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H. pylori is a carcinogen

HpGP was launched in 2017.

Ø H. pylori is a gram-negative bacterium and has been linked with stomach cancer. About 2 

out of 3 adults worldwide are infected with H. pylori. 

Ø Still limited recognized virulence factors (e.g. cagA and vacA, highly prevalent in high-risk 

areas, e.g. East Asia)

Ø Genome first sequenced in 1997. Genome size is about 1.6 Mb. About 1,500 coding genes.

Ø A few hundred complete genomes in GenBank in 2016. Most of them from RSII or Illumina 

short-reads.

Ø Still a limited number of genomes per geographic site

Ø Genome-wide base modifications first profiled in 2014 (“Methylome”)

Ø Newly available technology

Ø Single molecule, real-time (SMRT) sequencing: PacBio RSII, Sequel and Sequel II and 

Nanopore platforms.

https://www.cancer.gov/about-cancer/causes-prevention/risk/infectious-agents/h-pylori-fact-sheet#r23 

Co-PIs: Dr. Constanza Camargo
              Dr. Charles Rabkin

https://www.cancer.gov/about-cancer/causes-prevention/risk/infectious-agents/h-pylori-fact-sheet
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~ 51 HpGP Collaborating Centers

Total more than 1033 samples collected and 
sequenced so far.

Each Center to Contribute:
Gastric Cancer (GC)
Adv. Intestinal Metaplasia (IM)
Non-atrophic Gastritis (NAG) and others
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HpGP Objectives

Ø To map the global population structure of > 1000 de novo 
assembled complete H. pylori genomes

Ø To characterize the spectrum of genomic and epigenomic 
variations of benign strains of H. pylori 

Ø To identify molecular features that may contribute to pathologic 
effects

Ø To establish a resource repository of multidimensional data and 
well-characterized strains for utilization by the scientific 
community

Co-PIs: Dr. Constanza Camargo
              Dr. Charles Rabkin



5

Single Molecule, Real-Time (SMRT) Sequencing 

RSII Sequel/Sequel II

SMRTbell Template

(Read of insert)

https://www.pacb.com/ 

https://www.pacb.com/


A Pilot Study in 2017
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Ø Mexico:       43 [23 Cancer, 17 Gastritis, 3 Others]

Ø Honduras: 27 [ 8 Cancer, 9 NAG, 10 IM] 

Ø Colombia: 26 [ 2 Cancer, 12 IM, 12 NAG]

Ø Lativa:  21 [ 1 Cancer, 10 NAG, 10 IM]

Ø Taiwan:  20 [ 10 Cancer, 10 NAG]

Ø Greece:  8

Ø Peru:  10

PacBio RSII

~ 155 H. pylori genome sequences were 

sequenced on PacBio RSII, de novo assembled 

and delivered. (Frederick) 

In order to know how well they were assembled, we 
need to do some quality checking and align the 
assembled genome sequences to the know 
sequences.
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~ 40%

With more 
than 1 contig 
and each of 
them much 
less than 
1.5Mb

Number and Length of Contigs

1.5 – 1.6 Mb
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Known H. pylori Genomes

Maixner, F. et al Science 351, 162 (2016)

Selected 9 complete H. pylori genomes from 
NCBI for alignment.

+B38

Oetzi found in Italy in 
1991

hpAsia2 (Indian & 
Europe), cagA+, vacA+
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Genome Alignment of 9 Published H. pylori 
Genomes in GenBank

hpEurope 
26695

G27

HPAG1

P12

B38

hspEAsia
51

52
hspWAfrica
J99
hspAmerInd
Shi470
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hpEurope 26695 

Colombia_NoChange 
Rabkin_4023
….
Rabkin_4447

Genome Alignment of 12 Colombian (NAG) 
H. pylori Genomes to HP26695
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hpEurope 26695 

Colombia_Progression 
Rabkin_4060
….
Rabkin_4444

Genome Alignment of 12 Colombian (Progression) 
H. pylori Genomes to HP26695



What Happened?
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H. Pylori genome is circular.

De novo assembling gives you 
the assembled sequence with 
inconsistent starting sites/points.

v For example, the assembled 
sequence can start at S1, S2, S3 or 
S4.

So re-ordering the start point of the 
genome sequence is needed!

How to do it in a proper way?

v First gene selection etc.

S1

S2

S3

S4

5’ 3’

3’
5’

+-
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nusB gene is the first gene on the complement strand

The First Gene in HP26695 Genome

In theory, you can use any gene as the first gene. 
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Re-ordering the Genome

1. Find the nusB 
gene in the 

assembled genome

2. Set it as the 
first gene in 

genome

3. Make the cut and 
join two pieces of 

sequences together

After re-order

Before re-order

Dr. Kasia Thorell
Karolinska Institute
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HpyJ99 vs. LAT001

HpyJ99 vs. LAT001 fixed

HpyJ99 vs. COL4023

HpyJ99 vs. COL4023 fixed

DOT plot

Near identical

Outliers
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X X X XXX XX

7 Published and 24 COL Genomes Alignment

Mauve genome alignment



Other Major Issues and Challenges
Ø In 2017, most groups used Illumina technology to do de 

novo assembly or align reads to HP26695.

     Quite often, they got incomplete assemblies.

Ø   Comparison of the Illumina vs PacBio results 

Ø How do we check the sequencing quality?

Ø   Resequencing the strains with known sequences

Ø How do we evaluate these de novo assemblies?

Ø   BUSCO score

Ø How do we find the unintentional duplicates in the 
dataset?

Ø  Use Ichizo’s family set

Ø How to evaluate plasmids?

Ø   Exonuclease screening

17

Prof. Ichizo Kobayashi, University of Tokyo

Dr. Richard Roberts, New England Biolabs

Internal investigators
Wen, Kedest, Kristie
Josh Cherry(NCBI), John Dekker(NIAID)



Ø In 2017, most groups used Illumina technology to do de 
novo assembly or align reads to HP26695.

     Quite often, they got incomplete assemblies.

Ø   Comparison of the Illumina vs PacBio results 

Ø How do we check the sequencing quality?

Ø   Resequencing the strains with known sequences

Ø How do we evaluate these de novo assemblies?

Ø   BUSCO score

Ø How do we find the unintentional duplicates in the 
dataset?

Ø  Use Ichizo’s family set

Ø How to evaluate plasmids?
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HpGP, RefSeq, IK and REBASE

Ikuo Uchiyama           ~750 HpGP strains
Illumina 

Prof. Ichizo Kobayashi, University of Tokyo

Dr. Richard Roberts, New England Biolabs

Internal investigators

PacBio

Wen, Kristie

Other Major Issues and Challenges



Ø In 2017, most groups used Illumina technology to do de 
novo assembly or align reads to HP26695.

     Quite often, they got incomplete assemblies.

Ø   Comparison of the Illumina vs. PacBio results 

Ø How do we check the sequencing quality?

Ø   Resequencing the strains with known sequences

Ø How do we evaluate these de novo assemblies?

Ø   BUSCO score

Ø How do we find the unintentional duplicates in the 
dataset?

Ø  Use Ichizo’s family set

Ø How to evaluate plasmids?

Ø   Exonuclease screening
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HP26695: Long reads vs. Short reads

CGR

Prof. Ichizo Kobayashi, University of Tokyo

Dr. Richard Roberts, New England Biolabs

Internal investigators

NEB

Wen, Kristie

CGR

NEB

Other Major Issues and Challenges



Ø In 2017, most groups used Illumina technology to do de 
novo assembly or align reads to HP26695.

     Quite often, they got incomplete assemblies.

Ø   Comparison of the Illumina vs. PacBio results 

Ø How do we check the sequencing quality?

Ø   Resequencing the strains with known sequences

Ø How do we evaluate these de novo assemblies?

Ø   BUSCO score & number of pseudo genes

Ø How do we find the unintentional duplicates in the 
dataset?

Ø  Use Ichizo’s family set

Ø How to evaluate plasmids?

Ø   Exonuclease screening

20

Prof. Ichizo Kobayashi, University of Tokyo

Dr. Richard Roberts, New England Biolabs

Internal investigators
Wen, Kedest, Kristie

Other Major Issues and Challenges
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Contiguity is often measured as contig N50, which is the 
length cutoff for the longest contigs that contain 50% of the total 
genome length. In this era of long-read genome assemblies, 
a contig N50 over 1 Mb is generally considered good.

Completeness is often measured using BUSCO (Benchmarking 
Universal Single-Copy Orthologs) scores, which look for the 
presence or absence of highly conserved genes in an assembly. 
The aim is to have the highest percentage of genes identified in 
your assembly, with a BUSCO complete score above 95% 
considered good.

Correctness, the third and final C, is more challenging to measure. 
Correctness can be defined as the accuracy of each base pair in 
the assembly and is most often measured as concordance of an 
assembly to a gold standard reference. Of course, when 
sequencing a novel species there may not be a reference against 
which to measure. Furthermore, concordance is only a good 
measure for accuracy when the gold-standard itself is very high 
quality and when there is little biological divergence between the 
reference sample and assembly sample.

https://www.pacb.com/blog/beyond-contiguity
https://www.molecularecologist.com/2017/03/29/whats-n50/  

Assessing the Quality of Genome Assemblies 
with the 3C’s

kb

kb

N50 explained

https://busco.ezlab.org/
https://www.pacb.com/blog/beyond-contiguity
https://www.molecularecologist.com/2017/03/29/whats-n50/
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Completeness of Genome Assemblies

Batch3: 748 strainsIdentified 4 genomes need to be improved.

HpGP

GenBank
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Pseudogenes
299 NCBI GenBank H. pylori Genomes (Complete or Chromosome only)

42 out of 299

5%

14% genomes with pseudo 
frameshift genes > 5% 

Percent of pseudo frameshift genes

(2021-08)
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17

28

45 genomes >=  5%; 17 genomes > 5%

Based on Prokka annotation

45 out of 748

5%

tRNA:       36
16SrRNA:   2
23SrRNA:   2
% Pseudo gene: <= 5%

These 17 genomes need to be 
updated.

Pseudogenes
748 HpGP Genomes (Batch3)

6% genomes with pseudo 
frameshift genes > 5% 



Ø In 2017, most groups used Illumina technology to do de 
novo assembly or align reads to HP26695.

     Quite often, they got incomplete assemblies.

Ø   Comparison of the Illumina vs. PacBio results 

Ø How do we check the sequencing quality?

Ø   Resequencing the strains with known sequences

Ø How do we evaluate these de novo assemblies?

Ø   BUSCO score

Ø How do we find the unintentional duplicates in the 
dataset?

Ø  Use Ichizo’s 20 family strains set

Ø How to evaluate plasmids?

Ø   Exonuclease screening

25

Ichizo’s 20 family strains   mash kmer

HpGP strains   mash kmer

cutoff
Prof. Ichizo Kobayashi, University of Tokyo

Dr. Richard Roberts, New England Biolabs

Internal investigators
Wen, Kedest, Kristie

Other Major Issues and Challenges



Ø In 2017, most groups used Illumina technology to do de 
novo assembly or align reads to HP26695.

     Quite often, they got incomplete assemblies.

Ø   Comparison of the Illumina vs. PacBio results 

Ø How do we check the sequencing quality?

Ø   Resequencing the strains with known sequences

Ø How do we evaluate these de novo assemblies?

Ø   BUSCO score

Ø How do we find the unintentional duplicates in the 
dataset?

Ø  Use Ichizo’s 20 family strains set

Ø How to evaluate plasmids?

Ø   Exonuclease V digestion screening

26

Exonuclease V digestion screening

Initially, no plasmid 
detected.
After screening, 
plasmids detected

Initially, no plasmid 
detected.
After screening, 
no plasmids detected

Wen, Kedest, Kristie
Josh Cherry(NCBI), John Dekker(NIAID)

Prof. Ichizo Kobayashi, University of Tokyo

Dr. Richard Roberts, New England Biolabs

Internal investigators

Other Major Issues and Challenges
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Improved H. pylori Genome Assembly Pipeline

Wen and Kristie

Improvement steps in 
addition to the original 
PacBio pipeline
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HpGP Data Analyses
Primary Analyses
Ø Population structure and ancestry (Thorell, Muñoz-Ramirez et al.) Landmark paper 

published.

Ø Prophages (Vale et al.) Under review.

Ø Methylation profiles (Roberts et al.)  in preparation.

Ø Plasmids (Torres R. et al.) ongoing.

Ø Antibiotic resistance to clarithromycin and levofloxacin (Chiner-Oms et al.) ongoing.

Ø Genome- and epigenome wide association analyses of gastric cancer and advanced 
intestinal metaplasia (Yahara et al. à Wang) ongoing.

Secondary Analyses
Ø Rearrangements

Ø Integrative conjugative elements

Ø Gene-centric

Ø vacA, babA, babB, babC, hopQ, cagY, 16S

Ø Metabolic pathways

Ø Mutational signature 

Ø Adaptive differentiation

Ø Non-coding RNAs

HpGP data (1012 genomes) 
was finalized in Arpil 2022.



Pan and Core Genome Analyses
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https://en.wikipedia.org/wiki/Pan-genome 

Ø A pan-genome (pangenome or supragenome) is the 
entire set of genes from all strains within a clade.

Ø Open and closed pangenome

Uchiyama et al. PLoS ONE 11(8): e0159419, (2016)  
Tettelin et al. Curr. Opin. Microbiol. 11, 472-477 (2008)
Fischer W et al. NAR, 38, 6089-6101, (2010)

The α = 0.879±0.035 < 1 (> 30 genomes) value of the Heaps’ law 
indicates that the pan-genome of H. pylori is “open” i.e., the size 
of the pan-genome tends to diverge when N increases, as 
concluded in a previous analysis using seven H. pylori genomes. 

The number of 
core genes will 
approach to
a constant number 
when N increases!

~ 800 core genes 
in H. pylori

Focus of the H. pylori landmark paper

Core genome

https://en.wikipedia.org/wiki/Pan-genome
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fineSTRUCTURE

Chromosome 
Painting

Network 
analysis

Discriminant 
analysis of 
principal 

components

polymorphic sites 
BEAGLE 

imputation (< 1% 
missing freq)

1011 fasta files Prokka annotated +  
panaroo pipeline

Cutoff 90% ident, > 75% 
gene length

255 known 
population 

strains 
fasta files

Core genome analysis &
SNP calling (snp-sites) 

• Describe the dataset and genomic variation

• Map population structure

• Ancestry analysis

• Highlight interesting features of different areas

Analysis workflow

Kasia, Zilia

DAPC

Focus of the H. pylori landmark paper

Discriminant analysis of 
principal components (DAPC) 

Panaroo pipeline can handle the N+1 
issue. But Roary pipeline can not.
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•Data Type: STRUCTURE works with genotype data, while FineSTRUCTURE operates on 
phased haplotype data.

•Scope of Analysis: STRUCTURE is commonly used for inferring population-level admixture, 
while FineSTRUCTURE is more focused on fine-scale population structure and relationships.

•Output Representation: STRUCTURE typically presents results as bar plots, while 
FineSTRUCTURE outputs heatmaps and dendrograms.

In summary, STRUCTURE and FineSTRUCTURE serve similar purposes in terms of population 
structure analysis, but FineSTRUCTURE provides a more detailed examination of fine-scale 
genetic relationships by leveraging haplotype information and producing informative 
visualizations. The choice between the two tools often depends on the specific objectives of 
the study and the level of resolution required in understanding population structure.

STRUCTURE vs. fineSTRUCTURE
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fineSTRUCTURE Results

• Revealed four main 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                                                                                   
(iv) North, Central and East Asia, and Indigenous populations in 
America.                                                       

It further formed 17 main subpopulations. Kasia, Zilia3D plot: https://hpgp.shinyapps.io/Interactive_figures/ 

?

• The hpEurope subpopulations span from the Atlantic coast to South 
Asia

• Clear differences between East and West Europe. hspNEurope further 
spans to South Asia.

Strains from Eastern Europe and the Middle East are new in this study and 
have rarely been studied before.

https://hpgp.shinyapps.io/Interactive_figures/


US Clone (high proportions of hpNEAfrica, cagPAI-)
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Chromosome Painting Results

17 subpopulations The ancestral contributions to the central Asian genomes (Eurasian) 
confirmed the HpGP “hspUral” clade not to have pronounced 
contribution by the hspUral references but relatively high hpAsia2, 
hpNorthAsia and hspEAsia painting proportions 

Ancestral analysis of Central Asian genomesChromosome painting proportions for each genome

Kasia, Zilia



In-depth Analysis of the US Deep Clonal 
Relationships in HpGP

34
Kasia, Zilia

Core Gene Multilocus Sequence Typing 
(cgMLST)

Short distance, high number of shared 
alleles.

Strains within the US clone have high 
number of shared alleles.Long distance



In-depth Analysis of the US Deep Clonal 
Relationships in HpGP

35
Kasia, Zilia

ClonalFrameML tree
Estimated it from a common ancestral strain ~ 175 years ago in the US.

known strains
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Summary of Population Classifications

Kasia, Zilia



Complete H. Pylori Genomes in GenBank
(2024-01-20)
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CG
R/

D
CE

GCumulative Contribution

https://zenodo.org/records/10048320 
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA529500 

https://zenodo.org/records/10048320
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA529500
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