndigenousNAmerica is composed of
strains from Indigenous communities in North America (Canada and
US), the hsplndigenousSAmerica group mostly contains isolates from
Latin American regions. In this dataset, we added observations of this
subpopulation in Chile, Mexico, Peru, Spain, and the US.

According to the ancestral chromosome painting, and corrobo-
rated by the network results, hspIindigenousSAmerica shows a higher
proximity to hspEAsia, while hspindigenousNAmerica has a higher
Indigenous-ancestral proportion and is closer to hpNorthAsia in the
network analysis, even relatively distanced from hspIndigenousSA-
merica (Fig. 2, https://hpgp.shinyapps.io/Interactive_figures, Fig. 3).

Discussion

The intimate association between humans and H. pylori started at the
beginning of our species and represents a unique story of co-
evolution between kingdoms that has fascinated researchers and
the public and contributed to understanding human migration
dynamics™". However, the challenge is to understand the con-
sequences of this thousands-of-years of co-evolution for human
health, and on the whole-genome level, bacterial population struc-
ture has mostly been studied in the setting of specific geographical
areas®' 51820 Ongoing analyses by the HpGP Research Network
are comparing between strains from patients with different gastric
diseases in order to identify genetic and epigenetic bacterial features
that determine human pathogenicity. The HpGP provides a publicly
available worldwide collection of complete genomes and epigen-
omes with high-quality metadata for future investigations of H. pylori
pathobiology.

Here we present a phylogeographic characterization of the HpGP
genomes and outline the global population structure of this bacter-
ium. We used three complementing comparative genomics approa-
ches, fineSTRUCTURE/Chromosome Painting analysis, DAPC, and
network analysis of pairwise distances, including interactive visuali-
zation of the data, which allowed us to study different aspects of the
genomic relationships. A summary of the classifications using the
different methods, including their relation to previously reported
populations, is presented in Fig. 5, with details in Supplementary
Data 3. The higher dynamic range of the DAPC and network analysis
clearly showed that hpAfrica2 and hpSahul were very distant from all
other populations (Fig. 2, Supplementary Fig. 3b and https://hpgp.
shinyapps.io/Interactive_figures, Fig. 1), and the DAPC presented
another four main clusters of similarity: a South/West African cluster
and a NEAfrica/SWEurope cluster, of which both also had a high pre-
sence in the Americas, a North-Central Eurasian cluster, and a North/
East Asian cluster, which also included hspindigenousAmerica. All
analyses, however, additionally provided evidence for strong interac-
tions between the hspEurasia and hspSWEurope genomes, and in the
3D plots of ancestry contribution, these populations form a continuum
of different ancestry levels, rather than being discrete populations
(https://hpgp.shinyapps.io/Interactive_figures, Figs. 2 and 4). Iterating
the DAPC analysis to test the consistency of classifications showed, for
example, that northeast European genomes from Latvia, Lithuania,
Poland, and Russia interchangeably were classified to the clusters
corresponding to hspNEurope and hspEurasia. Similarly, some Spanish
and Latin American genomes jumped between clusters corresponding
to different subpopulations of hspSWEurope (Supplementary Figs. 3d
and 4d). However, it was infrequent that genomes were reclassified
across the main populations, which supported the relative stability of
categories. A few genomes, especially from Indonesia, showed chi-
meric chromosome painting patterns, for example, a hspUral/hspEAsia
combination and a hspUral/hpNEAfrica combination, which constitute
rare and exciting intersects between distant populations.

The finding of a highly homogenous group of geographically
dispersed genomes in the US motivated us to search for evidence of
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distant clonal relationships amongst all HpGP strains. The excep-
tional recombination rate of H. pylori means that strains with a
common ancestor a few hundred years ago will have recombined
most of their genomes, eliminating evidence of a shared clonal
frame. Furthermore, an estimated 3.5 billion humans are infected
with H. pylori”* meaning that the current bacterial population size is
enormous. As a result, it has been rare to find evidence of clonal
relationships between strains collected from distant geographic
locations. However, the availability of complete genomes makes it
possible to detect deep clones that have recombined in a large
fraction of their genome but still share some signal of clonal descent,
and the probability of sampling clonally related strains increases
quadratically with sample size, meaning that clones will become
increasingly common as database sizes increase.

The frequency of the deep clone Hp_Clone_US-1 in the US popu-
lation is likely somewhere between 3% (proportion in non-HpGP US
samples) and 18% (proportion in HpGP), while it has not yet been found
outside the US. The US population in the year 1830 was less than 13
million individuals and has increased to over 330 million through
natural population growth and immigration. Assuming the lineage was
introduced into the US by a single individual around 1830 and infected
10-fold or more people in each human generation, it would be present
in around 3 million individuals today, or about 4% of sampled indivi-
duals. These calculations ignore factors such as mixed infection and
are subject to many uncertainties but demonstrate that a high level of
non-vertical transmission and a significant fitness advantage over
other H. pylori is necessary to explain the current frequency of
Hp_Clone_US-1 in US individuals.

The relative frequency of different transmission routes in the
spread of H. pylori remains unclear, and while there is evidence of
frequent vertical transmission in some populations, other evidence
suggests the infection spreads more readily among children®>*,
Recent work has emphasized the role of transmission within commu-
nities, especially in locations without modern sanitary infrastructure.
Our results imply that Hp_Clone US-1 has been expanding con-
tinuously, with several pairs of strains isolated from patients in dif-
ferent states having estimated common ancestors within the last 70
years, which suggests the possibility of occasional mass transmission
events in the 20th-century USA. Identification of further clones
worldwide should provide additional information to understand when
and how some lineages of H. pylori can spread fast through human
populations. Interestingly, all members of the clone lack the cag
pathogenicity island, suggesting that also Cag negative strains can be
highly competitive under modern conditions.

We note that several geographical regions and human popula-
tions remain understudied. Acquiring a better coverage of H. pylori
whole genomes from South and Central Asia, and a broader repre-
sentation from the Russian Federation is pivotal. These additional
samples would not only offer deeper insights into the hspUral sub-
clades but might also illuminate the possibility of uncovering novel
subpopulations stemming from the main ancestral group, HpAsia2.
Also, the African continent is still poorly studied in terms of H. pylori
genomics, which severely limits our understanding of not only popu-
lation structure but important aspects of bacterial virulence and
pathophysiology.

This HpGP manuscript was designed as a landmark paper, detail-
ing Helicobacter pylori population structure in a global, high-quality
dataset. Our intention is for the manuscript to serve as a launching
point for individual researchers to deepen the exploration of the
detailed data generated by our network. We hope the material (i.e.,
data and strains) generated by the HpGP, including shared resources,
codes, and interactive visualizations, together with our main results,
will be widely used and will facilitate secondary analyses with the
ultimate goal of reducing the burden of the pathologies associated
with this bacterial carcinogen.

Methods

Sample acquisition

The HpGP samples represent a convenient set. Contributors of sam-
ples were identified through advertisements at international scientific
meetings, direct invitations to known colleagues and investigators
with published sets of H. pylori strains, as well as referrals. A limited
number of H. pylori genomes was publicly available from Spain, one of
the main countries responsible for colonial activities in the Americas.
Thus, in collaboration of members of the Spanish Association of
Gastroenterology, we oversampled this country to better understand
the admixed genomes from individuals from Latin America and the
Caribbean.

We obtained gastric tissues (fresh frozen with and without culture
media; n=351) and cultures (pooled or single colonies; n=660) of H.
pylori from patients with non-atrophic gastritis (n=606), advanced
intestinal metaplasia (n=172, with extension to gastric corpus or
incomplete type restricted to antrum), and gastric cancer (n=233).
Samples were collected between 1995 and 2020. Biospecimens were
shipped to the Division of Gastroenterology, Hepatology, and Nutri-
tion at Vanderbilt University for processing. Before shipment, clinical
information and sample descriptions were submitted to the coordi-
nating center at the US National Cancer Institute to confirm eligibility.
Biospecimens from the 72 collaborating centers were shipped frozen
on dry ice. All individuals provided informed consent, and local Insti-
tutional Review Boards approved sample collection. The HpGP was
exempted from institutional review board evaluation by the National
Institutes of Health Office of Human Subjects Research Protection. The
summary statistics of 1011 included strains are presented in Table 1,
and corresponding NCBI accession numbers and genome statistics are
presented in Supplementary Data 1.

Isolation and expansion of H. pylori strains and DNA extraction
Gastric tissues (biopsies or fragments from resections) were homo-
genized under sterile conditions in 100 uL of sterile phosphate-
buffered saline (PBS, pH 7.4) using a homogenizer (Kimble-Kontes,
Vineland, NJ, US). Then, 300 pL of sterile PBS was added to each
sample, mixed, and plated onto two selective Trypticase soy agar
(TSA) plates with 5% sheep blood containing vancomycin (20 mg/L),
bacitracin (200 mg/L), nalidixic acid (10 mg/L) and amphotericin B
(2mg/L) (Sigma, St Louis, MO, US). In addition, a 1:10 dilution was
plated on a no-antibiotic TSA plate (BBL; LABSCO, Nashville, TN, US).
Agar plates were incubated under microaerobic conditions (Campy
Pak Plus envelope, BBL) at 37 °C for 4-6 days until small gray trans-
lucent colonies appeared. Gram stains and assays for oxidase and
urease were performed. Colony morphology was consistent with the
characteristic shape of H. pylori colonies. A pool and one single colony
of H. pylori were expanded and frozen into 1 mL of freezing media
(Brucella broth plus 15% glycerol). The single colony was also expan-
ded and used for DNA extraction using Qiagen, QlIAamp DNA Mini kit
(Qiagen, Catalog number 51306), following the protocol and using the
EB buffer to elute the DNA. Original cultures (pooled or single colo-
nies) were processed using the same protocol.

PacBio whole-genome library preparation and sequencing

DNA samples were sequenced at the Cancer Genomics Research
Laboratory at the US National Cancer Institute. The manufacturer’s
protocol was performed for constructing whole-genome libraries from
microbial DNA using the SMRTbell Template Prep Kit. Briefly, 1000 ng
of genomic DNA, as determined by Quant-iT™ PicoGreen dsDNA
Reagent (Thermo Fisher Scientific, Waltham, MA, US), was sheared
using the g-TUBE (Covaris, Inc., Woburn, MA, US) to an average frag-
ment size of 10 kb. Following fragmentation and purification, DNA
damage, and end repair, hairpin adapters were ligated to the fragment
ends to generate SMRTbell libraries. For sequencing on the PacBio RSII
instrument, standard hairpin adapters were used. For sequencing on
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the PacBio Sequel and Sequel Il instruments, barcoded hairpin adap-
ters were used. For the Sequel and Sequel II, barcoded SMRTbell
libraries were pooled (up to 8 for the Sequel and up to 48 for the
Sequel II), and stringent purification was performed using AMPure PB
beads to remove small fragments. Following purification, sequencing
primer annealing and DNA polymerase binding of the pooled
SMRTbell libraries was performed according to the manufacturer’s
protocols. SMRT sequencing of the libraries proceeded on the PacBio
instrument using 1 SMRT Cell per isolate (RSII) or pool of libraries
(Sequel, Sequel II). Genome coverage ranged from 111 to 5678x
(median, 949x).

Genome assembly
Since samples were sequenced from multiple generations of PacBio
instruments (RSII, Sequel, Sequel II), raw data from the RSII in h5 for-
mat were converted to Sequel’s subreads XML format so that the same
analytical pipeline could be applied to data from all three instruments
sequencer. Thus, RSII data were reanalyzed by the same analysis
pipeline as Sequel and Sequel Il after initial assembly by HGAP3. The
original assemblies (from HGAP3) and the new assemblies from the
newer SMRTIink assembly tools (HGAP4 or Microbial Assembly) were
compared and were highly consistent. Newly reassembled RSII data
that generated a single contiguous chromosomal contig were kept.
Whole-genome assembly using raw subreads was performed
using SMRTLink’s HGAP4/Microbial Assembly, as well as Hifiasm v0.13-
r308** on the HiFi (circular consensus sequencing, CCS) reads. Prior to
Hifiasm, raw subreads were converted to circular consensus reads,
filtering for CCS reads with minimum predicted read quality higher
than 0.99. Chromosomes and plasmids were assembled, which proved
to be the most accurate and efficient to achieve complete assembly of
all contigs in silico. Circularization with circlator v1.5.3* was performed
on every contig in each strain. Bacterial chromosomal contig start
points were all shifted to NusB gene with an additional 12 nt at the 3’-
end. MUMmer v3.23* was used to perform a self-alignment to screen
for assembly issues or artifactual contigs, and prokka v1.14.6* anno-
tation of conserved H. pylori genes was run on both raw subread and
HiFi read assemblies. The assemblies generated from raw subreads
were generally used for methylation calling and downstream analysis
unless they failed to be circularized, or prokka annotation suggested a
pseudogene percentage higher than 5%, or they contained an unex-
pected number of tRNA/rRNAs. In those samples, the Hifiasm assembly
was used. Candidate chromosomal contigs were also aligned to a
published 26695 H. pylori strain (NC_000915.1) as a sanity check to
verify the contig shared high homology with known H. pylori. The
detailed analyses of HpGP plasmid sequences and their geographic and
chromosomal contexts will be reported in full elsewhere.

Assembly quality control

To address the assembly quality, we applied the 3Cs protocol sug-
gested by PacBio (https://www.pacb.com/blog/beyond-contiguity/).
First, we assessed sequence contiguity and determined that the HpGP
de novo assemblies all have a contig N50 over 1 Mb. As expected, single
chromosomal contigs range from ~1.5 to 1.7 Mb. Second, we measured
the completeness of our assemblies using BUSCO (Benchmarking
Universal Single-Copy Orthologs) scores® v5.1.3. BUSCO checks the
presence or absence of highly conserved genes, and a score >95% is
considered a good assembly. For the assemblies that did not achieve a
BUSCO score as high as 95%, we either discarded that sequence, or a
second attempt was carried out either in silico or in the laboratory. All
1011 HpGP assemblies have BUSCO scores above 95%. To further
measure correctness, we checked the ratio of pseudogenes, including
frameshifted, incomplete, internal stop, ambiguous residues, and
multiple problems against the total number of genes. Any assembly
with a ratio of pseudogene of more than 5% of the total was discarded.
Although the HpGP set includes assemblies from three different PacBio

sequencing instruments (15 RSII, 832 Sequel, and 164 Sequel II), the
measures of assembly quality (contiguity, BUSCO scores, genomic
sequence length, number of total genes, and number of pseudogenes)
were similar for the 1011 assemblies from these instruments.

Finally, a consolidated QC report was generated to summarize
contig lengths, BUSCO score, and coverage depth (Supplementary
Data 1). The minimal chromosomal contig average confidence QV
score among most strains was as high as 90.

National Center for Biotechnology Information (NCBI)
annotation

The HpGP chromosomal sequences were submitted to NCBI, including
annotation with the NCBI Prokaryotic Genome Annotation Pipeline,
PGAP (https://www.ncbi.nlm.nih.gov/genome/annotation_prok/)**=.,
For sequences that could not be circularized (n=7), 100 Ns were
added to mark breakpoint locations in the genomic sequences. The
individual accession numbers and genome statistics are presented in
Supplementary Data 1.

Representative genome dataset

To relate the HpGP dataset to previous knowledge about H. pylori
population structure, we used a reference dataset representing the 17
global H. pylori subpopulations (n =255 genomes, see Supplementary
Data 2) described prior to January 2022. To acquire a balanced dataset,
we selected 15 genomes per subpopulation, and for the subpopula-
tions with more reported genomes, we selected representatives based
on (1) consistency of population assignments in previous publications,
(2) assembly quality (contig number, genome since 1.7 + 0.2 Mbp, and
(3) as wide geographical representation within the subpopulation
as possible to try to encompass the full breadth of each subpopulation.
For the African continent, hpAfrica2, hspAfricalSAfrica, hspA-
fricalWAfrica, and hpNEAfrica were represented, and from Europe
hspNEurope, hspSEurope, and hspSWEurope. From Asia, we com-
plemented hpAsia2 and hspEAsia with newly published genomes from
hpNorthAsia and the proposed subpopulations hspSiberia, and
hspUral. For the Americas hspSWEuropeLatinAmerica, hspA-
fricalMiscAmericas, hspAfricalNorthAmerica, hspindigenousAmer-
icaN, and hsplndigenousAmericaS were represented®, and lastly, for
Oceania we included hpSahul. The genomes were annotated using
prokka v1.14.6% as previously described®".

Core genome analysis

All population structure analyses (fineSTRUCTURE, Chromosome
Painting, Network analysis, and DAPC, were based on the same core
gene alignment. This was generated using the prokka-annotated 1011
HpGP genomes plus a resequenced ATCC reference strain 26695
(HpGP-26695) and the 255 representative genomes, a total of 1267
genomes. The analysis was performed using the panaroo pipeline
v1.2.10*? using 90% protein sequence identity and 75% gene length
coverage cut-off.

Population structure analysis

The genome-wide haplotype data was calculated as described
previously’ we conducted SNP calling for each alignment, and
imputation for polymorphic sites with missing frequency <1% using
BEAGLE v.3.3.2*. This genome-wide haplotype contained 387,927
SNPs in 1227 genes and was used to define isolate populations and
subpopulations based on the similarity of the haplotype copying
profiles obtained by fineSTRUCTURE v4. Then, fineSTRUCTURE®
analysis was performed with 200,000 iterations of both the burn-in
and Markov chain Monte Carlo (MCMC) method to cluster individuals
based on the coancestry matrix as described®. The results were
visualized as a heat map with each cell indicating the proportion of
DNA “chunks” a recipient receives from each donor. Furthermore,
the posterior distribution of the clusters was visualized using
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fineSTRUCTURE'’s tree-building algorithm to define the populations
and subpopulations produced. With the previously obtained coan-
cestry matrix, multiple principal component analysis (PCA) was cal-
culated to analyze the population structure in detail. Principal
components (PCs) 1 to 11 were calculated and visualized using R.

DAPC analysis

We employed discriminant analysis of principal components (DAPC)
to further investigate the genetic structure of our data. DAPC describes
clusters in genetic data by creating synthetic variables (discriminant
functions) that maximize variance among groups while minimizing
variance within groups’. DAPC is a multivariate approach, not model
based; hence, it makes no assumptions about Hardy-Weinberg or
linkage equilibrium on genetic loci. Before running the DAPC, we
assessed the number of clusters most supported for our H. pylori
dataset by employing the find.clusters function in adegenet R package,
comparing the results of 100 independent runs using a custom-made R
script and selecting the optimal number of clusters according to
Bayesian information criteria (BIC). In order to assess the uncertainty
of the group assignments of each individual, we visualized posterior
group membership probabilities based on the DAPC analysis using the
function compoplot.

Using SNP-sites v2.5.1”, we extracted 601,000 SNPs from the 1267
genome panaroo core gene alignment. We employed the function
optim.a.score of the adegenet R package to identify the optimal num-
ber of principal components to consider for the analyses, as too many
could lead to overfitting, while a low number of components could
decrease discriminatory power between groups.

We first ran a DAPC employing the most supported number of
clusters/groups as estimated by the find.cluster analysis: K= 6. Initially,
we ran the DAPC considering all the sequences in our alignment so as to
visualize the entire genetic variability of our data. Given the outlier
position of the two groups, we subsequently ran another DAPC analysis
excluding these outliers to better emphasize the differences among the
other clusters. Finally, we computed posterior group membership
probability for each individual. This parameter is based on the retained
discriminant functions of the DAPC analysis and represents the prob-
ability of each sample to be assigned to a group, which can be inter-
preted in order to assess how clear-cut or admixed the clusters are. We
also ran the DAPC procedure considering K=17, the same number of
clusters identified by the fineSTRUCTURE analysis.

Network analysis of core genes

The core gene alignment obtained with panaroo was used to estimate
distances with PAUP*® v4.0a166, using maximum likelihood criteria.
Each distance was normalized between O and 1 as previously
described®. With this normalization, 0 means the highest genetic
similarity, and 1 signifies the highest dissimilarity between two strains.
Next, a complete network is created, where all pairs of strains have a
measure of genetic distance based on this previous normalization.
Strains are represented as vertices, and their distances are represented
as edges. In the beginning, this network is fully connected and has no
perceptible structure. A process of edge and node pruning is carried
out to reveal the underlying structure of the genetic similarity between
strains. This process consists of ranking the values of the edges and
removing them subsequently, starting with the most dissimilar (equal
or close to one). This process is continued until the network is sub-
divided into a determined number of Connected Components (CC).
We consider a CC as a set of more than two nodes connected between
them but isolated from other groups of nodes. If a single node is
stripped of all its edges (singleton), we discard this node from the set
of nodes of the resulting network. Figure 2 was created following this
pruning process with a CC threshold of 2. This means that edges and
singletons were removed until the full network was separated into two
groups of nodes, with the separated group being the hpAfrica2 group.

Chromosome painting

Full dataset analysis. To identify the patterns of shared genomic
content of H. pylori isolates, we conducted chromosome painting
using ChromoPainterV2*, designating all genomes as recipients (1011
HpGP genomes), and randomly selected ~20 isolates per population as
donors (335 genomes; Supplementary Data 3). Each strain was painted
using all the other donor samples and the result is visualized in a bar
plot built with R.

HpGP only ancestral chromosome painting. Since we have no gen-
omes from the true historically ancestral populations, genomic
ancestry is commonly inferred from contemporary representatives of
these populations. A second chromosome painting was thus per-
formed using hpAfrica2, hspAfricalWAfrica, hpNEAfrica, hpAsia2,
hpNorthAsia, hspUral, and hspEAsia as donors to infer ancestral con-
tributions to the populations in the HpGP dataset*'°. We also only
selected donors among the reference collection for which H. pylori
population assignment and geographical origin were concordant
(Supplementary Data 3).

Core gene multilocus sequence typing (cgMLST)

To investigate the existence of clonal relationships in H. pylori, we
estimated the total number of identical loci shared among strains from
the HpGP dataset by performing a cgMLST as implemented by
chewBBACA* software v2.8.5. chewBBACA uses a gene-by-gene
method to compare coding sequences and assign alleles based on a
BLAST Score Ratio (BSR)*°. We first used Prodigal* v2.6.3, including
the option -t to create a training file from the assembled version of the
26695 H. pylori reference strain resequenced as part of the HpGP
dataset. Then, the “CreateSchema” module of chewBBACA was applied
to the 1011 HpGP genomes and the Prodigal training file to estimate a
whole-genome MLST (wgMLST) scheme. The 3943 wgMLST genes
were then compared with the “AlleleCall” module, using the default
BSR threshold of 0.6. A total of 867 genes identified as paralogs were
removed from the wgMLST using the “RemoveGenes” module, redu-
cing the scheme to 3076 loci. We then used the “ExtractCgMLST”
module to create a cgMLST with all loci present in more than 95 per-
cent of strains (-t 0.95), obtaining a total of 981,110 alleles for 1040
loci, an average of 943 different alleles per locus.

We last used the cgMLST allelic profile to calculate pairwise dis-
tances with GrapeTree*? v1.5.0, running it in “--wgMLST” mode with the
“distance” method (-method distance) while ignoring missing data
(-missing 0). We analyzed the distribution of cgMLST distances
between pairs of strains in categories such as “US clone”, “US clone
boundary”, “US non-clone”, “Chile”, “Chilean hspSWEuropeChile”,
“non-Chilean hspSWEuropeChile”, “within the same country”, and
“between different countries”, as depicted in Fig. 4a.

Analysis of public US genomes

We downloaded all whole-genome sequences publicly available in the
EnteroBase H. pylori database (https://enterobase.warwick.ac.uk/
species/index/helicobacter) with the US as the country of isolation as
of September 18, 2022 (n=226). Sixty-seven sequences were either
isolated from non-human hosts, results of experimental infections,
repeated samplings from the same individual or overlapping the HpGP
set, thus were excluded. The remaining 151 genomes (Supplementary
Data 4) were combined with the HpGP US genomes and the 255
references in a kmer-based genomic distance analysis using mash
v2.3*, The five genomes clustering with the US deep clone were added
to the dataset used for in-depth analysis.

Dating of the US deep clone

A core gene alignment of the highly clonal US genomes, including the
five public ones, was generated with panaroo using the settings
described above. Three genomes, HpGP-USA-401, HpGP-USA-404, and
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HpGP-USA-414 had diverged from the clone both by phylogeny and
chromosome painting profile and were excluded from further analysis.
A phylogenetic tree was computed using PhyML v3.1* and input to
ClonalFrameML v1.11-3-g4f13f23*, executed using default parameters.
Node ages were determined using the R BactDating package*®, using
10,000 Markov chain Monte Carlo iterations and a mutation rate of
1.38 x 107 per site per year, as has previously been estimated'.

Data visualization

The map figures of the dataset’s geographical distribution, including
the gray background map, were plotted using the ggplot2*” and
ggmaps*® package in R. The painting profiles were summarized as
described above, and plotting and statistical analysis was performed in
R using the ggplot2 and plotly*’ packages.

Strain availability

The HpGP set of H. pylori strains is available from the US National
Cancer Institute for scientific purposes upon a reasonable request.
However, restrictions apply to its availability as some samples require
authorization from contributing centers to be distributed to third
parties.

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

Data availability

The whole-genome sequences generated within the HpGP have been
deposited in the NCBI GenBank database under BioProject accession
code PRJNA529500 [https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA529500] (Supplementary Data 1). NCBI or equivalent public
accessions for the reference set are listed in Supplementary Data 2. The
whole HpGP genome dataset and the 255 reference genomes are also
deposited to Zenodo, DOI: 10.5281/zenodo.10048320. Source Data for
the individual figures are available with this paper.

Code availability

The computational scripts to process the data and plot figures are
available at https://github.com/HpGP/Code-and-Data v1.0. This code is
also archived on Zenodo under https://doi.org/10.5281/zenodo.
8381170.
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