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Review 

Genome and population dynamics during chronic 
infection with Helicobacter pylori 
Sebastian Suerbaum1,2,3 and Florent Ailloud1,2   

Helicobacter pylori is responsible for one of the most prevalent 
bacterial infections worldwide. Chronic infection typically leads 
to chronic active gastritis. Clinical sequelae, including peptic 
ulcers, mucosa-associated lymphoid tissue lymphoma or, most 
importantly, gastric adenocarcinoma develop in 10–15% of 
cases. H. pylori is characterized by extensive inter-strain 
diversity which is the result of a high mutation rate, 
recombination, and a large repertoire of restriction-modification 
systems. This diversity is thought to be a major contributor to H. 
pylori’s persistence and exceptional aptitude to adapt to the 
gastric environment and evade the immune system. This review 
covers efforts in the last decade to characterize and understand 
the multiple layers of H. pylori’s diversity in different biological 
contexts. 
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Introduction 
Helicobacter pylori is an important bacterial pathogen of hu-
mans. It infects more than one half of the human popula-
tion, usually during childhood, and establishes a chronic and 
often lifelong infection [1,2]. H. pylori infection invariably 
induces a chronic inflammatory response of the gastric 
mucosa. Infections can remain asymptomatic or progress to 
symptomatic diseases that include gastroduodenal ulcer 

disease, gastric adenocarcinoma, and gastric lymphoma of 
the mucosa-associated lymphoid tissue lymphoma [2,3]. H. 
pylori has been recognized as a Class I human carcinogen 
since the early 1990s [4], and is etiologically responsible for 
approx. new 900 000 cases of gastric cancer per year, a 
substantial proportion of all human cancers [5]. 

H. pylori is a bacterial species with an exceptional degree 
of genetic diversity and variability. It was acquired by 
humans in Africa around 100 000 years ago [6,7], and has 
accompanied modern humans during multiple ancient 
and more recent migrations out of Africa [6,8,9]. In 
present times, the common and complex history of hu-
mans and H. pylori is now reflected by a highly dis-
tinctive phylogeographic population structure  
[7,8,10–12]. The exceptionally high allelic diversity of H. 
pylori results from the combination of a very high mu-
tation rate and a highly efficient DNA uptake and re-
combination machinery enabling DNA exchange 
between different H. pylori strains during mixed infec-
tions [13–15]. Potential roles of other genetic elements 
in creating genomic diversity, such as commonly occur-
ring prophages and insertion sequences [16], remain to 
be elucidated. The molecular mechanisms responsible 
for this unique genetic plasticity of H. pylori and the 
contribution of H. pylori genome variation to its success 
as a global pathogen are the major topics of this review 
article, which summarizes the most important develop-
ments in this field in the last decade. 

Mutation and recombination in H. pylori in 
vitro 
H. pylori has a very high mutation rate, approx. 100-fold 
higher than Escherichia coli and most other bacterial 
species [17]. This ‘mutator-type’ mutation rate is the 
result of multiple features, including the lack of a mis-
match repair pathway (MMR) and a promutagenic ac-
tivity of its DNA polymerase I [18]. H. pylori thus 
introduces nucleotide polymorphisms into the popula-
tion at an accelerated rate. Moreover, the lack of MMR is 
also thought to be responsible for the extremely high 
mutation rates at repetitive DNA sequences (e.g. 
homopolymeric tracts or dinucleotide repeats) due to 
slipped strand mispairing, which are used to reversibly 
activate and deactivate genes (‘contingency genes’) and 
facilitate phase variation [19–21]. 
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H. pylori is able to take up exogenous DNA from the 
surrounding environment (‘natural competence’) by 
means of a highly unusual DNA uptake machinery, the 
ComB system [22], and to subsequently integrate 
homologous DNA into its chromosome in a RecA-de-
pendent recombination process [23]. Recombination has 
been shown to contribute even more to the genetic di-
versification of H. pylori than spontaneous mutations  
[24]. H. pylori typically integrates short fragments of the 
exogenous DNA into its chromosome (‘imports’) com-
pared to other competent bacteria [24–26]. The length 
of the imports after transformation in the laboratory and 
during chronic infection is similar and follows a bimodal 
length distribution, displaying longer (macroimports, 
mean length 1645 bp) and extremely short (microim-
ports, mean length 28 bp) fragments [27]. Quantitative 
analysis of import patterns obtained from in vitro trans-
formants suggests that micro- and macroimports fre-
quently arise from single DNA molecules [28]. 
Microimports could specifically be involved in the con-
tinued reduction of linkage disequilibrium in the H. 
pylori genome, although this hypothesis still needs to be 
explored further [29]. Nevertheless, the mechanisms 
responsible for these two types of imports remain in-
completely characterized. We could recently show that 
the formation of microimports depends strongly on the 
activity of the UvrC nuclease, a component of the nu-
cleotide excision repair pathway [28,30]. A uvrC mutant 
no longer displayed the bimodal distribution pattern 
characteristic of H. pylori wild-type strains. Remarkably, 
this function of UvrC in microimport formation was in-
dependent of its canonical function in the repair of DNA 
lesions, since site-directed mutations of conserved amino 
acids involved in these canonical functions did not affect 
microimports while inactivating the protective role of 
UvrC against (e.g. UV mediated) DNA damage [28]. 
Future work will be devoted to identifying the mole-
cular mechanism how H. pylori UvrC contributes to 
microimport formation. 

Genome evolution of H. pylori during chronic 
human infection 
Due to the unique combination of very high overall 
within species diversity and high mutation and re-
combination rates, H. pylori has become a paradigm for a 
bacterium that can be observed, almost in real time, to 
evolve during the infection of individual patients 
(Figure 1) [15]. This was first shown by multilocus se-
quence comparisons between single isolates of H. pylori 
cultured from biopsies obtained at different time points  
[25,31], and was then later expanded to whole-genome 
analysis of isolates cultured from chronically infected 
individuals at multiple sequential timepoints [26]. The 
mutation rate of H. pylori during chronic infection in vivo 
has been estimated repeatedly, using different ap-
proaches. The first robust estimate of the in vivo 

mutation rate of H. pylori during years to decades of 
infection was based on sequence comparisons of 78 (al-
most exclusively housekeeping) genes in 34 pairs of 
sequential isolates from the Netherlands, Colombia and 
the USA. This study estimated the mutation rate of H. 
pylori at 1.4 × 10−6 mutations per site and year, and also 
estimated the long-term mutation rate (i.e. evolution 
over millennia) at 2.6 × 10−7 [31]. Later on, a first whole 
full genome-based analysis was based on four pairs of 
sequential isolates from Colombia taken at a three-year 
interval and yielded a mutation rate of 2.5 × 10−5 [26]. 
Another estimate derived from paired isolates (antrum 
and corpus) from South Africa yielded a similar (synon-
ymous) mutation rate of 1.38 × 10−5 [32]. There is cur-
rently no evidence that these observations are limited to 
specific phylogeographic populations of H. pylori. How-
ever, in light of the large diversity of H. pylori, it seems 
of interest to perform similar studies in patients infected 
with strains belonging to different phylogeographic po-
pulations. 

While the mutation rates of H. pylori are higher than 
those of many other bacteria, it is only the unusual 
combination with a highly efficient recombination ma-
chinery that gives H. pylori its exceptional genetic plas-
ticity [13]. While mutations are about five times more 
frequent than recombination events, recombination fre-
quently leads to the import of several hundred to more 
than 1000 base pairs, likely to contain multiple poly-
morphisms. As a result, a polymorphism in H. pylori is 
about three times more likely to have been introduced 
by recombination than mutation [31]. However, it is 
important to note that the contribution of recombination 
to the genetic diversity of H. pylori varies widely be-
tween strains and phylogeographical populations, which 
likely reflects the availability of DNA released by un-
related H. pylori strains during (transient) mixed infec-
tions and the individual DNA uptake activity of the 
resident populations [32,33]. 

H. pylori genetic plasticity and vaccine 
evasion 
Due to the high prevalence of H. pylori infection, the 
need for antibiotic combination therapy, and rising rates 
of antibiotic resistance, it is inconceivable to control H. 
pylori infection on a global scale with antibiotics alone. A 
vaccine is thus widely considered of high medical and 
societal interest. However, despite intense efforts that 
began soon after the discovery of H. pylori, and multiple 
vaccine candidates entering clinical trials in humans, no 
vaccine against H. pylori has yet reached the market. 
The reasons for the failure of most candidates tested so 
far are likely multifactorial, but the high genetic di-
versity and variability of H. pylori seem likely to have 
contributed. We tested this hypothesis using H. pylori 
strains obtained from two clinical vaccine trials with 
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human volunteers [34,35]. In both studies, volunteers 
received a candidate vaccine (or placebo). The two 
candidate vaccines were an orally administered Salmo-
nella strain expressing H. pylori urease [34], or an in-
jectable tricomponent vaccine containing three H. pylori 
virulence factors, CagA, VacA, and NAP [35]. In both 
studies, volunteers were vaccinated with the respective 
candidate or placebo and subsequently challenged with 
a well-characterized H. pylori strain (in one case, BCS 
100, a cag-island deficient strains, in the other case BCM- 
300, a strain with an intact cagPAI), H. pylori was then re- 
isolated from those volunteers who had become infected 
by the challenge strain. For both studies, we compared 
the genomes of the challenge strains with the sequences 
of reisolates. This permitted the calculation of mutation 
rates during the initial phase of infection and to assess 
potential changes in the vaccine antigen-encoding genes  
[36,37]. Mutation rates were 4.5 and 5.2 × 10−6/site and 
year, thus very similar to the estimates obtained in the 
earlier studies based on sequential isolates from 
chronically infected individuals summarized above. Im-
portantly, there was no evidence for an accelerated 
mutational rate (‘mutational burst’) compared with 
chronic infection, in contrast with a single report of such 

a mutation burst in one patient [38]. The number of 
volunteers/reisolates was too small to draw definitive 
conclusions about the contribution of genetic variability 
to vaccine failure. However, an inactivation of cagPAI 
activity and/or VacA vacuolating cytotoxin expression 
was observed in multiple volunteers who had received 
the tricomponent vaccine (which contained both pro-
teins), suggesting that this was potentially the result of 
vaccine-induced immune pressure [36]. It thus would 
appear important that the high genetic variability of H. 
pylori is taken into account when designing future vac-
cine candidates. In particular, nonessential genes (such 
as vacA and cagA) can be rapidly inactivated by multiple 
mechanisms in H. pylori. 

Within-host diversity of H. pylori and 
adaptation to different stomach niches 
In the first two decades of H. pylori research, compara-
tive studies were almost exclusively limited to one or 
two strains per patient. In order to be able to quantitate 
the genetic diversity of H. pylori within one stomach, we 
obtained multiple biopsies from two to three different 
locations in the stomach (corpus, fundus, and antrum) 
and 10 single colonies of H. pylori were cultured from 

Figure 1  
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Evolution of H. pylori within the human host during chronic infection. The figure schematically depicts important processes relevant to the evolution of 
the H. pylori population within the human stomach as discussed in more detail in the text. The x-axis indicates the evolution over time during chronic 
infection and the y-axis represents the fact that the stomach is a large organ with physiologically distinct regions requiring adaptation. Subpopulations 
of H. pylori in a given region and at a given timepoint are represented by a bacterial cell and a corresponding bacterial chromosome. Within-host 
diversity is represented by different shades of blue while the coinfection is displayed in red. Accumulation of polymorphisms in the chromosome is 
represented by blue tick marks for spontaneous mutations and red tick marks for imports.   
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each location [39]. Subsequently, DNA was purified 
from all isolates and their genomes were sequenced. 
This sampling was performed for 16 individuals, re-
sulting in a total dataset of 440 genomes. The analysis 
showed that every patient was host to one unique po-
pulation of bacteria. Overt mixed infections with mul-
tiple unrelated strains were not detected in the dataset, 
in agreement with earlier studies suggesting that H. py-
lori coinfections are mostly transient. Bacteria sequenced 
from a given patient were always highly related to all 
other bacteria from the same patient, and differed ex-
tensively from the bacteria isolated from the other pa-
tients. Subpopulations specifically associated with each 
gastric region could be observed and phylogenetic ana-
lysis revealed that H. pylori can migrate between sto-
mach locations. The degree of sequence variation within 
an individual patient varied widely, ranging from highly 
diverse, with thousands of polymorphisms originating 
from both mutations and recombined imports, to rela-
tively homogeneous, with less than 100 polymorphisms. 
Our study [39] identified numerous genes showing sig-
nals of adaptation to different gastric niches. Strikingly, 
many of these were involved in motility and chemotaxis, 
which was highly plausible in light of the known im-
portance of chemotactic flagellar motility for H. pylori 
colonization [40–46]. For each H. pylori population de-
rived from an individual host, the time to the most re-
cent common ancestor (TMRCA) could be calculated to 
quantitate within-host diversity. For the 16 individuals, 
aged 32–76 years, the TMRCA of their H. pylori popu-
lations ranged between 4 months and 7.1 years [39]. This 
confirmed findings of an earlier study, where TMRCA 
had been calculated using 40 pairs (1 from antrum and 1 
from corpus region of the stomach) of H. pylori isolates 
from adult individuals in South Africa, yielding an 
average TMRCA of 3.6 years and a maximum TMRCA 
of 11.1 years [32]. Thus, available data concur that 
TMRCA or H. pylori populations within one human host 
are much lower than the age of the infected person, 
despite the fact that most H. pylori infections are thought 
to have been acquired in childhood. This is likely the 
result of multiple mechanisms. There is now substantial 
evidence that antibiotics play an important role in re-
ducing H. pylori diversity. Administration of antibiotics, 
such as macrolides, tetracycline, metronidazole, or 
fluoroquinolones, can have an impact on H. pylori po-
pulations even when not used as part of eradication 
treatments directed against H. pylori. Within the 16 in-
dividual populations, seven contained alleles that have 
been associated with resistance against one or multiple 
antibiotics, likely indicating previous antibiotic use by 
the patient. These seven populations had significantly 
lower TMRCA than the populations where no resistance 
alleles were found. In three populations, subpopulations 
from different gastric niches displayed variable antibiotic 
susceptibilities, indicating that the distribution of H. 
pylori across the stomach regions can contribute to 

heteroresistance. In one case, a follow-up sampling after 
two years could be obtained. Strikingly, a population 
initially devoid of antibiotic resistance alleles had con-
verted to fully clarithromycin resistant, and the initial 
TMRCA of seven years was reduced to less than one 
year. These data indicate that antibiotic use can induce 
substantial selective bottlenecks with massive reduc-
tions of population size and loss of diversity [39]. How-
ever, it still seems likely that antibiotics are not the only 
reason for the low TMRCA values, since TMRCA was 
also much lower than patient ages when no traces of 
prior antibiotic uses were observed. One second likely 
contributor is genetic drift, spontaneous loss of diversity 
with time due to low effective population sizes [32]. 
Finally, immune selection might also play a role in re-
ducing genetic diversity of the resident H. pylori popu-
lation (see the review article by Faass et al. [47] in this 
Special Issue for additional references regarding the in-
teraction between H. pylori and the immune system). 

While there is now strong evidence that H. pylori uses its 
high genetic plasticity to adapt important host interac-
tion molecules to the requirements of a large, physiolo-
gically diverse, and changing habitat, there are currently 
still few examples where this has been functionally va-
lidated. The best example is the Lewis b blood group 
antigen binding adhesion BabA, where allelic variation 
occurs during chronic infection [48], and has helped to 
adapt the bacteria to different acidities in the stomach  
[49]. Another example is the cag pathogenicity island 
protein CagY, which was shown to contribute to the 
modulation of cagPAI-mediated proinflammatory activity 
in vivo [50]. 

The H. pylori ‘methylome’ 
H. pylori possesses an exceptionally high number of 
Restriction-Modification (R-M) systems, and the port-
folio of R-M systems varies widely between strains  
[51–55]. R-M systems in most cases consist of a se-
quence-specific methyltransferase (MTase) and an en-
donuclease that cleaves the same recognition sequence 
in a methylation-dependent way. Many variations of this 
basic architecture exist, and MTases can also occur as so- 
called orphan MTase, without a cognate restriction en-
donuclease (or together with an inactive endonuclease 
gene) [56]. The diverse portfolio of MTases translates 
into a highly diverse methylation pattern of the H. pylori 
chromosome [57,58]. Functional studies on R-M systems 
on a genome-wide scale have been strongly enabled by 
the development of the Single Molecule, Real-Time 
(SMRT) sequencing technology by Pacific Biosciences. 
The technology permits to detect DNA methylation in 
parallel to the determination of the nucleotide sequence  
[59]. In a collaboration that included scientists from 
Pacific Biosciences and the group of Richard J. Roberts 
at NEB, we determined the methylomes of the two best 
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characterized H. pylori strains, 26695 and J99 (Figure 2), 
and assigned all but one methylated target sequences to 
known or newly characterized MTases [57]. Only the 
MTase responsible for the methylation of the motif 
CGRAT remains unknown [57]. Methylome analyses 
were also performed for the two studies of vaccine eva-
sion described above, showing, in both studies, plasticity 
of the methylome as an additional layer of variation  
[36,57]. We also characterized the GCGC-specific 
MTase JHP1050, the only m5C MTase invariably pre-
sent in all strains of H. pylori, and showed that GCGC 
methylation has an important effect on gene transcrip-
tion when a GCGC motif is located within a promoter 
sequence [60]. Other groups have obtained related re-
sults with other MTases [61–66], and work is in progress 
to fully understand the role of epigenetic modification of 
the bacterial chromosome in H. pylori transcriptional 
regulation. 

Conclusions 
Research performed over the last decade has strongly 
advanced our understanding of H. pylori population dy-
namics. These studies have been made possible by ad-
vances in sequencing technology, bioinformatic, and 
population genetic analysis methods as well as functional 
analysis methods. However, there are still many open 
questions. For example, our analyses of within-host di-
versity of H. pylori have identified a large number of 
genes likely to be involved in the adaptation of H. pylori 

to specific parts of the stomach, which have not yet been 
functionally characterized. The same study has identi-
fied the most variable genes in the H. pylori chromosome 
during infection, which are likely to be involved in host 
interaction and/or immune evasion. Many of these are 
yet uncharacterized proteins awaiting further functional 
characterization. 
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Figure 2  
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Methylome diversity of H. pylori. Three types of DNA methylation detected in H. pylori. Circular plots representing the location of methylated motifs 
determined by SMRT (Pacific Biosciences) sequencing in two strains of H. pylori. For each strain, each motif described in the accompanying list is 
visualized by a separate track. Circular plots are from Ref. [57].   

H. pylori genome dynamics Suerbaum and Ailloud 5 

www.sciencedirect.com Current Opinion in Immunology 2023, 82:102304 



References and recommended reading 
Papers of particular interest, published within the period of review, have 
been highlighted as:  

•• of special interest  
•• of outstanding interest  

1. Hooi JKY, Lai WY, Ng WK, Suen MMY, Underwood FE, Tanyingoh 
D, Malfertheiner P, Graham DY, Wong VWS, Wu JCY, et al.: Global 
prevalence of Helicobacter pylori infection: systematic review 
and meta-analysis. Gastroenterology 2017, 153:420-429. 

2. Suerbaum S, Michetti P: Helicobacter pylori infection. N Engl J 
Med 2002, 347:1175-1186. 

3. Malfertheiner P, Megraud F, Rokkas T, Gisbert JP, Liou JM, Schulz 
C, Gasbarrini A, Hunt RH, Leja M, O'Morain C, et al.: Management 
of Helicobacter pylori infection: the Maastricht VI/Florence 
consensus report. Gut 2022,  gutjnl-2022-327745, (online ahead 
of print). 

4. Schistosomes, liver flukes and Helicobacter pylori. IARC 
Working Group on the Evaluation of Carcinogenic Risks to Humans. 
Lyon, 7–14 June 1994. IARC Monographs on the Evaluation of 
Carcinogenic Risks to Humans; 1994, 61:1–241. 

5. Li J, Kuang XH, Zhang Y, Hu DM, Liu K: Global burden of gastric 
cancer in adolescents and young adults: estimates from 
GLOBOCAN 2020. Public Health 2022, 210:58-64. 

6. Moodley Y, Linz B, Bond RP, Nieuwoudt M, Soodyall H, 
Schlebusch CM, Bernhoft S, Hale J, Suerbaum S, Mugisha L, et al.: 
Age of the association between Helicobacter pylori and man. 
PLoS Pathog 2012, 8:e1002693. 

7. Linz B, Balloux F, Moodley Y, Hua L, Manica A, Roumagnac P, 
Falush D, Stamer C, Prugnolle F, van der Merwe SW, et al.: An 
African origin for the intimate association between humans and 
Helicobacter pylori. Nature 2007, 445:915-918. 

8. Falush D, Wirth T, Linz B, Pritchard JK, Stephens M, Kidd M, Blaser 
MJ, Graham DY, Vacher S, Perez-Perez GI, et al.: Traces of human 
migrations in Helicobacter pylori populations. Science 2003, 
299:1582-1585. 

9.
•

Thorpe HA, Tourrette E, Yahara K, Vale FF, Liu S, Oleastro M, Alarcon 
T, Perets TT, Latifi-Navid S, Yamaoka Y, et al.: Repeated out-of- 
Africa expansions of Helicobacter pylori driven by replacement of 
deleterious mutations. Nat Commun 2022, 13:6842. 

The authors show that recent changes in the population genetic struc-
ture of H. pylori in Europe have been driven by the replacement of de-
leterious mutations by admixture from African H. pylori strains. 

10. Moodley Y, Linz B, Yamaoka Y, Windsor HM, Breurec S, Wu JY, 
Maady A, Bernhoft S, Thiberge JM, Phuanukoonnon S, et al.: The 
peopling of the Pacific from a bacterial perspective. Science 
2009, 323:527-530. 

11. Nell S, Eibach D, Montano V, Maady A, Nkwescheu A, Siri J, Elamin 
WF, Falush D, Linz B, Achtman M, et al.: Recent acquisition of 
Helicobacter pylori by Baka Pygmies. PLoS Genet 2013, 
9:e1003775. 

12. Thorell K, Yahara K, Berthenet E, Lawson DJ, Mikhail J, Kato I, 
Mendez A, Rizzato C, Bravo MM, Suzuki R, et al.: Rapid evolution 
of distinct Helicobacter pylori subpopulations in the Americas. 
PLoS Genet 2017, 13:e1006546. 

13. Suerbaum S, Josenhans C: Helicobacter pylori evolution and 
phenotypic diversification in a changing host. Nat Rev Microbiol 
2007, 5:441-452. 

14. Kang J, Blaser MJ: Bacterial populations as perfect gases: 
genomic integrity and diversification tensions in Helicobacter 
pylori. Nat Rev Microbiol 2006, 4:826-836. 

15.
•

Ailloud F, Estibariz I, Suerbaum S: Evolved to vary: genome and 
epigenome variation in the human pathogen Helicobacter 
pylori. FEMS Microbiol Rev 2021, 45:fuaa042. 

A recent more extensive review covering evolution and genetic diversity 
of H. pylori. 

16. Vale FF, Nunes A, Oleastro M, Gomes JP, Sampaio DA, Rocha R, 
Vitor JM, Engstrand L, Pascoe B, Berthenet E, et al.: Genomic 

structure and insertion sites of Helicobacter pylori prophages 
from various geographical origins. Sci Rep 2017, 7:42471. 

17. Bjorkholm B, Sjolund M, Falk PG, Berg OG, Engstrand L, 
Andersson DI: Mutation frequency and biological cost of 
antibiotic resistance in Helicobacter pylori. Proc Natl Acad Sci 
USA 2001, 98:14607-14612. 

18. Garcia-Ortiz MV, Marsin S, Arana ME, Gasparutto D, Guerois R, 
Kunkel TA, Radicella JP: Unexpected role for Helicobacter pylori 
DNA polymerase I as a source of genetic variability. PLoS Genet 
2011, 7:e1002152. 

19. Salaun L, Linz B, Suerbaum S, Saunders NJ: The diversity within 
an expanded and redefined repertoire of phase-variable genes 
in Helicobacter pylori. Microbiology 2004, 150:817-830. 

20. Josenhans C, Eaton KA, Thevenot T, Suerbaum S: Switching of 
flagellar motility in Helicobacter pylori by reversible length 
variation of a short homopolymeric sequence repeat in fliP, a 
gene encoding a basal body protein. Infect Immun 2000, 
68:4598-4603. 

21. Tomb JF, White O, Kerlavage AR, Clayton RA, Sutton GG, 
Fleischmann RD, Ketchum KA, Klenk HP, Gill S, Dougherty BA, 
et al.: The complete genome sequence of the gastric pathogen 
Helicobacter pylori. Nature 1997, 388:539-547. 

22. Hofreuter D, Odenbreit S, Haas R: Natural transformation 
competence in Helicobacter pylori is mediated by the basic 
components of a type IV secretion system. Mol Microbiol 2001, 
41:379-391. 

23. Schmitt W, Odenbreit S, Heuermann D, Haas R: Cloning of the 
Helicobacter pylori recA gene and functional characterization 
of its product. Mol Gen Genet 1995, 248:563-572. 

24. Suerbaum S, Maynard Smith J, Bapumia K, Morelli G, Smith NH, 
Kunstmann E, Dyrek I, Achtman M: Free recombination within 
Helicobacter pylori. Proc Natl Acad Sci USA 1998, 
95:12619-12624. 

25. Falush D, Kraft C, Correa P, Taylor NS, Fox JG, Achtman M, 
Suerbaum S: Recombination and mutation during long-term 
gastric colonization by Helicobacter pylori: estimates of clock 
rates, recombination size and minimal age. Proc Natl Acad Sci 
USA 2001, 98:15056-15061. 

26. Kennemann L, Didelot X, Aebischer T, Kuhn S, Drescher B, Droege 
M, Reinhardt R, Correa P, Meyer TF, Josenhans C, et al.: 
Helicobacter pylori genome evolution during human infection. 
Proc Natl Acad Sci USA 2011, 108:5033-5038. 

27. Bubendorfer S, Krebes J, Yang I, Hage E, Schulz TF, Bahlawane C, 
Didelot X, Suerbaum S: Genome-wide analysis of chromosomal 
import patterns after natural transformation of Helicobacter 
pylori. Nat Commun 2016, 7:11995. 

28.
•

Ailloud F, Estibariz I, Pfaffinger G, Suerbaum S: The Helicobacter 
pylori UvrC nuclease is essential for chromosomal 
microimports after natural transformation. mBio 2022, 
13:e0181122. 

This study demonstrates an essential role for the UvrC nuclease in the 
generation of H. pylori microimports, a novel function of this enzyme 
independent of its canonical function as part of the nucleotide excision 
repair pathway. 

29. Falush D: The remarkable genetics of Helicobacter pylori. mBio 
2022, 13:e0215822. 

30. Moccia C, Krebes J, Kulick S, Didelot X, Kraft C, Bahlawane C, 
Suerbaum S: The nucleotide excision repair (NER) system of 
Helicobacter pylori: role in mutation prevention and 
chromosomal import patterns after natural transformation. 
BMC Microbiol 2012, 12:67. 

31. Morelli G, Didelot X, Kusecek B, Schwarz S, Bahlawane C, Falush 
D, Suerbaum S, Achtman M: Microevolution of Helicobacter 
pylori during prolonged infection of single hosts and within 
families. PLoS Genet 2010, 6:e1001036. 

32. Didelot X, Nell S, Yang I, Woltemate S, van der Merwe SW, 
Suerbaum S: Genomic evolution and transmission of 
Helicobacter pylori in two South African families. Proc Natl Acad 
Sci USA 2013, 110:13880-13885. 

6 Chronic Infections  

www.sciencedirect.com Current Opinion in Immunology 2023, 82:102304 

http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref1
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref1
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref1
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref1
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref2
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref2
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref3
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref3
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref3
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref3
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref3
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref4
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref4
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref4
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref5
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref5
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref5
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref5
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref6
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref6
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref6
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref6
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref7
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref7
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref7
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref7
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref8
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref8
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref8
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref8
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref9
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref9
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref9
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref9
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref10
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref10
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref10
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref10
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref11
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref11
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref11
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref11
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref12
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref12
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref12
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref13
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref13
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref13
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref14
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref14
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref14
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref15
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref15
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref15
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref15
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref16
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref16
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref16
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref16
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref17
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref17
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref17
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref17
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref18
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref18
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref18
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref19
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref19
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref19
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref19
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref19
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref20
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref20
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref20
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref20
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref21
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref21
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref21
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref21
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref22
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref22
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref22
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref23
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref23
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref23
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref23
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref24
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref24
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref24
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref24
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref24
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref25
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref25
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref25
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref25
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref26
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref26
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref26
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref26
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref27
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref27
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref27
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref27
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref28
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref28
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref29
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref29
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref29
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref29
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref29
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref30
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref30
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref30
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref30
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref31
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref31
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref31
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref31


33. Krebes J, Didelot X, Kennemann L, Suerbaum S: Bidirectional 
genomic exchange between Helicobacter pylori strains from a 
family in Coventry, United Kingdom. Int J Med Microbiol 2014, 
304:1135-1146. 

34. Aebischer T, Bumann D, Epple HJ, Metzger W, Schneider T, 
Cherepnev G, Walduck AK, Kunkel D, Moos V, Loddenkemper C, 
et al.: Correlation of T cell response and bacterial clearance in 
human volunteers challenged with Helicobacter pylori revealed 
by randomised controlled vaccination with Ty21a-based 
Salmonella vaccines. Gut 2008, 57:1065-1072. 

35. Malfertheiner P, Selgrad M, Wex T, Romi B, Borgogni E, Spensieri 
F, Zedda L, Ruggiero P, Pancotto L, Censini S, et al.: Efficacy, 
immunogenicity, and safety of a parenteral vaccine against 
Helicobacter pylori in healthy volunteers challenged with a 
Cag-positive strain: a randomised, placebo-controlled phase 1/ 
2 study. Lancet Gastroenterol Hepatol 2018, 3:698-707. 

36. Nell S, Estibariz I, Krebes J, Bunk B, Graham DY, Overmann J, 
Song Y, Sproer C, Yang I, Wex T, et al.: Genome and ethylome 
variation in Helicobacter pylori with a cag pathogenicity island 
during early stages of human infection. Gastroenterology 2018, 
154:612-623 e617. 

37.
•

Estibariz I, Ailloud F, Woltemate S, Bunk B, Sproer C, Overmann J, 
Aebischer T, Meyer TF, Josenhans C, Suerbaum S: In vivo 
genome and methylome adaptation of cag-negative 
Helicobacter pylori during experimental human infection. mBio 
2020, 11:e01803-e01820. 

The study of strains recovered during a vaccine trial with H. pylori- 
challenged human volunteers analyzed genetic changes occurring in the 
first weeks of H. pylori infection in humans. 

38. Linz B, Windsor HM, McGraw JJ, Hansen LM, Gajewski JP, 
Tomsho LP, Hake CM, Solnick JV, Schuster SC, Marshall BJ: A 
mutation burst during the acute phase of Helicobacter pylori 
infection in humans and rhesus macaques. Nat Commun 2014, 
5:4165. 

39. Ailloud F, Didelot X, Woltemate S, Pfaffinger G, Overmann J, Bader 
RC, Schulz C, Malfertheiner P, Suerbaum S: Within-host evolution 
of Helicobacter pylori shaped by niche-specific adaptation, 
intragastric migrations and selective sweeps. Nat Commun 
2019, 10:2273. 

40. Andrutis KA, Fox JG, Schauer DB, Marini RP, Li X, Yan L, 
Josenhans C, Suerbaum S: Infection of the ferret stomach by 
isogenic flagellar mutant strains of Helicobacter mustelae. 
Infect Immun 1997, 65:1962-1966. 

41. Josenhans C, Suerbaum S: The role of motility as a virulence 
factor in bacteria. Int J Med Microbiol 2002, 291:605-614. 

42. Schweinitzer T, Mizote T, Ishikawa N, Dudnik A, Inatsu S, Schreiber 
S, Suerbaum S, Aizawa S, Josenhans C: Functional 
characterization and mutagenesis of the proposed behavioral 
sensor TlpD of Helicobacter pylori. J Bacteriol 2008, 
190:3244-3255. 

43. Behrens W, Schweinitzer T, Bal J, Dorsch M, Bleich A, Kops F, 
Brenneke B, Didelot X, Suerbaum S, Josenhans C: Role of energy 
sensor TlpD of Helicobacter pylori in gerbil colonization and 
genome analyses after adaptation in the gerbil. Infect Immun 
2013, 81:3534-3551. 

44. Wilkinson DJ, Dickins B, Robinson K, Winter JA: Genomic 
diversity of Helicobacter pylori populations from different 
regions of the human stomach. Gut Microbes 2022, 14:2152306. 

45. Huang JY, Goers Sweeney E, Guillemin K, Amieva MR: Multiple 
acid sensors control Helicobacter pylori colonization of the 
stomach. PLoS Pathog 2017, 13:e1006118. 

46. Johnson KS, Ottemann KM: Colonization, localization, and 
inflammation: the roles of H. pylori chemotaxis in vivo. Curr 
Opin Microbiol 2018, 41:51-57. 

47. Faass L, Hauke M, Stein SC, Josenhans C: Innate immune 
activation and modulatory factors of Helicobacter pylori 
towards phagocytic and nonphagocytic cells. Curr Opin 
Immunol 2023, 82:102301. 

48. Nell S, Kennemann L, Schwarz S, Josenhans C, Suerbaum S: 
Dynamics of Lewis b binding and sequence variation of the 

babA adhesin gene during chronic Helicobacter pylori infection 
in humans. mBio 2014, 5  e02281-14. 

49. Bugaytsova JA, Bjornham O, Chernov YA, Gideonsson P, 
Henriksson S, Mendez M, Sjostrom R, Mahdavi J, Shevtsova A, 
Ilver D, et al.: Helicobacter pylori adapts to chronic infection and 
gastric disease via pH-responsive BabA-mediated adherence. 
Cell Host Microbe 2017, 21:376-389. 

50. Barrozo RM, Cooke CL, Hansen LM, Lam AM, Gaddy JA, Johnson 
EM, Cariaga TA, Suarez G, Peek RM Jr., Cover TL, et al.: 
Functional plasticity in the type IV secretion system of 
Helicobacter pylori. PLoS Pathog 2013, 9:e1003189. 

51. Lin LF, Posfai J, Roberts RJ, Kong H: Comparative genomics of 
the restriction-modification systems in Helicobacter pylori. 
Proc Natl Acad Sci USA 2001, 98:2740-2745. 

52. Alm RA, Ling L-SL, Moir DT, King BL, Brown ED, Doig PC, Smith 
DR, Noonan B, Guild BC, deJonge BL, et al.: Genomic-sequence 
comparison of two unrelated isolates of the human gastric 
pathogen Helicobacter pylori. Nature 1999, 397:176-180. 

53. Vitkute J, Stankevicius K, Tamulaitiene G, Maneliene Z, Timinskas 
A, Berg DE, Janulaitis A: Specificities of eleven different DNA 
methyltransferases of Helicobacter pylori strain 26695. J 
Bacteriol 2001, 183:443-450. 

54. Xu Q, Morgan RD, Roberts RJ, Blaser MJ: Identification of type II 
restriction and modification systems in Helicobacter pylori 
reveals their substantial diversity among strains. Proc Natl Acad 
Sci USA 2000, 97:9671-9676. 

55. Vasu K, Nagaraja V: Diverse functions of restriction- 
modification systems in addition to cellular defense. Microbiol 
Mol Biol Rev 2013, 77:53-72. 

56.
••

Roberts RJ, Vincze T, Posfai J, Macelis D: REBASE: a database 
for DNA restriction and modification: enzymes, genes and 
genomes. Nucleic Acids Res (D1) 2023, 51:D629-D630. 

The latest in a series of papers describing the REBASE database, the 
quintessential resource for information on DNA restriction and mod-
ification genes/proteins. 

57. Krebes J, Morgan RD, Bunk B, Sproer C, Luong K, Parusel R, 
Anton BP, Konig C, Josenhans C, Overmann J, et al.: The complex 
methylome of the human gastric pathogen Helicobacter pylori. 
Nucleic Acids Res 2014, 42:2415-2432. 

58. Kong H, Lin LF, Porter N, Stickel S, Byrd D, Posfai J, Roberts RJ: 
Functional analysis of putative restriction-modification system 
genes in the Helicobacter pylori J99 genome. Nucleic Acids Res 
2000, 28:3216-3223. 

59. Flusberg BA, Webster DR, Lee JH, Travers KJ, Olivares EC, Clark 
TA, Korlach J, Turner SW: Direct detection of DNA methylation 
during single-molecule, real-time sequencing. Nat Methods 
2010, 7:461-465. 

60.
•

Estibariz I, Overmann A, Ailloud F, Krebes J, Josenhans C, 
Suerbaum S: The core genome m5C methyltransferase 
JHP1050 (M.Hpy99III) plays an important role in orchestrating 
gene expression in Helicobacter pylori. Nucleic Acids Res 2019, 
47:2336-2348. 

The paper demonstrates multiple functions of a GCGC-specific core- 
genome methyltransferase in H. pylori and shows that methylation of a 
target sequence located in a promoter has a strong effect on tran-
scription. 

61. Srikhanta YN, Gorrell RJ, Steen JA, Gawthorne JA, Kwok T, 
Grimmond SM, Robins-Browne RM, Jennings MP: Phasevarion 
mediated epigenetic gene regulation in Helicobacter pylori. 
PLoS One 2011, 6:e27569. 

62. Srikhanta YN, Gorrell RJ, Power PM, Tsyganov K, Boitano M, Clark 
TA, Korlach J, Hartland EL, Jennings MP, Kwok T: Methylomic and 
phenotypic analysis of the ModH5 phasevarion of Helicobacter 
pylori. Sci Rep 2017, 7:16140. 

63. Donahue JP, Israel DA, Torres VJ, Necheva AS, Miller GG: 
Inactivation of a Helicobacter pylori DNA methyltransferase 
alters dnaK operon expression following host-cell adherence. 
FEMS Microbiol Lett 2002, 208:295-301. 

64. Kumar R, Mukhopadhyay AK, Ghosh P, Rao DN: Comparative 
transcriptomics of H. pylori strains AM5, SS1 and their 

H. pylori genome dynamics Suerbaum and Ailloud 7 

www.sciencedirect.com Current Opinion in Immunology 2023, 82:102304 

http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref32
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref32
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref32
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref32
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref33
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref33
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref33
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref33
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref33
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref33
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref34
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref34
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref34
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref34
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref34
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref34
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref35
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref35
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref35
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref35
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref35
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref36
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref36
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref36
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref36
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref36
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref37
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref37
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref37
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref37
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref37
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref38
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref38
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref38
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref38
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref38
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref39
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref39
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref39
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref39
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref40
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref40
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref41
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref41
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref41
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref41
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref41
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref42
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref42
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref42
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref42
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref42
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref43
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref43
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref43
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref44
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref44
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref44
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref45
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref45
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref45
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref46
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref46
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref46
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref46
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref47
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref47
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref47
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref47
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref48
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref48
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref48
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref48
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref48
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref49
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref49
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref49
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref49
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref50
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref50
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref50
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref51
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref51
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref51
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref51
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref52
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref52
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref52
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref52
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref53
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref53
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref53
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref53
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref54
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref54
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref54
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref55
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref55
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref55
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref56
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref56
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref56
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref56
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref57
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref57
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref57
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref57
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref58
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref58
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref58
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref58
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref59
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref59
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref59
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref59
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref59
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref60
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref60
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref60
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref60
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref61
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref61
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref61
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref61
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref62
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref62
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref62
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref62
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref63
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref63


hpyAVIBM deletion mutants: possible roles of cytosine 
methylation. PLoS One 2012, 7:e42303. 

65. Kumar S, Karmakar BC, Nagarajan D, Mukhopadhyay AK, Morgan 
RD, Rao DN: N4-cytosine DNA methylation regulates 
transcription and pathogenesis in Helicobacter pylori. Nucleic 
Acids Res 2018, 46:3815. 

66.
•

Yano H, Alam MZ, Rimbara E, Shibata TF, Fukuyo M, Furuta Y, 
Nishiyama T, Shigenobu S, Hasebe M, Toyoda A, et al.: 
Networking and specificity-changing DNA methyltransferases 
in Helicobacter pylori. Front Microbiol 2020, 11:1628. 

A comprehensive study of the effects of methyltransferases on the H. 
pylori transcriptome and their interdependence.  

8 Chronic Infections  

www.sciencedirect.com Current Opinion in Immunology 2023, 82:102304 

http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref63
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref63
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref64
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref64
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref64
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref64
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref65
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref65
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref65
http://refhub.elsevier.com/S0952-7915(23)00023-7/sbref65

	Genome and population dynamics during chronic infection with Helicobacter pylori
	Introduction
	Mutation and recombination in H. pylori in vitro
	Genome evolution of H. pylori during chronic human infection
	H. pylori genetic plasticity and vaccine evasion
	Within-host diversity of H. pylori and adaptation to different stomach niches
	The H. pylori ‘methylome’
	Conclusions
	Data Availability
	Conflict of interest statement
	Acknowledgements
	References and recommended reading




