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1. Chapter 1 Introductory summary  

1.1 Summary 

Helicobacter pylori is unique among bacteria because it is known to have one of the larg-

est numbers of restriction-modification (RM) systems in its genome. To better understand 

how RM systems contribute to H. pylori’s evolution, we analyzed 541 H. pylori genomes 

representing the seven major phylogeographic populations of this pathogen, and demon-

strated that type II RM systems are the most conserved in this species. We also showed 

that type II sequence motifs face different levels of natural selection. Positive as well as 

negative correlations could be observed between the presence of certain type II methyl-

transferases (MTases) and their cognate target motifs undergoing methylation. These re-

sults suggest there to be an evolutionary relationship between RM systems and their cor-

responding target sequences. Additionally, we investigated the evolution of the ACGT 

motif recognized by the M.Hpy99XI MTase. Our analysis showed that this motif is the 

result of expansions and contractions due to mutations and deamination events driven by 

environmental conditions specific to certain locations. 

MTases have been implicated in influencing the transcriptome through gene regulation. 

To further characterize the role of MTases in transcription, we decided to study the strictly 

orphan (i.e., always lacking a matching endonuclease) MTase M.Hpy99XIX since it can-

not fulfill the classical function in phage defense. The removal of the M.Hpy99XIX 

MTase in H. pylori, resulting in a loss of ATTAAT methylation, has been shown to have 

a significant influence on gene expression and phenotype. Mutation of a single ATTAAT 

motif in the promoter region of the iron-acquisition gene frpB1 resulted in a variety of 

effects on phenotype and the expression of some genes related to iron metabolism. Our 

research suggests that M.Hpy99XIX regulates gene expression via a two-step model. 

Firstly, we demonstrate that genes are directly regulated by the methylation of ATTAAT 

motifs located in the promoter region. Secondly, metabolic pathways are affected by the 

indirect, downstream consequences of deregulating genes that are directly controlled by 

ATTAAT methylation. The ferric uptake regulator (Fur) has been reported to regulate 

iron homeostasis, and we propose that M.Hpy99XIX is also involved in this regulation. 
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1.2 My contribution to the publications 

1.2.1 Contribution to paper I 

My first contribution to the first paper (co-author) was to build a database comprising 541 

H. pylori genomes from the seven major phylogeographic populations. Samples were ei-

ther obtained from a public database or sequenced in-house. I performed quality control 

of the genomes and assigned them to the different phylogeographic populations. Using 

the REBASE database, I then contributed to the assembly of a collection of 96 H. pylori 

RM systems, including their described type and target motif. Subsequently, I annotated 

the genome collection using Prokka and analyzed target motif frequencies using the Bio-

strings Bioconductor R package. Furthermore, I investigated gain and loss mechanisms 

of RM systems by searching for direct flanking repeats and determined their sequences. 

I also contributed to the analysis of the ACGT motif pattern by generating a smaller model 

database of 40 genomes, which were randomly selected and balanced across four repre-

sentative phylogeographic populations (hpAfrica1, hpAfrica2, hpAsia2, and hpEastAsia). 

Throughout the process of obtaining the results for this paper, I contributed to their inter-

pretation. I also helped revise the manuscript by proofreading and spell-checking it. 

 

1.2.2 Contribution to paper II 

For the second paper (first author), I contributed to the early stages of the study design by 

developing a script that can extract promoter regions of any H. pylori genome using ref-

erence data (Sharma et al., 2010). This script was used to perform an analysis of target 

motif frequency in H. pylori’s promoters, which showed that ATTAAT was the most 

enriched motif in these regions. Moreover, I analyzed the positional conservation of this 

motif relative to transcription start sites and compared it to known elements such as the 

Pribnow box. Further analysis of the database built for the first manuscript also uncovered 

that the M.Hpy99XIX MTase, which recognizes the ATTAAT motif, was the only orphan 

MTase among the known RM systems in H. pylori. I validated this initial result using the 

newly published HpGP genome database (Thorell et al., 2023), and characterized the 

presence and absence of the M.Hpy99XIX MTase, as well as its mechanisms of inactiva-

tion. To functionally characterize the role of this MTase, I designed several gene expres-

sion experiments aimed at understanding the overall effect of the MTase on the transcrip-

tome as well as the effect of specific ATTAAT motifs on individual genes. Specifically, 

I performed RNA-seq analysis of a knockout mutant and a complementation mutant of 

the M.Hpy99XIX MTase in H. pylori strain J99 (the sequencing was done with a contract 

service provider). I generated point mutants of ATTAAT motifs in multiple genes and 
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analyzed them with qPCR. I validated several key results using qPCR in a second strain, 

H. pylori N6. To connect these results to phenotypic effects, I built a collection of pub-

lished RNA-seq dataset associations with known transcriptional regulators in H. pylori 

and compared it to the results obtained for M.Hpy99XIX. To demonstrate these pheno-

typic effects, I developed growth assays to test the effect of different environmental con-

ditions on the growth of H. pylori. All throughout this project, I was involved in designing 

the experiments and the interpretation of the results. I was involved in writing the original 

draft of the manuscript and subsequent revisions. 

 

1.3 Introduction to Helicobacter pylori 

1.3.1 The gastric pathogen H. pylori 

H. pylori is a spiral-shaped, Gram-negative bacterium that colonizes the human stomach 

from an early age (Suerbaum & Michetti, 2002). If left untreated, the infection can persist 

for life, potentially leading to conditions such as peptic ulcers, gastritis, gastric cancer, 

and gastric mucosa-associated lymphoid-tissue (MALT) lymphoma (Suerbaum & 

Michetti, 2002). The bacterium produces several virulence factors, including CagA, 

VacA, and BabA, which contribute to inflammation, tissue damage, and carcinogenesis 

(Faass et al., 2023; Malfertheiner et al., 2023; Yamaoka, 2010). It is estimated that ap-

proximately half of the world’s population is currently infected with H. pylori; however, 

the infection rate has been decreasing in recent decades (Malfertheiner et al., 2023). The 

current treatment regimen for eradicating H. pylori involves a strong acid suppressant 

combined with multiple antibiotics (Malfertheiner et al., 2023). However, H. pylori’s in-

creasing resistance to antibiotics is a growing concern (Malfertheiner et al., 2023). 

 

1.3.2 Genomic diversity in H. pylori 

Mutation and recombination are the primary drivers of genomic diversity in H. pylori 

(Didelot et al., 2013; Falush et al., 2001). Suerbaum et al. (1998) showed that recombi-

nation between different H. pylori strains occurs frequently, with imports averaging a size 

of 417 base pairs (bp) (Falush et al., 2001), and more often than in other bacteria. In 

addition to the interstrain recombination, intrastrain diversification through mutation is 

thought to help H. pylori adapt to the human stomach (Bjorkholm et al., 2001; Suerbaum 

& Josenhans, 2007). The core genome of H. pylori is relatively small, comprising many 

accessory genes such as virulence factors and RM systems (Ailloud et al., 2021; 
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Gressmann et al., 2005). These are suggested to contribute an additional level of tran-

scriptomic variation, enhancing the ability to adapt (Ailloud et al., 2021). 

Genomic diversity is used to study the evolution of H. pylori. Genomic data from 370 H. 

pylori isolates enabled the classification into seven distinct populations (Falush et al., 

2003). These populations correspond to human migrations and are thought to have origi-

nated in Africa (Linz et al., 2007; Suerbaum & Josenhans, 2007). 

 

1.4 Introduction to Restriction-Modification systems 

1.4.1 Types of RM systems 

RM systems are composed of different enzyme subunits (Roberts et al., 2003). These 

subunits include an endonuclease, which cleaves DNA at a specific position; an MTase, 

which adds a methyl group to a specific residue at a specific position in the DNA; and 

can include a specificity subunit, which recognizes a motif in the DNA (Roberts et al., 

2003). There are three different types of RM systems, categorized by the organization of 

the individual enzymes (Roberts et al., 2003). Type I RM systems consist of multisubunit 

complexes containing two MTase subunits, two endonuclease subunits, and one specific-

ity subunit (Murray, 2000; Roberts et al., 2003). Type II RM systems are the most com-

mon, consisting of individual MTase and endonuclease enzymes that recognize an iden-

tical target motif (Pingoud et al., 2005; Roberts et al., 2003). Type III RM systems consist 

of two MTase and two endonuclease subunits, with the specificity being integrated into 

the MTase subunit (Dryden et al., 2001; Roberts et al., 2003). Type IV RM systems are a 

specific type of endonucleases that recognize and cleave modified residues (Roberts et 

al., 2003; Stewart et al., 2000). An extensive overview of the various RM systems is 

available on the REBASE database (Roberts et al., 2023). 

 

1.4.2 Types of DNA methylation in prokaryotes 

DNA MTases add methyl groups to specific sequences of DNA. Currently, only cytosine 

and adenine are known to be methylated. Cytosine can be methylated at the fourth or fifth 

position, whereas adenine is methylated in the sixth position (Sanchez-Romero & 

Casadesus, 2020). DNA methylation can be studied using various methods, including bi-

sulfite sequencing, restriction enzyme digestion followed by next-generation sequencing, 

single-molecule, real-time (SMRT) sequencing (Flusberg et al., 2010), and Oxford Na-

nopore sequencing (Beaulaurier et al., 2019; Patel et al., 2024).  
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Figure 1: Classification of RM systems according to their function in H. pylori. M: 

MTase; R: endonuclease; S: specificity subunit; SAM: S-adenosyl-methionine. Figure 

created with BioRender.com. 

 

1.5 DNA and RNA methylation in bacterial phenotype 

1.5.1 DNA adenine methylation, bacterial replication, and phase variation 

DNA methylation has been shown to influence various processes, including gene regula-

tion, virulence, and adaptation (Heithoff et al., 1999). The MTase that has been studied 

most extensively is Dam, which recognizes the GATC target motif (Boye & Lobner-

Olesen, 1990). It has been shown to control the initiation of DNA replication and regulate 

DnaA levels in Escherichia coli (Boye & Lobner-Olesen, 1990). Another example of how 

methylation regulates gene expression can be seen in the control of pyelonephritis-asso-

ciated pili phase variation in E. coli (Braaten et al., 1994). Two sites that are methylated 

by Dam were found to exhibit differential methylation in the regulatory region of the pap 

operon, enabling the bacteria to transition between ON and OFF states of pap expression 

(Braaten et al., 1994). Furthermore, Heithoff et al. (1999) described the essential role of 

Dam methylation in the virulence of S. Typhimurium. Deletion of the dam gene resulted 

in an avirulent mutant that was effective as a vaccine in the murine model (Heithoff et al., 

1999). 
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1.5.2 Additional DNA methylation systems and their role in pathogenesis 

In addition to adenine methylation, which was mentioned previously, Kumar et al. (2018) 

describe how N4-cytosine methylation regulates gene expression and pathogenesis in H. 

pylori. Methylation affects adherence to host AGS cells, as well as inducing inflammation 

and apoptosis in AGS cells (Kumar et al., 2018). Another type of cytosine methylation, 

involving an H. pylori m5C MTase, was shown to significantly influence transcription, 

as well as affecting adherence to gastric epithelial cells, competence for DNA uptake, 

morphology, and susceptibility to copper (Estibariz et al., 2019). This effect on transcrip-

tion was traced back to the methylation of a motif in the promoter region (Estibariz et al., 

2019). Yano et al. (2020) demonstrated that different H. pylori MTases have functions in 

motility, oxidative stress tolerance, and DNA damage repair, and that they interact with 

each other. MTases can alter the specificity of their target motif, thereby adding plasticity 

to this regulatory system (Krebes et al., 2014; Yano et al., 2020). 

MTases have also been shown to play a role in pathogenesis in other bacteria. For in-

stance, a conserved MTase in C. difficile has been shown to regulate sporulation and 

pathogenesis (Oliveira et al., 2020). In P. aeruginosa, an MTase has been shown to reg-

ulate nitric oxide homeostasis and virulence (Han et al., 2022). In A. baumannii, an MTase 

has been shown to play a role in the formation of persister cells (Kim et al., 2022). 

 

1.5.3 Description of the phasevarion and influence on phenotype  

The activity of MTases can change for a variety of reasons. One such mechanism is phase 

variation, whereby MTase activity can switch between an “ON” and “OFF” state (Krebes 

et al., 2014; Srikhanta et al., 2005). Such switching can result in phenotypic changes in 

terms of virulence, immune evasion, and resistance to oxidative stress (Srikhanta et al., 

2011). Fox et al. (2007) demonstrated that these systems evolved from type III RM sys-

tems to become epigenetic regulators of transcription.  

To date, 17 different phase-variable type III RM system modH alleles have been charac-

terized in H. pylori; these differ only in their DNA recognition domain (Srikhanta et al., 

2011). The most common of these is ModH5, which has been shown to regulate genes 

involved in virulence, such as those encoding motility and outer membrane proteins 

(Srikhanta et al., 2017). ModH5 has also been shown to regulate the flaA promoter in a 

methylation-dependent manner (Srikhanta et al., 2017).  
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1.5.4 Effect of RNA methylation on the bacterial phenotype 

Methylation has been observed in most types of RNA, and its influence on the bacterial 

phenotypes is described below for a selection of these. Methylation of tRNA results in 

the formation of 1-methylguanosine at position 37 and has been shown to prevent 

frameshifting during translation (Bjork et al., 1989). Methylation of rRNA occurs close 

to the exit tunnel of the ribosome and moderately affects cell fitness (Sergiev et al., 2008). 

Modification of mRNA regulates mRNA translation and alters the genetic code (Hoernes 

et al., 2016). No phenotypes have yet been associated with RNA methylation in H. pylori, 

although the existence of RNA MTases can be inferred from homology. 

 

1.6 Role of iron in regulation of iron provisioning and host 

interaction in H. pylori 

1.6.1 Importance of iron for H. pylori infection and pathogenesis 

Iron is essential for H. pylori and is required for its growth and pathogenicity, yet its 

availability is limited within the gastric niche that the bacterium colonizes. Consequently, 

H. pylori has evolved a mechanism to take up iron from humans (Husson et al., 1993). 

This acquisition may be linked to stomach colonization and the virulence of the infection 

(Husson et al., 1993). Competition for iron within the gastric niche not only determines 

H. pylori’s survival but also enhances its pathogenicity (Noto et al., 2013). 

 

1.6.2 Iron acquisition and regulation in H. pylori 

As there is limited free iron within the gastric niche, H. pylori acquires iron from the 

human host in the form of human lactoferrin (Husson et al., 1993). This study showed 

that H. pylori does not grow in the presence of human transferrin, bovine lactoferrin, or 

hen ovotransferrin, suggesting a high level of specificity in this mechanism (Husson et 

al., 1993). Once inside the cell, iron is stored in ferritin (Pfr), which plays a key role in 

iron metabolism and gastric colonization (Waidner et al., 2002). Deletion of pfr resulted 

in mutants being unable to colonize Mongolian gerbils (Waidner et al., 2002). Pfr stores 

iron, enabling H. pylori to grow under iron-limited conditions and protecting it from acid-

amplified iron toxicity (Waidner et al., 2002). 

The ferric uptake regulator protein (Fur) regulates iron homeostasis in H. pylori, and it 

has been suggested that it has additional functions due to the lack of regulators in H. 

pylori (Ernst et al., 2005). Under iron-replete conditions, Fur represses iron acquisition 

genes and activates iron storage by Pfr, as well as oxidative stress defense genes (Ernst et 

al., 2005). Fur specifically binds to promoters, as demonstrated for the pfr promoter 
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(Waidner et al., 2002). Fur regulation is important for colonization, particularly in re-

sponse to changes in stomach conditions, such as the pH (Gancz et al., 2006). Studies 

have shown that Fur is necessary for the colonization of Mongolian gerbils and that most 

of the genes it regulates are involved in the acid stress response (Gancz et al., 2006). 

More recent studies on Fur have described the Fur box sequences in promoters and up-

dated and expanded the holo- and apo-Fur conformation regulons (Pich et al., 2012; 

Vannini et al., 2024). The Fur box core sequence was found to be a 7-1-7 motif with dyad 

symmetry, and mutations in this sequence were found to result in decreased Fur regulation 

(Pich et al., 2012). Fur has been shown to bind specifically to promoters containing the 

Fur box sequence (Pich et al., 2012). Using new methods such as RNA-seq and ChIP-

seq, the Fur regulon was updated to expand on previous findings (Vannini et al., 2024). 

This study reported new coding sequences, non-coding RNAs, toxin-antitoxin systems, 

and transcripts within open reading frames that are regulated by Fur in response to iron 

availability (Vannini et al., 2024). 

 

1.6.3 Host interaction and iron-mediated pathogenesis in H. pylori 

In addition to internal regulation, H. pylori also disrupts the host epithelial cells to obtain 

iron for its metabolic needs (Tan et al., 2011). This iron acquisition is made possible by 

the virulence factor CagA, which is injected by H. pylori to increase transferrin internal-

ization (Tan et al., 2011). Another virulence factor, VacA, has been shown to facilitate 

H. pylori colonization to the apical cell surface (Tan et al., 2011). The resulting iron de-

ficiency in epithelial cells has been found to accelerate the progression of gastric carcin-

ogenesis arising from H. pylori infection due to enhanced virulence (Noto et al., 2013). 

This increase in virulence was described as resulting from the limitation of iron (Noto et 

al., 2013). 

Iron metabolism has also been identified as being interconnected with metal homeostasis. 

The SlyD metallochaperone, which was initially described for its role in regulating nickel 

transport, manages metal cofactors and influences iron-sulfur cluster biosynthesis and 

core metabolic pathways, suggesting a broad role in metal homeostasis (Denic et al., 

2023). The interconnection of iron and nickel uptake may impact H. pylori’s ability to 

adapt to gastric conditions, given that SlyD fulfills multiple functions (Denic et al., 2021). 

SlyD combines a peptidyl-prolyl isomerase, a chaperone, and metal-binding functions 

and has been shown to be essential for the colonization of mice (Denic et al., 2021). 
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Figure 2: Role of iron in regulation of iron provisioning and bacteria-host interaction in 

H. pylori. Figure created with BioRender.com. 

 

1.7 Research Problems and Aims 

At the start of this thesis, the high genetic diversity of H. pylori had already been exten-

sively characterized, from large differences between phylogeographic populations to lo-

cal variations between gastric niches. While the complete methylome of several H. pylori 

strains was known and selected methyltransferases had been characterized, knowledge 

about the distribution of MTases in the H. pylori global population was patchy, and only 

a few examples of connections between methylation and gene regulation had been eluci-

dated. In addition, the extent to which target motif frequency varied between H. pylori 

strains had not yet been explored, nor was it clear how methylation might influence the 

evolution of motif patterns. Furthermore, multiple H. pylori MTases had been experimen-

tally associated with the regulation of gene expression, but the mechanism by which 

methylation induced wider transcriptomic changes beyond their direct effect on promoter 

regions was unclear. 

To address these issues, we aimed to systematically characterize the diversity of the H. 

pylori methylome and searched for signs of evolutionary selective pressures by compar-
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ing the distribution of MTases and the frequency of their cognate motifs across phyloge-

ographic populations of H. pylori. Specifically, we intended to determine whether the 

methylome could be considered a distinct layer of epigenetic diversity and to what extent 

it is evolutionarily intertwined with the layer of genetic diversity. Additionally, we aimed 

to improve our understanding of the association between methylation and transcription 

and determine whether and how large downstream indirect transcriptomic effects occur. 

To achieve that, we first investigated the prevalence of orphan MTases, which do not 

fulfill a classical function in phage defense, as well as the frequency of potentially regu-

latory target motifs within promoter regions, and then performed an extensive tran-

scriptomic and functional characterization of a strictly orphan MTase that is highly con-

served in H. pylori. 
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The bacterial pathogen Helicobacter pylori, the leading cause of gastric cancer, is genetically

highly diverse and harbours a large and variable portfolio of restriction-modification systems.

Our understanding of the evolution and function of DNA methylation in bacteria is limited.

Here, we performed a comprehensive analysis of the methylome diversity in H. pylori, using a

dataset of 541 genomes that included all known phylogeographic populations. The frequency

of 96 methyltransferases and the abundance of their cognate recognition sequences were

strongly influenced by phylogeographic structure and were inter-correlated, positively or

negatively, for 20% of type II methyltransferases. Low density motifs were more likely to be

affected by natural selection, as reflected by higher genomic instability and compositional

bias. Importantly, direct correlation implied that methylation patterns can be actively enri-

ched by positive selection and suggests that specific sites have important functions in

methylation-dependent phenotypes. Finally, we identified lineage-specific selective pressures

modulating the contraction and expansion of the motif ACGT, revealing that the genetic load

of methylation could be dependent on local ecological factors. Taken together, natural

selection may shape both the abundance and distribution of methyltransferases and their

specific recognition sequences, likely permitting a fine-tuning of genome-encoded functions

not achievable by genetic variation alone.
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Methylation of DNA is a common epigenetic marker
found in nearly all bacteria1. It involves the transfer of a
methyl group from S-adenosyl-methionine to different

positions of the DNA molecule by a DNA methyltransferase
(MTase). In bacterial genomes, N6-methyl-adenine (m6A), C5-
methyl-cytosine (m5C), and N4-methyl-cytosine (m4C) mod-
ifications can be observed. Methyltransferases are often parts of
restriction-modification (RM) systems. Presently, four types of
RM systems have been described in bacteria1,2. Type I RM sys-
tems are multimeric enzymes with separate restriction, methyla-
tion, and specificity subunits3. Type II RM systems have separate
restriction endonuclease and methyltransferase enzymes, with the
exception of type IIG systems where both activities are either
performed by a single protein or with the help of an additional
specificity subunit4. Type III RM systems also have distinct
restriction endonuclease and methyltransferase enzymes, but the
endonuclease needs to bind the methyltransferase first in order to
be active5. Type IV RM systems do not contain a methyl-
transferase and, unlike the other systems, restrict methylated
DNA6.

Helicobacter pylori is responsible for one of the most prevalent
bacterial infections worldwide, affecting more than one-half of
the human population7,8. It typically leads to chronic active
gastritis, which can progress to further complications, such as
peptic ulcers, MALT lymphoma, or gastric adenocarcinoma9. H.
pylori is characterized by extensive inter-strain diversity which is
the product of a high mutation rate, frequent recombination due
to natural transformation, and a large and diverse repertoire of
RM systems10. Such diversity is thought to be critical to H.
pylori’s lifelong persistence and exceptional aptitude to adapt to
the gastric environment and to evade the host immune
responses11. To date, various functions have been attached to RM
systems and methylation in bacteria10. In addition to its central
role in distinguishing self from non-self DNA as part of the
defense against phages, methylation has also been connected to
transcriptional regulation, chromosome replication, stress
response, antibiotic resistance, and virulence12. In H. pylori,
several different methyltransferases have been associated with the
regulation of gene expression13–16. In particular, the M.Hpy99III
methyltransferase targeting the GCGC motif has been shown to
influence cell morphology, expression of outer membrane pro-
teins, and copper resistance15. Nevertheless, the transcriptomic
and phenotypic effects associated with GCGC methylation were
highly variable between strains, suggesting that genetic back-
ground plays a central role in determining the outcome of DNA
methylation. The functions of other methyltransferases in H.
pylori have only been assessed in single strains, and thus strain-
specific effects could not be estimated.

On average, two to three RM systems are found in prokaryotic
genomes17,18. In striking contrast, over 30 can be observed in a
given H. pylori genome19. Only very few methyltransferases
belong to the core genome and are strictly conserved in H.
pylori15,20. Accordingly, the majority of methyltransferases are

only found in subgroups of strains and thus belong to the
accessory genome. This results in a very large number of possible
combinations of RM systems, and a highly diverse methylome
between strains21–25. The variability of RM systems in bacteria is
a combination of different mechanisms of horizontal transfer.
The target recognition domains (TRD) of type I and type III RM
systems can be swapped via recombination to generate new
specificities23,26–28. Alternatively, complete type II RM systems
can be gained and lost by horizontal gene transfer17,29. In H.
pylori, the global frequency and phylogenetic distribution of
known RM systems as well as the influence of horizontal transfer
have not yet been characterized exhaustively.

Methylation patterns are a combination of many individually
methylated target motifs. Across the genome, single methylated
motifs located in promoters, coding sequences or translation start
sites have been associated with regulation of gene expression in H.
pylori14,15,30. Consequently, changes in the position or frequency
of motifs within methylation patterns have the potential to dra-
matically alter the effects of methyltransferases. Considering the
genetic diversity of H. pylori, methylation patterns are likely to be
substantially different between strains and lineages but such
variability has not been investigated yet.

We propose that the methylome, the combination of a diverse
repertoire of methyltransferases and a variable distribution of
target sequences, represents an entire complex layer of (epige-
netic) diversity, distinct yet intertwined with the nucleotide
sequence (genetic) diversity of H. pylori. Furthermore, the phe-
notypes that have so far been associated with methylation in H.
pylori suggest that this layer could contribute to rapid phenotypic
diversification and adaptation to the ever-changing gastric
environment. To determine the potential contribution of each
methyltransferase to epigenetic diversity, we characterized the
distribution of methyltransferases and the genomic patterns of
methylated target motifs in H. pylori. Using a large collection of
genomes representative of the geographical diversity of H. pylori,
we show that type II RM systems are the most conserved in this
species and that type II motifs are differentially affected by
natural selection. In particular, we detected positive or negative
correlations of motif density with the frequency of several type II
methyltransferases across phylogeographic populations suggest-
ing some direct evolutionary interplay between RM systems and
methylation patterns. Finally, we reconstructed the complex
evolution of the ACGT motif targeted by the M.Hpy99XI
enzyme and characterized the striking contraction and expansion
of this motif following geographically specific environmental
factors.

Results
Systematic analysis of the diversity of 96 methyltransferases in
H. pylori. To quantify the variability of methyltransferases in H.
pylori, we analyzed the distribution of 96 genes related to target-
sequence specificity of RM systems (Table 1; Supplementary
Data 1) in a collection of 541 genomes representative of the
worldwide diversity of H. pylori (Supplementary Data 2). Within
this collection, we sequenced 32 new H. pylori strains from the
lesser characterized hpNEAfrica population and 31 additional
strains from the hpAfrica1 population.

Most active type I, IIG, and III methyltransferases or specificity
subunits were only detected in a small fraction of H. pylori
genomes, with an average frequency below 5% (Table 1, Fig. 1a;
Supplementary Data 3). Type II methyltransferases were by far
the most widespread in H. pylori. In particular, a subset of ten
type II genes was observed in more than 75% of the genome
collection. Only two MTases, M.Hpy99III and M.HpyI were
present in all genomes. M.Hpy99III targets the motif GCGC and

Table 1 Distribution of 96 H. pylori RM systems in a globally
representative collection of 541 H. pylori genomes.

RM system
type

Total Mean frequency
(%)

Min–Max frequency
(%)a

Type I 47 3.0 0.2–12.8
Type II 31 25.3 1.1–100
Type IIG 13 4.7 1.5–12.6
Type III 5 2.2 0.2–5.5

aMin–Max frequency indicates the least and most frequent RM systems of a specific type.
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has been associated with the regulation of gene expression15,
while M.HpyI targets CATG motifs and is part of the iceA RM
system, a potential marker for H. pylori strains associated with
gastric carcinoma31,32. On the opposite of the frequency
spectrum, nine type II methyltransferases were detected in less

than 25% of genomes. This includes the paired M1.HpyPU010X
and M2.HpyPU010X methyltransferases, which methylate the
exact same target-sequence motif GGATG and are part of the rare
group of RM systems regulated by a controller subunit in H.
pylori33,34.

Fig. 1 Distribution of methyltransferases, target-sequence specificity subunits, and target motifs in H. pylori. a The frequency of 96 genes related to
target-sequence specificity of RM systems was calculated across a collection of 541 H. pylori genomes. The gene names are indicated on the y-axis. Bars
are colored according to the R-M system type. b The frequency of 92 target motifs was calculated across the same collection of H. pylori genomes. The
motif sequences are indicated on the y-axis. Each dot represents a single genome and is colored according to R-M system type.
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On average, type I specificity subunits and type II methyl-
transferases were more conserved (95.9-96.4%) than type IIG and
III methyltransferases (91.9–92.8%) (Supplementary Fig. 1a, b).
One of the main differences between the type II RM systems and
the others is the localization of the target recognition domain
(TRD). In type I and a subset of type IIG systems, the TRDs are
located in specificity subunits, detached from the endonuclease
and methyltransferases genes. Within the same specificity subunit
allelic backbone, distinct target sequences can be obtained by
recombination between different TRDs. Using phylogenetic and
consensus analysis, we were able to group the TRDs from 47 type
I S subunits in only five allelic backbones (Supplementary Fig. 2a).
Likewise, the five type IIG S subunits actually shared a single
backbone (Supplementary Fig. 2b). In type III and a different
subset of type IIG systems, the TRDs are located in the
methyltransferase. Similar to S subunits, the TRDs in those
systems can recombine within similar allelic backbones. We
identified three backbones among seven TRDs for type IIG
methyltransferases (Supplementary Fig. 2c) and three backbones
among five TRDs for type III methyltransferases (Supplementary
Fig. 2d). In particular, one type III backbone corresponded to the
previously characterized modH methyltransferase for which 14
TRDs have been identified so far, although a majority have not
been associated with a target sequence yet35,36. Consequently, the
low frequency of type I, IIG, and III methyltransferases or specific
subunits is likely the result of competition for the limited amount
of allelic backbones available in H. pylori.

In type II systems, the TRDs are not able to recombine and
thus methyltransferase loci are associated with a single target
sequence and do not compete with each other. Instead, the
diversity of type II RM systems is typically based on the gain and
loss of specific systems. By examining the local context of type II
gene clusters, we identified six type II systems flanked by direct
repeats that can potentially lead to spontaneous deletion events
(Table 2; Supplementary Data 4)37–39. These results were further
supported by the observation of a single copy of the repeats at
similar genomic locations in strains where these RM systems are
absent (Supplementary Fig. 3). Flanking repeats displayed both
high inter- and intra-strain identity supporting the possibility of
intramolecular recombination. Interestingly, repeats were not
systematically found in all alleles of each affected methyltransfer-
ase (Table 2). Other type II systems did not display similar repeats
and thus are likely gained or lost only through natural
transformation. Overall, the frequency of type II methyltrans-
ferases was moderately correlated with their nucleotide identity,
suggesting that the less prevalent enzymes were simply acquired
more recently (Supplementary Fig. 1c). As H. pylori is considered
to be constitutively competent40,41, such RM systems could still
be transferred by homologous recombination following natural
transformation.

Methylation patterns follow different evolutionary trajectories.
Variability in the frequency of target motifs has the potential to
affect the role of MTases through changes in methylation patterns

across the genome of H. pylori. Therefore, we determined the
frequency of 92 target motifs in our H. pylori genome collection.
To account for differences in genome length, the total number of
motifs for each strain was normalized by the length of its genome
and scaled to obtain the density in motifs per megabase (Fig. 1b).
The results spread over a 100-fold range of frequencies with the
lowest motif density calculated for TCTANNNNNNRTAA (84
motifs/Mb), methylated by a type I system, and the highest
obtained for CATG (9036 motifs/Mb), methylated by a type II
system. A similar pattern was observed across the whole dataset,
with low densities associated with type I motifs and higher
densities associated with type II motifs. Intriguingly, the two
target sequences with the highest motif densities, CATG and
GCGC, are recognized by the two only RM systems whose
MTases are fully conserved in H. pylori (Fig. 1b). Additionally, we
compared the motif frequencies we obtained from whole genomes
to ones obtained from a core gene alignment (Supplementary
Fig. 4). Seven motifs showed a frequency increase of >25% in the
whole versus core comparisons, including the type II motifs
ATTAAT and TCGA. However, these motifs have a fairly low
frequency overall (min: 91 motif/Mb, max 915 motif /Mb) and
thus the differences in absolute number of motifs were relatively
small (92 motifs/Mb difference on average). Consequently, the
frequency of the majority of motifs appears to be influenced by
the evolution of the whole genome rather than the gain and loss
of motifs through the accessory genome.

Next, we measured the dependence between motif densities
and RM system frequency using the distance correlation method
in order to detect non-linear associations (Fig. 2a). A moderate
correlation was detected between the two variables (distance
correlation measurement dCor=0.48; right-tailed permutation
test with 1000 bootstraps p= 0.009), which suggests some
interdependence between the function of RM systems and the
density of their respective motifs. In particular, high-density
motifs (>5000 motifs per Mb) were specifically associated with
high frequency (>50%) type II RM systems.

The high mutation rate (i.e., approx. 10−5 mutations per site
per year) characterizing H. pylori has the potential to rapidly
change methylation patterns42–44. Accordingly, we assessed the
genetic variability of each motif across the species. Based on a
core-genome alignment built from our collection of 541 H. pylori
genomes, we calculated the average number of motifs shared
between genomes and scaled it to the mean number of motifs per
genome to determine the stability of each motif pattern (Fig. 2b).
The stability of target motifs in H. pylori ranged from 25 to 88%
with an overall mean of 70%. A moderate correlation was
observed between motif stability and motif density (dCor= 0.46,
p= 0.0009). Interestingly, only motifs methylated by type II RM
systems and with very low density (<500 motifs per Mb)
displayed a stability below 50%, suggesting that the genomic
patterns of these motifs carry a higher genetic load than type II
motifs with a higher density (>5000 motifs per Mb) which, in
contrast, systematically had a stability above 70%.

In order to look for further evidence of selection pressures on
methylation patterns, we calculated the expected frequencies of

Table 2 Direct flanking repeats in six type II RM systems from H. pylori.

MTase Repeat length (bp) Inter-strain identity (%) Intra-strain identity (%) Prevalence in MTases (%)

M.Hpy99XI 95 86.1 86.2 67.0
M.Hpy66II 115 97.1 98.4 2.5
M.Hpy99IV 395 94.5 97.9 41.7
M.Hpy66I 376 93.1 97.8 21.2
M1.HpyAII/M2.HpyAII 65 92.9 90.9 59.6
M.HpyAIV 118 95.5 93.3 65.8
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target motifs using probabilistic models based on the nucleotide
composition of H. pylori45,46. By comparing expected and
observed frequencies (i.e., compositional bias CB), we determined
which motifs were either under- (CB < 0.78) or over-represented
(CB > 1.23) and thus potentially under selection (Fig. 2c). As
shown in other prokaryotic genomes18, 22% of the target motifs
of type II R-M systems were strongly under-represented with a
compositional bias below 0.5. In contrast, one type II motif,
CCGG, was over-represented with a compositional bias above 1.5.
Additionally, we replicated the compositional bias calculations
using two alternative methods and confirmed these observations
(Supplementary Fig. 5). Compositional bias did not appear to be a
good predictor of motif density and only a weak correlation was
observed between these variables (dCor= 0.26, p= 0.03). Never-
theless, high-density type II target sequences only displayed a
limited amount of under-representation confirming that those
motifs are genetically maintained within the species. Composi-
tional bias was, however, strongly associated with pattern stability
(dCor= 0.55, p= 0.0009). This correlation suggests that the
extremely high instability of some motif patterns is likely the
result of natural selection pressures that ultimately lead to the
removal and an overall under-representation of the motif
(Fig. 2d).

Type II methyltransferases have direct positive or negative
selective effects on methylation patterns. H. pylori is known to
exhibit phylogeographic patterns reflecting the ones of its human
host, owing to their long co-evolutionary association47. Phylo-
geographic populations of H. pylori are genetically distinct from
each other, with the most well-known example being the
virulence-associated cag pathogenicity island (cagPAI). For
instance, the cagPAI displays phenotypical variation between
Eastern and Western strains in the first super-lineage of H. pylori,
while being completely absent in the second super-lineage at the
origin of the hpAfrica2 population48,49. Epigenetic variations
across phylogeographic populations of H. pylori have not been
studied in comparable detail. Accordingly, we performed clus-
tering analysis to examine the distribution heterogeneity of 31
type II methyltransferases in seven major phylogeographic
populations of H. pylori (Fig. 3).

The clustering of populations according to their frequency
patterns of methyltransferases (Fig. 3) mimicked the phylogeny of
H. pylori50. This suggests that human host migration and
geographic isolation contributed to the variability of type II RM
systems in H. pylori51. Furthermore, the clustering of methyl-
transferases according to their frequencies in H. pylori popula-
tions (Fig. 3) revealed three distinct clusters: (i) a cluster of 11

Fig. 2 Interaction between methylome attributes. The correlation between different methylome variables was measured by distance correlation analysis
with 1000 bootstrap replicates (R). p-values and the distance correlation coefficients are indicated above each scatter plot. aMotif density ~ TRD frequency
b Motif density ~ Pattern stability. c Motif density ~ Compositional bias. d Pattern stability ~ Compositional bias. Dots are colored according to the RM
system enzymatic type. Selected data points are annotated with the corresponding target motif. Cut-offs for under- (<0.78) and over- (>1.23) represented
are indicated by red horizontal lines for compositional bias data.
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“common” enzymes with frequencies ranging from 50 to 100%
depending on the phylogeographic population, (ii) a cluster of 11
“rare” enzymes below 50% frequency in every population, and
(iii) a cluster of nine “variable” enzymes displaying large
variations of frequency across all populations.

We detected significant variation of frequencies between
phylogeographic populations of H. pylori for 13 methyltrans-
ferases (Chi-square test, p < 0.05), suggesting that these genes may
be affected by positive or negative selection in specific lineages. In
the cluster of “rare” enzymes, several methyltransferases,
M.HpyAV (Cm5CTTC/GAm6AGG), M.Hpy99II (GTSm6AC)
and M.Hpy99IV (m4CCNNGG) were overall more frequent in
distinct African populations than in Asian populations. In the
cluster of “variable” enzymes, M.Hpy66VIII (TGCm6A) and
M2.HpyAVI (m5CCTC) displayed similar patterns across phylo-
geographic populations. Both were strongly associated with
hpEastAsia and hpNorthAsia as well as with hpAfrica2, but were
far less common in the other African populations, hpAfrica1 and
hpNEAfrica. Additionally, M.Hpy30X (m4CTNAG) appeared
specifically depleted in all African populations, while M.Hpy66II
(Am4CNGT) was clearly enriched in the hpAfrica1 and close
relative hpNEAfrica populations.

Next, we asked whether motif densities would behave in a
comparable way and performed a similar analysis (Fig. 4).
Surprisingly, every motif showed a significant variation of density
between populations (Kruskal–Wallis test, p < 0.05). Because

methylation patterns are intertwined with the genome, they are
similarly affected by genetic drift and natural selection. Therefore,
differences are expected when comparing divergent lineages.
Nevertheless, many motifs displayed comparable patterns of
density. The largest cluster was composed of motifs with higher
densities in hpAfrica1 and related hpNEAfrica and hpEurope
populations, while the second largest cluster contained motifs
with increased densities in all Asian lineages. On the contrary,
only a small number of motifs appeared to have expanded in the
hpAfrica2 population. Overall, the largest absolute variation of
density was observed for the TGCA motif with ~3000 motifs in
hpAfrica1 and ~4500 motifs in hpAfrica2. On a relative scale, the
greatest variation was observed for the ACGT motif with ~50
motifs in hpEastAsia and ~400 motifs in hpAfrica1, representing
an 8-fold difference.

Finally, we sought to investigate the relationship between
methyltransferase and target motif density across phylogeo-
graphic populations in order to determine if methylation can
directly influence the evolution of motif patterns. Consequently,
we used logistic regression to investigate how the frequency of
methyltransferases affects the motif density in phylogeographic
populations. We found significant positive and negative
interactions for four and three methyltransferases, respectively
(Supplementary Data 5). In this context, a positive interaction
indicates that the motif density increases as the methyltransfer-
ase frequency increases too while a negative interaction

Fig. 3 Geographical variation of type II methyltransferase frequency in H. pylori. The frequency of 31 methyltransferases was calculated in 7 geographical
populations of H. pylori within a collection of 541 genomes. The heatmap is color-coded from blue to red according to the proportion indicated in each cell
and is clustered in both axes. Methyltransferases with significant variation between populations are indicated by asterisks (Chi-square p-value, * <0.05,
** <0.01, *** <0.001, ****<0.0001).

Fig. 4 Geographical variation of type II target motif frequency in H. pylori. The density of 27 target motifs (motifs/Mb) was calculated in 7 geographical
populations of H. pylori within a collection of 541 genomes. The heatmap is color-coded according to the Z-score, representing the standard deviation
calculated for each motif separately.
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indicates the opposite. Two examples of each type of interaction
are displayed in Fig. 5. Interestingly, the hpAfrica1 and
hpAfrica2 populations were at the opposite ends of the
spectrum for each interaction. Notably, the motif density of
TGCA increased from ~3000 to 4500 with the frequency of the
cognate methyltransferase M.Hpy66VIII going from ~30 to
~100%. In contrast, an increase of ~50% of the M2.HpyAVI
frequency was associated with a decrease from ~3000 to 2800 in
the CCTC motif density.

The presence of the cognate restriction endonuclease in type
II RM systems has been shown to lead to the avoidance of
palindromic motifs in several bacterial species52–54. The
Hpy99III (GCGC) and HpyI (CATG) type II systems are
known to be facultatively lacking an endonuclease (i.e., orphan
methyltransferases) in H. pylori15,55. In the same way as for
methyltransferases, we tested the relationship between the
frequency of the endonuclease and the motif density for these
two RM systems but did not find any significant interaction
(Supplementary Fig. 6).

These results suggest a direct selective effect of methylation on
individually methylated motifs. Furthermore, the existence of
both positive and negative interactions indicates that the
evolution of motif patterns is highly specific to each methyl-
transferase and implies that distinct RM systems might fulfill
specific functions with overarching effects on the fitness of H.
pylori.

Lineage-specific expansion and contraction of the type II m5c
motif ACGT. Among type II motifs, the ACGT motif displayed
the largest relative variation of density between phylogeographic
populations of H. pylori. However, these differences were not
correlated with the frequencies of the cognate methyltransferase
across populations (Supplementary Data 3). For instance, the
Hpy99XI methyltransferase was present in 65% of the hpEastAsia
strains which only contained around 53 ACGT motifs/Mb, but
was observed in 71% of the hpAfrica1 genomes which contained
295 motifs/Mb (Supplementary Fig. 7). In our global analysis of
methylated motifs in H. pylori, the ACGT target sequence was
also one of the most highly unstable and under-represented
motifs (Fig. 2). In order to determine the underlying causes for
the peculiar evolution of ACGT, we first compared the genomic
patterns of this motif to determine the overlap across four
representative phylogeographic populations (hpAfrica1, hpA-
frica2, hpAsia2, and hpEastAsia). A minimal number of motifs
were shared across all strains and most motifs were completely
specific to each population (Fig. 6a). This result echoes the low
pattern stability observed previously and suggests that the ACGT
motif underwent rapid evolution. Intriguingly, the proportion of
motifs shared between populations did not quite reflect the
evolutionary history of H. pylori. For instance, the number of
motifs shared between hpAfrica1 and hpAfrica2 was higher than
between hpAfrica1 and hpEastAsia. At the same time, the num-
ber of motifs specific to each population was also highly variable

Fig. 5 Positive and negative interaction of type II methyltransferases with motif patterns. The interactions between methyltransferases and motifs were
estimated using a generalized linear model with a quasibinomial distribution and a logit link function. A 95% confidence interval is indicated by a gray
ribbon. Goodness-of-it was assessed using a chi-square test (p < 0.05). Pseudo-R2 (McFadden) was calculated using the ratio of residual deviance over the
null deviance and is indicated on the plots.
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which suggests overall that the genomic patterns of the ACGT
were shaped by very specific differences in local environments.

Next, we used a representative subset of ten genomes each from
the four major phylogeographic populations of H. pylori to
perform ancestral-state reconstruction analysis and understand
how ACGT evolved during the divergence of these lineages. Based
on the ACGT motif patterns observed in modern strains of H.
pylori, the ancestral-state reconstruction method can identify the
ancestral phylogenetic nodes in which individual motifs were
either gained or lost. By combining the reconstruction of all
~7000 unique positions in which ACGT motifs were observed in
our subset of 40 representative genomes, we determined the
transition rates between ACGT motifs and its most frequent
allelic variants (Fig. 6b). The transition matrix was heavily skewed
toward the ATGT and ACAT variants. The M.Hpy99XI enzyme,
targeting the ACGT motif, is a m5C methyltransferase. Sponta-
neous deamination of 5-methylcytosine to thymine is known for
making m5C motifs more prone to mutations compared to m6A
or m4C motifs56. Interestingly, in the case of the ACGT motif,
deamination would produce either ATGT or ACAT variants
(depending on the affected DNA strand), suggesting that
deamination played a major role in the evolution of this motif.
To understand the potential fitness cost of the ACGT motif
mutations, we focussed next on motifs located within coding
sequences. In particular, we determined in which reading frame
those motifs are positioned and found that they are heavily biased
towards the second frame (i.e., motif starting at the second base of
codons) (Fig. 6c). Furthermore, the majority of deamination
events resulted in synonymous mutations, with no effect on the
encoded protein sequences (Fig. 6d). Mutations in the second
frame were skewed toward synonymous ATGT variants,
corresponding to deamination of ACGTs motif on the sense
strand of coding sequences (Fig. 6d). These results indicate that
deamination of methylated ACGT motifs would mostly result in

silent mutations and would likely not cause any secondary effects
outside of the loss of methylation (and vice versa, gain of ACGT
motifs from ATGT/ACAT would be mostly silent). Consequently,
the evolution of the ACGT motif itself seems to be partially
constrained by the purifying selection influencing coding
sequences, affecting the rate at which each strand gets deaminated
and minimizing its effect on protein-coding sequences. Accord-
ingly, the main effect of ACGT changes is solely the loss of
methylation markers and thus any natural selection pressure
associated with the evolution of Am5CGT motif patterns is
presumably operating at the epigenetic level without being
hindered by its effects at the genetic level.

Finally, we used our ancestral-state dataset to reconstruct the
expansion and contraction of the ACGT motif patterns at each
major ancestral node as well as at the root (Fig. 7). Our analysis
indicates that ~130 ACGT motifs were present in the common
ancestor of H. pylori at the root, dated at ca. 100,000 years
according to previous studies49. From there, the motif pattern
expanded at the hpAfrica1/Asian node whereas it contracted in
the hpAfrica2 node mainly because of deamination. The
expansion continued between the hpAfrica1/Asian node and
the hpAfrica1 leading to a higher number of ACGT motifs
observed in modern Africa1 strains. On the opposite, the motif
patterns contracted between the hpAfrica1/Asian and the Asian
nodes leading to a severe reduction in the number of motifs.
Interestingly, the contraction seemingly slowed down in the
hpAsia2 node but appeared to accelerate in the East-Asia node,
explaining the unusually low number of motifs seen in the
modern East-Asian H. pylori population. Overall, the population-
specific trends of contraction and expansion across those
genetically distinct geographical populations indicate that exter-
nal factors, such as the host physiology or the local environment,
are having a selective effect on the evolution of the ACGT
methylation patterns. Furthermore, the strong positive selection

Fig. 6 Genomic patterns of the ACGT target motif. a Overlap of motif patterns between representative populations of H. pylori. All genomes included in
this analysis were compared in a pairwise fashion to determine how many motifs are present at the same genomic coordinates in each pair and the average
between populations is presented. Sections of the Venn diagram are colored from yellow to blue according to the number of overlapping motifs.
b Character-state transition rates between ACGT and its most frequent allelic variants. The direction of character-state change is displayed from the x-axis
to the y-axis. c Distribution ACGT motifs located within coding sequences according to their reading frames and represented by a box plot. The median is
indicated by the central line across the box. The lower and upper hinges represent the 25th and 75th percentile, respectively. The ends of the lower and
upper whiskers represent the minimum and maximum data points, respectively. d Effect of state transition between ACGT and ATGT/ACAT according to
the reading frame (Syn: synonymous; Non-syn: non-synonymous).
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pressures which are likely required to expand and maintain the
ACGT motifs in hpAfrica1, in contrast to the negative selection
pressures needed to purge most of the motifs in hpEastAsia,
would suggest the ACGT motif may have a role in the
evolutionary fitness of H. pylori.

Discussion
H. pylori is a bacterial pathogen with exceptionally high genetic
diversity whose phylogenetic structure reflects the one of its
host10,47. The long and intimate association between H. pylori
and humans47 has likely been sustained by the ability of this
organism to rapidly adapt to the harsh environment characteristic
of the gastric habitat11. The diversity of H. pylori is believed to be
the main factor underlying its capacity for host adaptation. While
the genetic variability of H. pylori has been extensively char-
acterized, from its worldwide phylogeographic structure to its
within-host diversity across stomach niches10, the evolution of its
methylome has not yet been investigated in the context of its
global population structure. In this study, we undertook an in-
depth characterization of the distribution of RM systems as well
as the evolution of methylation patterns across the phylogenetic
spectrum of H. pylori.

We started by investigating the frequency of the 96 RM systems
characterized so far in H. pylori among a genetically diverse
collection of 541 genomes. Type II methyltransferases were by far
the most conserved in the species. This result is likely tied to their
genetic organization and the separation of the endonuclease and
methyltransferase activities. In particular, this organization can
lead to post-segregational killing from residual endonuclease
activity after the loss of type II RM systems38,57. Nevertheless, the
two methyltransferases that are fully conserved in H. pylori are
not always attached to an endonuclease (i.e., orphan

MTases)15,32, indicating that these methyltransferases are likely
maintained in the genome of H. pylori because they provide an
evolutionary benefit. Furthermore, for both systems, the presence
of the endonuclease did not appear to influence methylation
patterns. On the other hand, the frequency of other types of RM
systems (I, IIG, and III) was strongly limited by the fact that
multiple TRDs have to compete for a limited number of
methyltransferase or specificity subunit allelic backbones. The
specificity of type I RM systems is determined by two TRDs
located in the S subunits23,58. The shuffling of TRDs via recom-
bination can produce an almost infinite number of target
motifs28,59, which is reflected by the large number of type I motifs
found in H. pylori. For type IIG and type III RM systems, the
specificity is determined by single TRDs, which can also be
transferred between allelic backbones. Intriguingly, only a single
backbone was identified among all the type IIG RM systems
controlled by a specificity subunit. The most variable type III RM
system in H. pylori is modH with 17 distinct TRD identified so
far35. However, the target motifs have only been characterized for
three TRDs of modH, indicating that type III systems need to be
characterized further.

The target motifs methylated by type II methyltransferases
were overall more frequent than the ones from other types of RM
systems. Globally, the frequency of methyltransferases was only
moderately correlated with the densities of their cognate target
sequences. As a notable exception, the only two universally
conserved H. pylori MTases recognize the two by far most
abundant motifs (GCGC and CATG). Similarly, high-density
type II motifs, such as CATG and GCGC, were characterized by
high pattern stability and limited compositional bias. Both the
MTases M.HpyI (Cm6ATG) and M.Hpy99III (Gm5CGC) have
been shown to influence the expression of many genes in H.
pylori15,16. The regulation of gene expression via methylation has
also been shown for other H. pylori methyltransferases13,14,16, as
well as in other bacterial species60–62. While several studies have
pointed out a potential role of target motifs within promoter
elements or coding sequences14–16,30, the transcriptional
mechanisms have not been clearly characterized yet. Moreover,
the strain specificity of gene regulation observed in these studies
suggests a role of variable methylation patterns. On the opposite,
the under-representation of multiple type II motifs in the genome
of H. pylori was strongly associated with the lower stability of
their motif patterns. Consequently, these highly unstable motifs
are likely under selection pressures that gradually remove them
from the species. Overall, the large variation in compositional bias
and pattern stability among target motifs indicates that natural
selection pressures do not affect the methylome globally but are
more likely specific for each methyltransferase and cognate motif,
suggesting these serve different functions in the biology of H.
pylori. Motif avoidance is a phenomenon known for causing the
depletion of restriction sites in bacterial genomes in order to limit
self-restriction while still maintaining active endonucleases
required for phage defense45,52–54,63. Interestingly, prophages in
H. pylori also display a phylogeographic structure64–66. This effect
is typically more pronounced in type II RM systems, which is
likely due to their fixed TRD and higher diversity compared to
other types63. Despite the presence of many cognate endonu-
cleases, type II motifs are obviously not all affected similarly by
motif avoidance. This could be explained by target motifs having
distinct susceptibilities to self-restriction, or, the existence of
additional selection pressures on specific motifs, counter-acting
motif avoidance. Furthermore, context-dependent mutations may
also be responsible for the instability of some motifs. For example,
5-methylcytosine is prone to spontaneous deamination and thus
typically displays an increased mutation rate. Nevertheless, m5c
motifs show large differences in terms of compositional bias

Fig. 7 Ancestral reconstruction of the ACGT motif patterns across H.
pylori major phylogeographic populations. A time-scaled tree was created
using 40 representative strains from the hpAfrica1, hpAfrica2, hpEastAsia,
and hpAsia2 populations. The ancestral states for each genomic position
displaying ACGT motifs in modern strains were first predicted separately
by stochastic character mapping and then concatenated to generate the
ancestral patterns. A graphical representation of the ACGT motif patterns
is given by boxes located at each ancestral node. Green squares represent
new individual ACGT motifs, while red and orange squares indicate ACGT
motifs lost through ATGT/ACAT mutations and other mutations,
respectively.
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which also suggests that specific motifs are either maintained or
lost via additional factors.

As the evolution of H. pylori is intimately linked to human
migrations and geographical isolation, we investigated the dis-
tribution of type II methyltransferases and target motifs among
the phylogeographic populations of H. pylori. Our analysis
revealed a subset of nine methyltransferases showing large var-
iations of frequency between populations. Four of these methyl-
transferases are flanked by direct repeats, which most likely
contribute to their higher variability. While the frequency of
methyltransferases was likely heterogeneous between ancestral
populations of H. pylori due to founder effects following human
migration events, the distribution of these methyltransferases in
modern panmictic populations of H. pylori is either explained by
either pure genetic drift or geographically dependent fitness
effects. Subsequently, we identified correlations between methyl-
transferase frequency and motif density for seven type II RM
systems, suggesting that methylation can indeed shape motif
patterns via natural selection. Interestingly, we observed both
positive and negative correlations. Negative correlations indicate
that the presence of the methyltransferase leads to the elimination
of its cognate motif. In addition, selection pressure leading to the
depletion or enrichment of motifs might also be driven by the
host immune system67,68. By contrast, positive correlations imply
that the presence of the methyltransferase leads to a positive
selection of its cognate motif. Direct selective effects on methy-
lation patterns leading to the enrichment and/or maintenance of
a motif in the genome have not been described and suggest that
specific methylation patterns can contribute to the evolutionary
success of H. pylori. This effect was particularly evident for the
M.Hpy66VIII methyltransferase targeting the motif TGCA. In
this case, the gradient of methyltransferase frequency and motif
density distinguished the hpAfrica1/hpNEAfrica, hpEastAsia/
hpNorthAsia, and hpAfrica2 populations. These specific groups
of populations are highly divergent from each other. In particular,
the CagA virulence factor is functionally distinct in Western
versus Eastern populations of H. pylori while the cagPAI T4SS is
completely absent in hpAfrica2 since it descends from a separate
super-lineage than the other populations. To date, the role of
M.Hpy66VIII has not been investigated but the maintenance of
this methyltransferase and TGCA motif patterns in hpAfrica2 is
likely related to specific local environmental factors.

In specific cases, local environmental factors may have selective
effects on methylation patterns leading to geographical variation,
independently of the frequency of the methyltransferase. Our
regression analysis suggests that fluctuations in MTase frequency
could only account for differences in motif densities in ~20% of
the cases. In particular, the ACGT motif displayed the highest
relative change in density across phylogeographic populations but
showed no correlation with methyltransferase frequency. Demo-
graphic bottlenecks and the rapid evolution of H. pylori following
repeated human migration events69–71 most likely precipitated
the evolution of the ACGT methylation pattern in the species. We
hypothesize that the striking difference in the evolution of the
ACGT motif between the hpAfrica1 and hpAfrica2 populations
could be related to the acquisition of the cag pathogenicity island
in the former49. The cagPAI is thought to provide a fitness
advantage to H. pylori and to have contributed to the spread of
hpAfrica1 through Africa and subsequently to other regions of
the world48. How could the low density of the ACGT motif
observed in Asian populations be explained in this scenario? Our
analyses suggest that the deamination of 5-methylcytosine was
one of the main drivers of motif depletion for ACGT. Since it is
well established that Asian variants of cagPAI components, and
CagA in particular, are associated with stronger inflammation
and ultimately carcinogenicity72–74, we speculate that increased

host cell interaction and inflammatory response may have con-
tributed to increased deamination and hence caused loss of
ACGT motifs in Asian populations. Furthermore, because of the
placement of ACGT motifs within coding sequences, transitions
between ACGT and its deaminated variants are mostly silent,
facilitating the evolvability of this motif. The evolution of the
ACGT motif in the methylome context is thus strongly separated
from its genomic context and thus any hypothetical selective
effects involved in this process would be mainly driven by the
epigenetic status of this motif rather than its genetic sequence. As
speculated above, the various trajectories taken by the ACGT
motif pattern from the common ancestor to the modern popu-
lations suggest that local environmental cues can greatly affect the
genetic load of methylation and thus the epigenetic landscape of
H. pylori. The fact that the GCGC motif was neither under-
represented nor unstable additionally points to the specificity of
evolutionary pressures affecting 5-methylcytosines.

In conclusion, the methylome of H. pylori is a major con-
tributor to its overall variability. Because the evolution of
methylation patterns is constrained by their genetic sequence and
the distribution of RM systems is influenced by their gene
organization, the methylome is completely intertwined with the
genetic variation of H. pylori and dependent on the phylogeo-
graphic structure of the species. Yet, the methylome is also shaped
independently by selection pressures able to expand or contract
motif patterns as a direct result of methylation, and environ-
mental factors whose selective effects appear dependent on spe-
cific motifs and lineages. Third-generation sequencing
technologies have permitted the rapid discovery of many new
methyltransferases and the characterization of their target
sequences in diverse bacterial species. Quantitative frameworks,
such as the one expanded in this study, will contribute to the
identification of methyltransferases whose functions extend
beyond the standard phage defense model.

Methods
Construction of a worldwide H. pylori genome collection. Genome assemblies of
H. pylori were acquired from the Enterobase database75. An additional 63 isolates
from the hpAfrica1 and hpNEAfrica population76 were sequenced on an Illumina
MiSeq (2 x 300bp) and assembled with spades 3.15.4 using the –careful and –only-
assembler parameters77 in order to complete the collection. Phylogeographical
population assignments were obtained from previous population genetic
studies70,71,76,78. Sequences with quality (>1000 ambiguous bases) and assembly
(>100 contigs) issues were discarded. Based on the H. pylori MLST scheme79,
closely related strains were identified (>3 identical MLST alleles) and discarded.
The 541 genomes selected and analyzed for this study are listed in Supplementary
Data 2, including their phylogeographical population.

Type I, II(M/G), and III RM system gene sequences. Genes modulating target-
sequence specificity (i.e., genes containing the TRD region) in H. pylori were
collected from the REBASE database80. Depending on the type of RM systems,
either the methyltransferase (type II and type III), the specificity subunit (type I
and some type IIG), or the RM fusion (type IIG) were selected. The 96 genes
analyzed in this study are listed in Supplementary Data 1, including their enzy-
matic characteristics. All RM systems analyzed in this study are encoded on the
chromosome of H. pylori. The activities of 88 H. pylori methyltransferases analyzed
in this study have been previously validated with PacBio Single Molecule Real-
Time (SMRT) sequencing data in at least one H. pylori strain as indicated in
Supplementary Data 1. Among the motifs not validated by PacBio data, two m5c
motifs were validated by bisulfite sequencing, four motifs were validated by dif-
ferent methods (see additional details in Supplementary Data 1 and on REbase in
corresponding H. pylori strains). The methylation of two motifs, GTCTC and
CRTANNNNNNNTAG, has not yet been validated experimentally in H. pylori and
has only been inferred by homology with methylases from other species.

Distribution of RM system genes in the genome collection. The genome col-
lection was annotated using the Helicobacter pylori genus and species database
from Prokka v1.14.581 and GNU parallel81. Homologs of the RM system genes
were searched with the megablast algorithm implemented in BLAST+ 2.12.082

against a database built with annotated coding sequences (CDS). BLAST hits on
single CDS with above 80% nucleotide identity (or 90% for genes undergoing

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05218-x

10 COMMUNICATIONS BIOLOGY |           (2023) 6:839 | https://doi.org/10.1038/s42003-023-05218-x | www.nature.com/commsbio

28

www.nature.com/commsbio


domain movement) and 70% query coverage were considered positive. BLAST hits
below 80% nucleotide identity, 70% query coverage, or including fragmented CDS
were considered negative. The frequency for each gene was calculated for both the
entire complete collection and for each geographical population. Results were
compared to frequencies using blastp and amino acid sequences, instead of blastn
and nucleotide sequences, and similar results were obtained (Supplementary
Data 6). The frequency in each population was represented as a heatmap with the
pheatmap 1.0.12 R package and clustered on both axes using the average-linkage
clustering method. Variability between each population was tested using Pearson’s
chi-square test with Yates’ continuity correction.

Analysis of target motifs frequencies and genomic patterns. Target-sequence
motifs were detected individually in each genome using the Biostrings 2.58.0
Bioconductor R package. For paired methyltransferases that recognize either the
exact same motif (M1/M2.HpyPU010X) or complementary non-palindromic
motifs (M1/M2.Hpy66X, M1/M2.HpyAVI, and M1/M2.HpyAII), only the motif
targeted by the first enzyme (i.e., M1) was considered. The frequency of each motif
was scaled to the length of each genome to obtain a normalized motif/Mb unit and
plotted either as a bar chart or as a heatmap with the pheatmap 1.0.12R package
according to the Z-score calculated individually for each motif. The heatmap data
was clustered on both axes using the average-linkage clustering method. Variability
between each population was tested using Kruskal–Wallis rank sum test (non-
parametric one-way analysis of variance). Expected frequencies and compositional
bias for each motif were calculated using the methods of Burge and co-authors46,
Pevzner and co-authors83, and a maximum-order Markov chain model imple-
mented in CBcalc45. Additionally, a core gene alignment was created using Roary84

with -i 80 and -cd 90 parameters and used to calculate the motif frequency in the
core genome.

A consensus genome alignment was created by mapping assemblies onto the
reference strain BCM300 (RefSeq NZ_LT837687) with BWA 0.7.1785 (bwa mem
with default parameters) and generating consensus sequences with bcftools
1.15.186. Uncovered regions of the reference sequence were masked using the
genomecov and substract tools from bedtools 2.30.087. Coverage and pairwise
identity data are available for each strain included in the consensus alignment in
Supplementary Data 7. Pattern stability was determined by calculating the average
number of motifs shared between all pairs of genomes (i.e., motifs located at the
same position) in the consensus alignment and reporting it as a proportion of the
mean number of motifs per genome. The consensus genome alignment was also
used to produce the Venn diagram representing the overlap of ACGT motifs
between phylogeographical populations and the gene reading frame analysis of
ACGT motifs.

The dependence between methyltransferase frequencies, motif frequencies,
pattern stability, and compositional bias was calculated using the distance
correlation method implemented in the dcor.test() function from the energy R
package. The distance correlation method is a non-parametric test of multivariate
independence with the statistical significance evaluated by permutation bootstrap.
p-values from a right-tailed test are reported.

The interaction between type II methyltransferases and motif densities across
geographic populations was determined using a generalized linear model with a
quasibinomial distribution and a logit link function, implemented in the glm R
package88. Goodness-of-it was assessed using a chi-square test (p < 0.05) and a
pseudo-R2 (McFadden) calculated with the ratio of residual deviance over the null
deviance.

Ancestral-state reconstruction of the ACGT motif patterns. A random selec-
tion of 40 genomes belonging to the main phylogeographical populations hpA-
frica1, hpAfrica2, hpAsia2, and hpEastAsia was used as a representative group of
H. pylori diversity to perform ancestral-state reconstruction analysis. The smaller
size of this group compared to the main genome collection ensured a balanced
number of genomes per population and reduced the computational complexity of
the analysis. A core-genome alignment was created as described above and a
phylogenetic tree was produced using iqtree89 and the TVM+ F+ R7 substitution
model determined by ModelFinder90. A time-calibrated tree was generated using
the ape R package91. Marginal reconstruction of ancestral states was carried out
using the stochastic mapping method implemented in the phytools R package92.
An evolutionary model with fully independent (“all-rates-different”) transition
rates was selected based on AIC scores and quality of reconstruction. The transition
matrix Q was fitted using a continuous-time reversible Markov model (Q= ”
empirical”) and the prior distribution pi on the root of the tree was estimated using
the tip character states. Reconstruction was performed for each position containing
an ACGT motif in the core-genome alignment. Each allelic variant was considered
a distinct state within the reconstruction. The global character-state transition rate
matrix was obtained by averaging the transition rates of all individual recon-
struction events (the ten most frequent events are displayed in Fig. 6). Gain and
loss of ACGT motifs were estimated by first selecting the state with the highest
likelihood at each major node of the H. pylori tree for each reconstruction (i.e., root
and TMRCA nodes of each phylogeographical populations). The selected ancestral
states for each node were then added up across all reconstructions and classified
into three groups: (1) ACGT motifs, (2) ACAT/ATGT variants (i.e., deamination),
and (3) all other allelic variants.

Statistics and reproducibility. All data were analyzed using R version 4.1.2 or
GraphPad Prism version 7.04. The dependence between methyltransferase fre-
quency, motif frequency, pattern stability, and compositional bias was evaluated
across n= 31 methyltransferases using the distance correlation method (right-
tailed test). The variability of n= 31 methyltransferase frequencies between n= 7
geographic population of H. pylori was tested using Pearson’s chi-square test with
Yates’ continuity correction. The variability of n= 27 target motif frequencies
between n= 7 geographic populations of H. pylori was tested using the
Kruskal–Wallis rank sum test. The interaction between type II methyltransferases
and motif densities across n= 7 geographic populations was determined using a
generalized linear model with a quasibinomial distribution and a logit link function
with the goodness-of-it was assessed using a chi-square test and a pseudo-R2

(McFadden) calculated with the ratio of residual deviance over the null deviance.

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

Data availability
The dataset supporting the conclusions of this article is available in the NCBI SRA
repository, BioProject accession no. PRJNA914092. Source data for the main figures can
be found in Supplementary Data 8.
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Supplementary Figure 1 – Sequence conservation of methyltransferases in H. pylori. a. Nucleotide diversity of 96
methyltransferases and specificity subunits. Type II methyltransferases flanked by direct repeats are indicated by a
star. Error bars represent 95% confidence intervals. b. Average identity in each type (Dunn’s test two-sided **** p <
0.0001, ** p < 0.01). Error bars represent 95% confidence intervals. c. Scatter plot of the frequency and nucleotide
identity of type II methyltransferases. Methyltransferases flanked by direct repeats are indicated by a square
symbol. The correlation coefficient obtained by linear regression is indicated.
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Supplementary Figure 2 – Phylogeny of type I, IIG, and III RM systems in H. pylori. Clusters of methyltransferases
determined by phylogeny and confirmed by inspection of multiple alignments are indicated by colour boxes. For each
cluster, a visual representation of the multiple alignment is provided (black lines indicate positions which are different
between strains). An identity diagram is located on top of each alignment and shows conserved (in green) and highly
variable (in red) positions. On the bottom of the alignment, the position of target-recognition domains is indicated by
horizontal arrows. The diversity of target-recognition domains within a conserved methyltransferase backbone can be
appreciated by remarking the conserved positions of the backbone interspersed by clusters of variable positions from
the domains. a. Phylogeny of S-subunits from type I RM systems. b. Phylogeny of S subunits from type IIG RM systems.
c. Phylogeny of RM genes from type IIG RM systems. d. Phylogeny of methyltransferases from type III RM systems.
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Supplementary Figure 4 – Comparison of target motif density in whole genome and core genes. a. Motif
density (motifs/Mb) of 92 target sequences calculated in a core gene alignment. Error bars represent 95%
confidence intervals. b. Ratio of motif density calculated on whole genomes versus core genes.
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PBM BCK MMCompositional bias values

Supplementary Figure 5 – Compositional bias calculation for target motifs in H. pylori using three different
methods. a. Type I motifs. b. Type IIG motifs. c. Type II motifs. d. Type III motifs. MM: method based on maximum
order Markov chain. PBM: method based on Pevzner and co-authors. BCK: method based on Burge and co-
authors. Under- and over- represented cutoffs are represented by vertical lines.
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Hpy99IIIP ~ GCGC

pR2=0.31

P-value=0.17

HpyIP ~ CATG

pR2=0.04

P-value=0.64

a b

Supplementary Figure 6 – Interaction between endonuclease frequency and motif density in two
type II RM systems. a. Hpy99IIIP b. HpyIP. Pseudo R2 (calculated with the Mc Fadden method) and p-
values are indicated. 95% confidence interval is indicated by a grey ribbon.

M.Hpy99XI ~ ACGT

pR2=0.07

P-value=0.37

Supplementary Figure 7 – Interaction between methyltransferase frequency and motif density for
the Hpy99XI RM system. Pseudo R2 (calculated with the Mc Fadden method) and p-values are
indicated. 95% confidence interval is indicated by a grey ribbon.
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The Helicobacter pylori orphan ATTAAT-specific 
methyltransferase M.Hpy99XIX plays a central role in the 
coordinated regulation of genes involved in iron metabolism
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ABSTRACT Helicobacter pylori genomes contain a large and variable portfolio of 
methyltransferases (MTases), creating a highly diverse methylome. Here, we character­
ize a highly conserved ATTAAT-specific MTase, M.Hpy99XIX (H. pylori strain J99, alterna­
tive designations in other strains, M.HpyAVII and M.HpyPVII), the only H. pylori MTase 
never associated with an endonuclease (“orphan” MTase). Inactivation of M.Hpy99XIX 
resulted in a significant change in the transcription of >100 genes, despite the fact 
that only a small subset of their promoter regions contained an ATTAAT target motif. 
Patterns of transcriptional change showed significant correlations with changes reported 
for H. pylori mutants in the regulators involved in iron regulation. MTase inactivation 
also caused a higher susceptibility to diverse metal ions as well as iron chelation 
and oxidative stress. These phenotypes could be traced back to the methylation 
of single motifs in the promoter regions of iron transporters frpB1 and fecA1. Alto­
gether, methylation of individual motifs in promoters can have a large downstream 
effect, causing major changes to metabolic pathways. These findings suggest that the 
methylome represents a universal and dynamic interface connecting genome diversity 
and transcriptional regulation. Very recently, a new ecospecies of H. pylori, Hardy, 
has been reported. M.Hpy99XIX is present in the majority of “normal” (Ubiquitous) 
H. pylori strains, whereas no single Hardy strain contained this gene, consistent with 
other reported differences between Hardy and Ubiquitous strains related to iron/metal 
homeostasis. ATTAAT methylation is intricately connected with the bacterial transcrip­
tional network, highlighting the important role of bacterial epigenetic modifications in 
bacterial physiology and pathogenesis.

IMPORTANCE Helicobacter pylori has one of the largest repertoires of methyltransfera­
ses. Methylation has been associated with multiple functions in H. pylori, including 
the defense against foreign DNA and transcriptional regulation. Regulation of gene 
expression by methylation has the potential to influence many distant genes across 
the genome via target motifs in proximity to transcription start sites. Here, we sought 
to understand the role of M.Hpy99XIX, an orphan methyltransferase targeting the 
ATTAAT motif that is highly conserved in H. pylori. We show that by directly regulating 
specific genes involved in iron uptake via methylated ATTAAT motifs, M.Hpy99XIX has 
a significant effect on iron homeostasis by triggering the canonical iron regulatory 
pathway. Furthermore, we show that M.Hpy99XIX appears to have been acquired after 
the split between the two ecospecies of H. pylori, suggesting that its role in the tuning of 
iron homeostasis might have contributed to this divergence.
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H elicobacter pylori is a genetically highly diverse bacterial species that can colonize 
the stomach mucosa of humans for many decades and can lead to severe diseases 

such as peptic ulcers, gastric adenocarcinoma, and lymphoma of the mucosa-associated 
lymphoid tissue (1–3). H. pylori has a large repertoire of restriction-modification (RM) 
systems (4–7). While the pangenome of H. pylori comprises more than 100 methyl­
transferases (MTases), only a minority of these is highly conserved across the diverse 
phylogeographical populations within the species (8). Each strain carries a specific 
repertoire of RM systems, acting on a unique pattern of target motifs in the genome, 
resulting in virtually unique methylomes (8, 9). In the last decade, research on DNA 
methylation and its role in bacterial physiology has been accelerated by the develop­
ment of novel technologies which permit the detection of methylation at single-base 
resolution (in particular, single-molecule real-time sequencing [10] and, more recently, 
Oxford Nanopore sequencing [11]). For example, methylation of the motif GCGC by the 
MTase M.Hpy99III, one of the two MTases present in all H. pylori strains, is associated 
with multiple important phenotypes, such as adhesion to gastric cells, natural compe­
tence, bacterial cell shape, or copper tolerance (12). Similarly, three other, less conserved 
MTases have also been connected to important traits such as motility and tolerance to 
oxidative stress (13).

DNA methylation has been shown to play an important role in gene regulation 
in many bacteria (14). For example, the dam methyltransferase regulates the phase 
variation of the pyelonephritis-associated pili in Escherichia coli (15), and the transcription 
of TraJ, a transcriptional activator of the transfer operon in Salmonella enterica (16). 
The phenotypic effects connected to methylation in H. pylori, in some cases, have 
been shown to be mediated by changes in gene expression (12, 13, 17, 18). However, 
the connection between methylation and transcription appears to be highly complex,
and significant variation was observed among different MTases and between strains 
of H. pylori (12, 13). For the M.Hpy99III MTase, transcriptional regulation is based on 
the methylation of GCGC motifs within promoter regions (12). This has been demonstra­
ted for four distinct genes using targeted mutagenesis and reporter assays. Because 
genes carrying a target motif within their promoter generally account only for a small 
proportion of genes regulated by MTases (12, 13, 17, 18), additional regulatory mecha­
nisms and large downstream transcriptional effects are likely at play.

In bacterial genomes, MTase genes are frequently coupled with genes coding for a 
cognate endonuclease, recognizing the same sequence motif as the MTase, constituting 
RM systems. These are thought to be primarily involved in defense against phages and 
invading foreign DNA (19, 20). In type II RM systems, the endonuclease is not essential for 
the activity of the MTase, and therefore, type II MTase genes can persist independently 
as so-called “orphan” genes (21). Since selection pressures acting on orphan MTases are 
not influenced by those acting on a cognate endonuclease anymore, orphan MTases 
constitute an ideal model to better understand the mechanisms connecting methylation, 
transcription, and phenotypic effects.

Here, we determined that M.Hpy99XIX is the only strictly orphan MTase in H. pylori 
and that its target motif, ATTAAT (9), is enriched in promoter regions. M.Hpy99XIX is 
encoded by gene jhp0430 in H. pylori strain J99 and has previously been studied in 
other strain contexts under alternative names M.HpyAVII and M.HpyPVII (9, 13). In this 
study, we found a large group of genes to be differentially regulated after inactivation 
of ATTAAT methylation, disrupting the iron homeostasis regulatory pathway on the 
transcriptomic and phenotypic levels. These phenotypic effects could be recapitulated 
by the targeted modification of a single ATTAAT motif located within the promoter 
region of an iron acquisition gene, demonstrating how DNA methylation can have large 
effects on transcriptional networks and core bacterial processes by modulating only a 
very limited number of genes directly. On a larger scale, this study substantiates the 
role of the methylome as an additional source of diversity in H. pylori, interconnected
with the genome through individual sequence motifs, and with the transcriptome via 
methylation-based regulation.
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RESULTS

M.Hpy99XIX is the only strictly orphan MTase in H. pylori

Methyltransferases without a coupled endonuclease, frequently referred to as orphan 
MTases, cannot fulfill their presumed original function as part of RM systems, such 
as defense against invading DNA. In bacteria, orphan MTases have been frequently 
associated with transcriptional regulation (14). To determine the proportion of H. pylori 
MTases that are not part of canonical RM systems, we analyzed a collection of ~400 
geographically diverse genomes of H. pylori that was the basis of our previous charac­
terization of the methylome diversity in H. pylori (8). In particular, we determined the 
frequency of all known H. pylori type II MTase and cognate endonuclease genes in this 
genome collection (22). When no cognate endonuclease could be found, the genes 
neighboring the MTase locus were examined to confirm that they were not homologs of 
endonucleases.

Remarkably, we could only identify a single MTase gene, M.Hpy99XIX (9), that 
was never associated with an endonuclease across the whole species (Fig. 1A). The 
M.Hpy99XIX MTase is highly conserved and predicted to be active in ~90% of strains 
in the collection. We also analyzed a collection of 1,012 finished H. pylori genomes, 
combining the recently released HpGp dataset and other H. pylori reference sequen­
ces (see Methods) (23). In this collection, the M.Hpy99XIX MTase was predicted to be 
functional in ~94% of the isolates and found exclusively at a single locus, between 
the genes hopJ (jhp0429), coding for an outer membrane protein, and hepT (jhp0431), 
encoding a DD-heptosyltransferase (Fig. 1B). Subsequent analysis showed that the MTase 
gene was fragmented in 43 of the 1,012 strains (4.3%) due to nonsense mutations, which 
likely render it inactive. In a smaller subset of only 10 strains (1%), the MTase gene was 
completely absent with no apparent remnants or excision site. While the strains affected 
by nonsense mutations were not obviously genetically related, the strains lacking the 
M.Hpy99XIX gene all belonged to a single H. pylori subpopulation, hspIndigenousAmer­
ica.

The ATTAAT motif is the only MTase target sequence enriched in promoter 
regions in H. pylori

The M.Hpy99XIX MTase targets the palindromic motif ATTAAT and catalyzes the N6-
methyladenosine modification at the fifth position (9). In H. pylori and other bacterial 
species, methylation of single motifs located within promoter regions has been associ­
ated with regulation of the downstream transcriptional unit (12, 24). Compared to some 
other motifs modified by type II enzymes, the ATTAAT motif is relatively infrequent in the 
H. pylori genome with an average of 553 motifs per megabase (8) and thus is not likely to 
be randomly observed near promoter regions. Consequently, we determined how often 
this motif appears in promoter regions and thus could potentially directly act on 
downstream gene expression.

We calculated ratios (as fold change [FC]) between the relative motif frequencies 
within promoters and the corresponding motif frequencies in the complete genome, for 
the ATTAAT motif and selected other known type II motifs (Fig. 1C). Consequently, this 
analysis describes whether a given motif is either overrepresented (log2FC > 0) or 
underrepresented (log2FC < 0) within promoter regions. Almost all type II motifs were 
significantly underrepresented in promoter regions, whereas the ATTAAT motif was 
significantly enriched with a positive log2FC of 0.98, signifying that it was observed 
almost twice as frequently in promoter regions compared to the rest of the genome. On 
average, the ATTAAT motif was observed in 37 ± 5 promoter regions per strain, represent­
ing approximately 5% of the promoter regions in H. pylori (Table S1).

Regulatory motifs are often located in fixed positions relative to the transcription start 
sites. Based on all promoters carrying ATTAAT motifs, we determined the probability 
distribution function of the motif position and of the Pribnow box (TATAAT) typically 
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located at −10 as a reference (25). In contrast to TATAAT, no specific positions were 
favored by the ATTAAT motif within the promoter region (Fig. 1D).

ATTAAT methylation by M.Hpy99XIX has a large effect on the H. pylori 
transcriptome

In order to determine whether M.Hpy99XIX and the methylation of its target motif 
ATTAAT have a role in gene expression, we compared the transcriptomes of wild-type 
(WT) H. pylori strain J99 (26), an isogenic M.Hpy99XIX knockout (KO) mutant, and a 
functionally complemented strain using RNA-Seq analysis (Table S2). Differential gene 
expression analysis revealed that 85 genes were downregulated in the ATTAAT methyla­
tion-deficient strain compared to the wild type (log2 fold change < 1 and false discovery 

FIG 1 Genetic characterization of the H. pylori M.Hpy99XIX methyltransferase and its target motif ATTAAT. (A) Frequencies of 26 type II H. pylori methyltransferase 

(x-axis) and cognate endonuclease (y-axis) genes in a collection of 398 geographically diverse H. pylori genomes. Frequencies were normalized across four 

geographical populations of H. pylori (hpAfrica1, hpAfrica2, hpEurope, and hpAsia2). (B) Genetic context and frequency of the complete, inactivated, and empty 

locus in a distinct collection of 1,012 H. pylori genomes. The complete locus is by far the most frequent and is always flanked by the hopJ (jhp0429) and hepT 

(jhp0431) genes. (C) Enrichment analysis of type II motifs performed by calculating the ratio of motif frequencies in promoter regions and in the whole H. pylori 

genome. Log2 fold changes (FCs) >1 and <1 indicate motifs more and less frequent in promoters compared to the rest of the genome, respectively. Error bars 

indicate the standard deviations across all H. pylori genomes analyzed. The first 20 motifs with the highest absolute log2 fold changes are shown. (D) Positional 

bias analysis of the ATTAAT target motif (blue) and the TATA box (orange) within promoter regions. The ATTAAT motif does not appear at any preferred position.
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rate [FDR] adjusted P value < 0.01), whereas 28 genes were upregulated (log2 fold 
change > 1 and FDR adjusted P value < 0.01) (Fig. 2A), altogether representing ~8% of 
the total genes in the H. pylori J99 genome. The functional complementation (Fig. S1) 
restored the expression of 81.2% of downregulated and of 96.6% of upregulated genes 
to their wild-type expression levels. Ten and five new genes were down- and upregulated 
in the complemented strain compared to the wild type, respectively, possibly owing to 
the increased expression of the MTase in the complemented strain, which is a conse­
quence of the insertion of the intact MTase gene in the highly transcribed urease gene 
cluster (Fig. S2).

Next, we asked whether the differential gene expression resulting from the absence 
of ATTAm6AT methylation could be correlated with the position and local frequency of 
ATTAAT motifs across the genome. We calculated a motif enrichment score for ATTAAT 
in coding sequences (CDSs) (see Materials and Methods). An average of 0.3 ± 0.6 motifs 
was observed per CDS, and 77 CDSs showed significant enrichment. Nevertheless, no 
correlation was found between enrichment score and gene expression (Fig. S3; Table S1). 
Next, we turned to motifs residing in promoter regions. ATTAAT motifs could be detected 
in the promoter regions of 8% and 3% of up- and downregulated genes, respectively 
(Table S1). While no significant association was found (P = 0.068), downregulated genes 
that were linked to an ATTAAT motif in a promoter region leaned toward lower fold
changes than other downregulated genes (Fig. 2B). No similar trend was observed for 
upregulated genes (P = 0.908). Furthermore, ATTAAT motifs located in promoter regions 
of differentially expressed genes were not located at a specific position relative to the 
transcriptional start site (TSS), yet five out of these eight motifs were found in the range 
of 67 to 80 bp upstream of the TSS (Fig. S4). Altogether, the data suggest that the 
majority of genes in our transcriptomic data set are not directly controlled by ATTAm6AT 
methylation.

ATTAm6AT-based regulation affects core transcriptional regulators

The regulatory pathways of H. pylori have been extensively characterized, and core 
transcriptional regulators have been described (27). Therefore, we asked whether 

FIG 2 Effects of M.Hpy99XIX on the transcriptome of H. pylori strain J99. (A) Volcano plot of H. pylori J99 wild type compared to H. pylori J99 M.Hpy99XIX 

knockout strain. Negative and positive log2 fold changes indicate a gene downregulated (left) or upregulated (right) in the knockout strain compared to the wild 

type, respectively (see also Table S2). Genes with an adjusted P value of <0.01 and an absolute log2 fold change of >1 are shown in red. (B) The log2 fold changes 

of downregulated (left) and upregulated (right) genes were compared (Student’s t-test) according to the presence (orange) or absence (blue) of an ATTAAT motif 

within 100 bp of their transcription start sites (promoter regions).
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significant overlaps existed between known H. pylori regulons and genes regula­
ted through ATTAm6AT methylation. Interestingly, we were able to find a significant 
association between genes regulated by ATTAAT methylation and four (ArsRS, HspR, acid, 
and iron responses [28–30]) out of the eight previously reported regulon data sets that 
we analyzed for correlations with our data set. There was no significant correlation with 
data sets for the transcriptional regulators HrcA, NikR, HP1021, and CrdRS (30–33) (Table 
S1).

Transcriptomic regulation connected to ATTAm6AT methylation for many genes 
mirrored the changes associated with the ArsRS two-component system in H. pylori strain 
26695 (Fig. S5A) (28) and showed inverse regulation to the ones that have been linked 
to the HspR regulator in H. pylori strain G27 (Fig. S5B) (30). Sixty-six percent (21 out of 
32) of the genes downregulated in the ArsRS KO were also significantly downregulated 
in the M.Hpy99XIX KO strain (FDR adjusted P value <0.01 and log2FC < 0), while 39% 
(27 out of 70) of the genes upregulated in the ArsRS KO were significantly upregulated 
in the M.Hpy99XIX KO strain (FDR adjusted P value < 0.01 and log2FC > 0). By contrast, 
80% (8 out of 10) of the genes downregulated in the HspR KO were upregulated in 
the M.Hpy99XIX KO strain, while 80% (8 out of 10) of the genes upregulated in the 
HspR KO were downregulated in the M.Hpy99XIX KO strain. When considering genes 
with at least a 50% difference in expression (equivalent to an absolute log2FC = 0.58 in 
the M.Hpy99XIX KO strain), a moderate correlation could be observed between the fold
changes of differentially expressed genes in the M.Hpy99XIX KO strain with the ArsRS 
regulon (ρ = 0.59, P < 0.001) but not with the HspR regulon (ρ = 0.48, P = 0.1) (Fig. 
S6). For instance, the ferric uptake regulator (Fur, jhp0397) was downregulated both in 
the absence of ATTAm6AT methylation and by ArsRS (28). In contrast, the chaperone and 
stress-response proteins, GroES (jhp0009) and DnaK (jhp0101), were upregulated in the 
M.Hpy99XIX KO strain, whereas they were downregulated by HspR (Fig. S5B).

Furthermore, ATTAm6AT-based regulation also matched transcriptional changes 
associated with regulatory responses to low pH, which are largely dependent on ArsRS 
(Fig. 3A) (28) and extracellular iron content (Fig. 3B) (29). Specifically, 59% (10 out of 
17) and 55% (17 out of 31) of genes induced and repressed at low pH were up- 
and downregulated in the M.Hpy99XIX KO strain, respectively, while 66% (50 out of 
76) and 59% (29 out of 49) of genes induced and repressed in response to a high 
iron concentration were up- and downregulated in the M.Hpy99XIX KO strain, respec­
tively. Moreover, strong correlations were observed between the fold changes in the 
M.Hpy99XIX KO strain with the acid-responsive regulon (ρ = 0.85, P < 0.001) and 
the iron-responsive regulon (ρ = 0.70, P < 0.001) (Fig. S6). To determine whether the 
association between M.Hpy99XIX and iron-based transcriptomic response is connected 
to Fur, we also compared ATTAm6AT-based regulation with the Fur-dependent transcrip­
tome (29) and observed that 71% (22 out of 31) of Fur-dependent iron-induced genes 
were up-regulated in the M.Hpy99XIX KO strain, while 63% (39 out of 62) of Fur-depend­
ent iron-repressed genes were downregulated in the M.Hpy99XIX KO strain (Fig. 3B; Fig. 
S5C).

We note that strains, as well as exact conditions (e.g., with respect to iron), in the 
previous studies vary and differ from the ones used in this study. Regulons were 
previously studied by comparing the respective mutants with the wild-type bacteria. For 
the acid-responsive regulon, the medium conditions were compared between neutral 
pH (pH = 7) and low pH (pH = 5.3). For the iron-responsive regulon, a high iron [1 mM 
(NH4)2Fe(SO4)2] condition was compared to an iron depletion (150 µM 2,2'-dipyridyl) 
condition (see Table S3 for further details).

These results highlight the interconnectedness of regulatory networks in H. pylori and 
suggest that the ATTAAT transcriptional response may play a role in fine-tuning specific 
regulatory pathways within H. pylori.
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Transcriptional induction of iron transporter genes by ATTAAT methylation in 
promoters

To further understand the connection between the ATTAAT methylation-dependent 
transcriptional response and the major regulatory pathways, we looked for ATTAAT 
motifs within the promoter regions of genes that displayed a similar transcriptional 
behavior in the M.Hpy99XIX KO strain and in the acid- and iron-responsive regulons. 
ATTAAT motifs were observed in the promoter regions (within −100 bp of the TSS) in 
four (jhp0021, jhp1005/hemH, jhp1392, and jhp1416) and eight (jhp0152, jhp0334/kgtP, 
jhp0626/fecA1, jhp0810/frpB1, jhp1107, jhp1112, jhp1350, and jhp1472) genes differentially 
expressed in both the M.Hpy99XIX KO strain and the acid-responsive and iron-responsive 
regulons, respectively. In both cases, ATTAAT motifs were observed more frequently 
in down- than upregulated genes, indicating that ATTAm6AT methylation in promoter 
regions generally leads to an increase in gene expression. In particular, seven genes 
downregulated in response to iron and in the M.Hpy99XIX KO strain carried an ATTAAT 
motif within their promoter region, including the predicted iron transporter gene fecA1 
(jhp0626) (34) and the experimentally confirmed iron transporter gene frpB1 (jhp0810) 
(35, 36). This observation implies that the pleiotropic regulatory effects connected to the 
inactivation of the ATTAAT MTase might originate from a defect in iron transport and 
dysregulation of iron homeostasis.

Up to now, regulation of gene expression via methylation of promoter-bound target 
sequences has not been demonstrated for the ATTAAT motif. To this end, we generated 
an isogenic point mutant in which only the ATTAAT motif located in the promoter of 
the frpB1 gene (at −80 bp) was mutated in order to prevent methylation at this specific 
location. Specifically, the methylatable adenine, in the fifth position of the motif (9), was 
changed to a thymine using targeted mutagenesis (Fig. 4A). Similar to the M.Hpy99XIX 
KO strain, the frpB1 point mutant strain showed a significant decrease (>50%) in 
expression of the frpB1 gene compared to the wild type (Fig. 4B). This indicates that 
the expression of the frpB1 gene is specifically and directly increased by the methylation 
of the ATTAAT motif within its promoter.

Next, we repeated the experiment with the second transporter gene, fecA1. Because 
fecA1 contains two ATTAAT motifs in its promoter region (located at −67 and −96 bp of 

FIG 3 Comparison between transcriptional effects after inactivation of M.Hpy99XIX and environment-responsive regulons. (A) Comparison of RNA-Seq 

expression data of M.Hpy99XIX KO against WT with the acid-responsive regulon (28) split into induced and repressed genes. Student’s t-test: ****P < 0.00001. (B) 

Comparison of RNA-Seq expression data of M.Hpy99XIX KO against WT with the iron-responsive regulon (29) split into induced and repressed genes. Student’s 

t-test: ****P < 0.00001. Log2 fold changes of significantly differentially expressed genes (adjusted P value < 0.01) are represented by individual points and by a 

box plot. The presence of an ATTAAT motif within 100 bp of the TSS of each gene is indicated by a larger colored point.
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the fecA1 TSS), we created two isogenic point mutants and determined that mutation in 
only one of the motifs (the one farther from the TSS) led to a lower expression of the 
fecA1 gene (~50%) (Fig. S7). By contrast, the mutant of the motif closer to the TSS showed 
a twofold increase in fecA1 expression compared to the wild type. A double mutant of 
both ATTAAT motifs showed a fourfold increase in fecA1 transcript, suggesting that gene 
regulation can be adjustable, depending on the number and position of methylated 
motifs within promoter regions.

Critical regulatory elements are generally conserved across bacterial strains (37, 38). 
We looked at the sequence diversity of the two ATTAAT motifs involved in the control of 
expression of the frpB1 and fecA1 genes and found these motifs to be highly conserved 
at 95% and 82% in our H. pylori genome collection, respectively. The motif leading to 
reduced expression of fecA1 was also highly conserved at 97%. Compared to the average 
8% conservation of ATTAAT motifs in the same H. pylori genome collection, this indicates 
that these promoter-bound motifs could be maintained by selection due to their role in 
regulating gene expression.

M.Hpy99XIX regulates metal homeostasis and oxidative stress

Because FrpB1 is involved in iron acquisition, a decreased expression could have a 
downstream effect on iron metabolism as well as on associated pathways and regulatory 

FIG 4 Characterization of the effect of ATTAAT methylation within the promoter region of frpB1. (A) 

Genetic context of the frpB1 gene, coding for a heme-binding iron-dependent transporter. Upstream of 

the transcription start site is (i) a FUR box targeted by the transcription factor Fur and (ii) an ATTAAT motif. 

A point mutant strain was created in which the methylatable A within the motif was changed to a T via 

targeted mutagenesis in order to prevent methylation at this position. (B) Comparison of frpB1 expression 

in the M.Hpy99XIX knockout and the point mutant to the wild-type strain by quantitative PCR. Student’s 

t-test: **P < 0.01. Error bars indicate the standard deviations of two to five replicates.
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networks. Furthermore, since the frpB1 gene only has a single ATTAAT motif in its 
promoter region, it represents a simplified model to understand the effects of ATTAm6AT 
methylation. To determine the extent of this theoretical effect, we tested the tolerance of 
the ATTAm6AT-deficient strains to different conditions.

First, we compared the effects of supplementation with iron [1 mM (NH4)2Fe(SO4)2] 
to those of iron depletion (75 µM 2,2′-dipyridyl [dpp]). Compared to the H. pylori J99 
wild-type strain, the isogenic M.Hpy99XIX KO strain and the frpB1 point mutant showed a 
significant growth defect in both conditions (Fig. 5). Specifically, the KO and point mutant 
strains had a delay in growth, leading them to grow 70% and 25% slower than the 
wild type in iron-supplemented media. Under standard culture conditions, no significant 
differences in growth could be observed between the wild type, M.Hpy99XIX KO, and 
frpB1 point mutant strains (Fig. S8).

Through interconnected regulatory networks, iron metabolism has been shown to 
be influenced by other metal ions. Consequently, we repeated the growth assay in the 
presence of high concentrations of copper, nickel, and manganese. Interestingly, all 
metal ions affected bacterial growth in both M.Hpy99XIX KO and frpB1 point mutant 
strains. Nickel had the strongest effect, causing a 75% and 40% slower growth in the 
KO and point mutant, respectively. In addition, the allosteric regulation of Fur has been 
shown to be triggered by reactive oxygen species. Following exposure to paraquat, 
we observed that both the M.Hpy99XIX KO and frpB1 point mutant strains exhibited a 
significant growth defect, suggesting they are more susceptible to oxidative stress.

In order to test whether the impact of ATTAAT methylation on iron homeostasis 
was limited to the specific strain tested (J99), we inactivated the orthologous gene 
M.Hpy99XIX in H. pylori strain N6 and tested the N6 wild-type strain and the ATTAAT 
methylation-deficient mutant for phenotypical effects under the same conditions of iron 
depletion and iron excess. These experiments with strain N6 yielded comparable results 

FIG 5 Impact of ATTAAT methylation on growth under environmental conditions related to iron metabolism. Growth of 

WT and mutants under iron, iron chelation (dpp), copper, nickel, manganese, and oxidative stress (paraquat) conditions was 

normalized to growth without treatment and compared after 20 h. Student’s t-test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001. Error bars indicate the standard deviations of three to five replicates.
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to those obtained with strain J99, which confirmed the conservation of this phenotypic 
effect between strains (Fig. S9).

Altogether, in the two mutant strains (M.Hpy99XIX KO and frpB1 point mutant), 
iron homeostasis thus appeared to be dysregulated in the presence of a high or low 
extracellular iron content that is most likely leading to toxicity and reduced metabolic 
activity, respectively.

Indirect transcriptional effects mediated by direct ATTAm6AT-based regulation 
of gene expression

The data shown in the previous sections demonstrate that the disruption of iron 
homeostasis observed in the ATTAAT methylation-deficient strains is rooted in changes 
in the Fur regulatory network. In the M.Hpy99XIX KO strain, we determined that a 
significant proportion of the transcriptomic effect was similar to the changes observed 
in response to extracellular iron content. We selected six genes that were differentially 
regulated in the M.Hpy99XIX KO strain and known from previous studies to be involved 
in iron metabolism (29) and analyzed their expression in the frpB1 point mutant strain. 
All six genes carry a Fur box in their promoter (29, 39). Among the selected genes, 
two were upregulated in the M.Hpy99XIX KO strain, coding for Pfr, a ferritin protein 
involved in iron storage (40), and HydA, a subunit of a [Ni-Fe] hydrogenase (41). In the 
frpB1 point mutant, hydA had a similar trend but was not significantly upregulated,
whereas pfr showed a completely opposite expression pattern (Fig. 6). The remaining 
four genes were downregulated in the M.Hpy99XIX KO strain and code for FecA1, an 
iron transporter (35); RibBA and PdxJ, enzymes involved in riboflavin (42) and vitamin 
B6 biosynthesis (43), respectively; and Fur (for ferric uptake regulator), a transcription 
factor mainly involved in the control of iron metabolism. In the frpB1 point mutant, 
the genes all displayed a similar expression pattern as well, which indicates that the 
downregulation of frpB1, resulting from the lack of ATTAAT methylation in its promoter 

FIG 6 Indirect effects of ATTAAT methylation on the expression of genes related to iron metabolism. Six genes were selected 

based on their expression patterns in the RNA-Seq data set and their functional role in iron homeostasis. Gene expression was 

quantitated by qPCR in the J99 wild-type strain, the M.Hpy99XIX knockout, and the frpB1 point mutant strain. Student’s t-test 

for significant differences between wild-type strain and mutants: *P < 0.05, **P < 0.01, ****P < 0.0001. Error bars indicate the 

standard deviations of two to six replicates.
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region, leads to the downregulation of other genes interconnected to iron metabolism 
(Fig. 6).

In H. pylori, ferritin (Pfr) is also responsive to nickel, zinc, manganese, and copper 
levels (40). The discrepancy between the M.Hpy99XIX KO and the frpB1 point mutant 
strains might thus be explained by general metabolic differences between strains, 
resulting themselves from transcriptional effects associated with different methylation 
profiles at other ATTAAT sites. Altogether, these results suggest that the group of 
differentially expressed genes observed in the M.Hpy99XIX KO strain is associated with 
(i) direct regulation of gene expression via promoter-bound ATTAAT methylation for a 
minority of genes and (ii) indirect transcriptional effects mediated by core regulators 
and alterations of the iron metabolism resulting from the function of directly regulated 
genes.

M.Hpy99XIX is restricted to the Ubiquitous H. pylori ecospecies

We showed that the M.Hpy99XIX MTase is highly conserved in H. pylori and is intercon­
nected with the regulatory pathways governing iron homeostasis, suggesting it could 
be important for the adaptation of H. pylori to the stomach environment, in particular 
for survival under iron starvation and protection against iron toxicity. The strains in 
which M.Hpy99XIX is completely absent all belong to a recently described ancient 
group of H. pylori, the “Hardy” ecospecies, distinct from all other H. pylori strains (also 
termed “Ubiquitous” ecospecies) (44). An additional analysis of the 48 H. pylori genomes 
attributed to the Hardy ecospecies confirmed the complete absence of M.Hpy99XIX 
from this group. Interestingly, the emergence of this ecospecies is thought to be related 
to differences in human diets (i.e., carnivorous for Hardy ecospecies vs. omnivorous 
for Ubiquitous). Genetically, the Hardy ecospecies is characterized by 100 consistently 
differentiated genes from Ubiquitous H. pylori. Notably, differentiated genes include 
genes related to iron and metal homeostasis. In particular, an iron-dependent additional 
urease is found exclusively in Hardy H. pylori, and several unique mutations are observed 
in iron uptake genes and the Fur transcriptional regulator (44).

Among both gastric and non-gastric Helicobacter spp., orthologs of the M.Hpy99XIX 
MTase are only found in Helicobacter cetorum and Helicobacter macacae. In bacterial 
(non-Helicobacter) species, orthologs of M.Hpy99XIX are relatively rare and currently 
found in 15 Gram-negative and 6 Gram-positive species (according to the RM systems 
database REBASE, version 410) (22). Phylogenetically, the M.Hpy99XIX orthologs fall in 
two distinct clusters (Fig. 7A). The first cluster consists of genes from Gram-negative 
bacteria, including H. pylori and H. cetorum, whereas the second cluster contains both 
genes from Gram-positive and Gram-negative bacteria, including H. macacae. Interest­
ingly, a cognate endonuclease is observed in all organisms from the first cluster with the 
exception of the two Helicobacter spp. (Fig. 7B). Consequently, the loss of the cognate 
endonuclease in the Hpy99XIX RM system likely happened before the acquisition of 
M.Hpy99XIX by the common ancestor of H. pylori and H. cetorum. In the second cluster, a 
cognate endonuclease is only observed in two species, including H. macacae. Altogether, 
the presence of an unrelated M.Hpy99XIX ortholog and a cognate endonuclease in H. 
macacae indicates that this RM system was likely acquired by H. macacae in a separate 
evolutionary event, unrelated to the acquisition of M.Hpy99XIX by H. pylori/H. cetorum. 
Furthermore, the complete absence of remnants of M.Hpy99XIX in the Hardy isolates 
suggests that this acquisition event in the H. pylori/H. cetorum lineage likely took place 
after the divergence of the Hardy ecospecies from the Ubiquitous H. pylori isolates.

We have previously identified lineage-specific variations of target motif frequency, 
suggesting the influence of selective pressure. In this case, we asked whether the 
acquisition of M.Hpy99XIX in the Ubiquitous branch of H. pylori could have influenced 
the gain and loss of ATTAAT motifs in the genomes, possibly due to their influence 
on transcription. Genomes of Hardy strains contained on average 25% (~70 motifs/Mb) 
fewer ATTAAT motifs than genomes of Ubiquitous strains (Fig. 7C). Based on an analysis 
of compositional bias, the ATTAAT motif is significantly more underrepresented in Hardy 
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than in Ubiquitous genomes, suggesting that the presence of the M.Hpy99XIX MTase is 
associated with an increased density of its target motif (Fig. 7D).

Next, we examined genes related to iron homeostasis whose expression was affected, 
directly or indirectly, by the M.Hpy99XIX MTase. While the frpB1 gene was found in all 
Hardy genomes, the ATTAAT motif located within its promoter was present only in 8% 
of the strains (4 out of 48). Instead, the sequences ATCAGC and ATTAGC were observed 
in 90% (43 out of 48) and 2% (1 out of 48) of the genomes. Strikingly, the fecA1 gene 
was missing in 85% of the Hardy genomes (41 out of 48) without any ORF remnants or 
traces of mobile genetic elements. In the remaining 15% of the Hardy genomes (7 out 
of 48), an intact fecA1 could be observed, including the promoter regions containing a 
single or both ATTAAT motifs in five out of seven and two out of seven cases, respectively. 
Other iron homeostasis genes considered in this study (fur, ribBA, pdxJ, hydA, and pfr) 
were present in all Hardy genomes. These results indicate that the absence of the ATTAAT 
MTase is a conserved feature of Hardy strains, consistent with its role in iron homeostasis.

FIG 7 M.Hpy99XIX orthologs in bacteria and distribution of the ATTAAT motifs in Ubiquitous versus Hardy ecospecies. (A) Phylogenetic tree of M.Hpy99XIX 

orthologs. (B) Phylogenetic tree of endonucleases associated with M.Hpy99XIX orthologs. Genes from H. pylori/H. cetorum and H. macacae are highlighted in red 

and blue, respectively. The scale bar indicates the number of amino acid substitutions per site. (C) Frequency of the ATTAAT motif in the Hardy and Ubiquitous 

ecospecies. The number of ATTAAT motifs was counted in each strain and normalized by genome size to obtain the number of motifs per million base pairs. 

Student’s t-test: ***P < 0.001 . (D) Compositional bias of the ATTAAT motif in the Hardy and Ubiquitous ecospecies. The compositional bias represents the 

ratio of observed to expected number of motifs in the genome. The expected number was calculated using three methods: a maximum-order Markov chain 

model-based method (MM), the Pevzner and co-author method (PBM), and the Burge and co-author method (BCK).
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DISCUSSION

The role of bacterial orphan MTases has long remained enigmatic since, due to the lack 
of a cognate restriction endonuclease, they cannot serve in the defense against invading 
DNA. Until now, they have been typically associated with transcriptional regulation of 
genes involved in important cellular processes (12, 13, 45). Deletion of specific type II 
MTases in H. pylori can lead to transcriptional changes affecting large groups of genes 
(12, 13). DNA methylation has also been linked to a multitude of phenotypes, although 
the functional connections between (loss of ) methylation and specific phenotypes have 
not been elucidated in most cases. For the GCGC-specific MTase M.Hpy99III, effects on 
specific genes have been linked to methylation of GCGC motifs within their promoter 
regions. However, GCGC motifs in promoter regions were found only in a small subset 
of genes differentially regulated by inactivation of GCGC methylation, suggesting an 
important role of indirect regulation to the overall transcriptional response following 
disruption of GCGC methylation (12, 24).

In this study, we characterized the transcriptional response and phenotypes 
associated with the ATTAAT-specific M.Hpy99XIX MTase (9) and demonstrated how 
it is intertwined with the iron homeostasis regulatory pathway. We determined that 
M.Hpy99XIX is the only H. pylori MTase that is never associated with a cognate endonu­
clease and therefore the only strictly orphan MTase in the species. Other MTases have 
also been shown to be variably orphan in H. pylori. In particular, in the RM.Hpy99III RM 
system, targeting GCGC, the endonuclease is often truncated in H. pylori geographical 
populations other than hpAfrica2 (12).

In H. pylori, the M.Hpy99XIX gene is present and predicted to be active in 99% 
of the strains. The rarity of predicted loss-of-function mutations suggests that this 
MTase likely serves an important function for H. pylori. Furthermore, strains with an 
inactivated M.Hpy99XIX gene might have either evolved compensatory mutations or 
could represent evolutionary dead ends unable to compete with strains carrying an 
active M.Hpy99XIX. Strains in which the M.Hpy99XIX gene is completely missing are 
restricted to the recently defined Hardy ecospecies of H. pylori (44), which is distinct 
from the Ubiquitous ecospecies, the latter representing the diverse H. pylori strains that 
have been studied up to now. The absence of related M.Hpy99XIX orthologs in other 
Helicobacter spp., other than H. cetorum, and the lack of any ORF remnants or insertion 
sites in Hardy genomes suggest that M.Hpy99XIX was never present in this group. The 
common ancestor of the Hardy and Ubiquitous ecospecies is thought to be extremely 
ancient and to have diverged before the split between the two ancestral super-lineages 
(the first leading to hpAfrica2 and the second to hpAfrica1 and all other populations) of 
H. pylori that happened at least 100 kya ago (46). Therefore, it seems most likely that 
M.Hpy99XIX was acquired, possibly via horizontal gene transfer, by H. pylori Ubiquitous 
after the subdivision between Hardy and Ubiquitous ecospecies but prior to the split 
into the two H. pylori super-lineages (47). The absence of remnants of a potential 
cognate endonuclease and the existence of orphan ATTAAT MTases in other bacterial 
species indicate that M.Hpy99XIX may have been acquired directly as an orphan MTase. 
Interestingly, the Hardy ecospecies is characterized by an array of fixed mutations (44) in 
the Fur and ArsRS transcription factors and iron acquisition genes (frpB4, tonB1, exbB, and 
exbD) and a specific iron-dependent urease enzyme in addition to the nickel-dependent 
urease already present in all H. pylori strains and strictly required for pathogenesis. In 
particular, these genetic traits are thought to represent an evolutionary strategy adapted 
to a carnivorous diet. On the opposite, we showed that (i) the promoter-bound ATTAAT 
motif modulating the expression of frpB1 and (ii) the entire fecA1 gene (including its 
promoter with two ATTAAT motifs) are highly conserved and specific to Ubiquitous 
strains, compared to Hardy strains. Collectively, the acquisition of M.Hpy99XIX and the 
evolution of ATTAm6AT methylation-dependent iron-uptake genes in Ubiquitous strains 
are likely the result of synergistic evolution in response to the iron status encountered by 
H. pylori and contributed to the delineation of distinct ecospecies.
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Inactivation of the M.Hpy99XIX gene led to the differential regulation of many genes. 
More genes were downregulated than upregulated in the absence of ATTAAT methyla­
tion, suggesting that methylation has the tendency to increase gene expression, which 
is in line with previous observations with the M.Hpy99III MTase, for instance (12). In a 
different strain, H. pylori P12, deletion of the homologous ATTAAT MTase gene (termed 
M.HpyPVII in this particular strain) also led to the differential regulation of 102 genes (13). 
Around 16% of the differentially expressed genes matched between H. pylori J99 and 
P12, which is similar to the extent of strain-specific variation observed with the GCGC-
specific MTase M.Hpy99III in H. pylori strains J99 and BCM300 (12). Furthermore, RNA-Seq 
experiments were performed at different optical densities (optical density at 600 nm 
[OD600] = 0.8 for J99 and 0.4 for P12) and analyzed using different methods (DESeq2 for 
J99 and TCC for P12), likely introducing some additional bias into the comparison of both 
strains.

To understand the basis of the transcriptional effect observed in the M.Hpy99XIX KO 
strain, we compared all the significantly regulated genes to known H. pylori regulons (12, 
28–33). Interestingly, there was a substantial overlap between ATTAAT methylation-regu­
lated genes and iron-regulated genes. In H. pylori and other bacteria, iron homeostasis 
is maintained by Fur (ferric uptake regulator) and a network of differentially regulated 
genes according to extracellular iron availability (29, 40, 43). In particular, the allosteric 
behavior of Fur produces a conformational switch when bound to a Fe2+ co-factor,
which modulates its binding to regulatory elements (27, 48, 49). Within our data set, 
we identified two genes, fecA1 and frpB1, that are both involved in iron acquisition 
(35, 50, 51), and both carry an ATTAAT motif as well as a FUR box in their promoter 
regions (39). By specifically mutating these ATTAAT motifs, we could demonstrate that 
ATTAAT methylation exerts a direct transcriptional effect on these two genes. The precise 
mechanism behind direct methylation-based transcriptional regulation remains to be 
characterized. In H. pylori, a similar phenomenon was also demonstrated by targeted 
mutagenesis of a GCGC motif located in the promoter region of the toxin-antitoxin 
jhp0832 gene and was later validated using a reporter assay for three additional 
promoters (12, 24). However, GCGC motifs within promoters tend to be located at 
the −13 position (relative to the transcription start site) (24), whereas ATTAAT did not 
appear to have any bias toward a specific position, suggesting that there might not be a 
common mechanism underlying methylation-based transcriptional regulation between 
the two MTases and that only a subset of ATTAAT motifs within promoters may have a 
role in gene expression, depending on uncharacterized factors. Interestingly, bacterial 
promoters are typically AT rich (52), and the ATTAAT motif is the only known 100% 
AT type II motif in H. pylori, as well as the most overrepresented in promoter regions, 
suggesting that the AT content of motifs likely influences their frequencies in this 
context.

The promoter region of the fur gene itself contains a FUR box (39) but not an ATTAAT 
motif and thus is unlikely to be directly regulated by M.Hpy99XIX. Nevertheless, we could 
show that the tolerance of the M.Hpy99XIX KO mutant to both high and low extracellular 
iron conditions was significantly decreased compared to the corresponding wild type 
in two H. pylori strains, J99 as well as N6, indicating that M.Hpy99XIX can indirectly 
contribute to the maintenance of iron homeostasis in H. pylori. The disruption of the Fur 
regulatory network was further confirmed by the decreased tolerance of the M.Hpy99XIX 
mutants to other metal ions, such as nickel or copper, and to oxidative stress. Although 
fur cannot be directly regulated by M.Hpy99XIX, it was nonetheless downregulated in 
the absence of ATTAm6AT methylation, again indicating an indirect connection between 
the two systems. We surmise that, because of the allosteric nature of Fur activation 
(49), modulation of iron content is likely to have a larger effect on the Fur regulon 
than a potential direct or indirect regulation of the expression of fur itself. Strikingly, 
targeted mutagenesis of the single ATTAAT motif (thus preventing methylation at this 
site) in the promoter region of the frpB1 gene yielded very similar phenotypes to the 
M.Hpy99XIX KO strain in all tested conditions. Furthermore, we could also demonstrate 
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similar expression patterns between the frpB1 point mutant and the M.Hpy99XIX KO 
strains for six genes associated with iron homeostasis, indicating that the Fur regulatory 
network is disrupted in both mutant strains.

Altogether, our data suggest that profound changes in the transcriptome in response 
to loss of a MTase can be mediated by very focused direct transcriptional regulation of a 
small group of genes. The effects of the M.Hpy99XIX MTase on H. pylori observed in this 
study can be summarized as a two-step model (Fig. 8). The first step consists of direct 
gene regulation via methylation of ATTAAT motifs located within the promoter region 
of two genes involved in iron acquisition, frpB1 and fecA1. Changes in iron transport 
and thus intracellular iron content modulate the allosteric regulation of Fur (29, 40, 
43), the ferric uptake regulator, preceding the second step. Switches between the apo- 
and holo-Fur conformations lead to either induction or repression of genes within the 
Fur regulatory network, including frpB1 and fecA1, as well as genes related to iron 
biosynthesis and storage (29, 40, 43, 53). These indirect downstream effects can then 
generate a feedback loop and cause downstream metabolic effects such as a change in 
susceptibility to metal ions and tolerance to oxidative stress. Additional mechanisms 
related to gene regulation, such as non-coding regulatory RNAs or conformational 
alterations of chromosomal DNA regions (54, 55), may also be involved in the connection 
between methylation and regulatory networks and will be worthwhile to consider in 
future studies.

In conclusion, the role of M.Hpy99XIX in gene expression and in iron homeostasis 
represents compelling evidence of the importance of this orphan MTase outside the 
confines of a typical RM system in H. pylori and suggests that the methylome could 

FIG 8 Model of the direct and indirect transcriptional and phenotypic effects of the M.Hpy99XIX methyltransferase. The effects of ATTAAT methylation by 

M.Hpy99XIX can be described in two steps. The first step consists of direct gene regulation via methylation of an ATTAAT motif within the promoter region, 

demonstrated by qPCR and RNA-Seq for two genes involved in iron acquisition, frpB1 and fecA1. Changes in iron acquisition and intracellular iron content 

influence the allosteric regulation of fur, the ferric uptake regulator, preceding the second step. Switches between the apo- and holo-Fur conformations lead to 

both induction and repression of genes within the Fur regulatory network, including frpB1 and fecA1, as well as genes related to iron biosynthesis and storage, as 

shown by qPCR. These indirect downstream effects can then generate a feedback loop and cause downstream metabolic effects such as changes in susceptibility 

to metal ions and tolerance to oxidative stress, as demonstrated by phenotype growth assays in multiple environmental conditions.
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represent a universal and dynamic interface linking genome diversity and transcriptional 
regulation. Its general absence from the Hardy ecospecies is striking and will likely 
provide novel clues to inform future studies into the evolution and functional differen-
tiation of the two ecospecies. Furthermore, these findings underscore the potential for 
bacterial epigenetics to influence not only short-term adaptations of individual bacteria 
of one species to changes in their ecological niche but also broader ecological interac­
tions which may influence further species evolution.

MATERIALS AND METHODS

Analyses of type II RM system frequencies in H. pylori and other bacterial 
species

The genome collection used to determine the frequency of methyltransferases and 
endonucleases, normalized across four geographical populations of H. pylori (hpAfrica1, 
hpAfrica2, hpEurope, and hpAsia2), is based on our previous analysis of the methylome 
diversity in H. pylori (8). The genome collection used to characterize the absence and 
mechanisms of inactivation of the M.Hpy99XIX MTase was built out of 988 complete 
genomes from the HpGP project (23) as well as 24 additional complete genomes from 
several H. pylori evolutionary studies (56–58) and reference strains (5, 59–62). MTase and 
endonuclease sequences from H. pylori were retrieved from the REBASE database (22),
and their presence in the collection was assessed using BLASTn and BLASTp (63). To infer 
the location of transcription start sites and the sequence of promoter regions, previously 
published promoter regions of the 50 bp upstream sequence of the TSS obtained using 
the dRNA-Seq method (64) were mapped to the genome collection using bbmap (65) 
with the following settings: vslow, k = 8, maxindel = 200, minid = 0.5, secondary = f and 
ordered = t.

Sequences of orthologs of the M.Hpy99XIX MTase and endonucleases were obtained 
from the RM system database REBASE (22). Protein sequences were aligned using MAFFT 
(66), and phylogenetic trees were built using RAxML with the rapid hill-climbing mode, 
the GAMMA LG model, and 100 bootstrap replicates (67).

Analyses of target motif frequencies and distribution across the H. pylori 
genome

Frequency and position of MTase target motifs were analyzed using the Biostrings 
version 2.58.0 Bioconductor R package (68). Fold change of the target motifs in promoter 
regions was calculated as the log2 of the ratio of motif frequency within promoter over 
motif frequency in the genome. A positive fold change indicates overrepresentation of 
the motif in promoters, whereas a negative fold change indicates underrepresentation. 
The position of the ATTAAT and TATAAT motif across all promoter regions was summar­
ized by computing a probability density function using the R package mclust (69).

Enrichment of the ATTAAT motif in coding sequences was calculated using the 
distAMo software (70). z-scores of 2 and −2 were considered significant enrichment and 
depletion, respectively.

Compositional bias of the ATTAAT motif was calculated using the methods of Burge 
and co-authors (71), Pevzner and co-authors (72), and a maximum-order Markov chain 
model implemented in the CBcalc software (73).

Bacterial culture and growth curves

H. pylori strains J99 and N6 were cultured from frozen stocks on blood agar plates or 
in liquid cultures as described previously (12). Liquid cultures of bacteria were grown 
in brain heart infusion broth (BD Difco, Heidelberg, Germany) with yeast extract (2.5  g 
L−1), 10% heat-inactivated horse serum, and a mix of antibiotics (vancomycin [10  mg 
L−1], polymyxin B [3.2  mg L−1], amphotericin B [4  mg L−1], and trimethoprim [5  mg L−1]). 
Anaerocult C gas-producing bags (Merck, Darmstadt, Germany) were used to generate 
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microaerobic conditions in airtight jars (Oxoid, Wesel, Germany). Growth curves were 
generated for the different strains of 10 mL liquid culture starting at an OD600 of 0.06 
in 50 mL falcons, incubated with shaking (140 rpm, 37°C, microaerobic conditions) and 
measured after 8, 24, 32, 48, 56, 72, and 80 h of growth.

RNA extraction

For RNA extraction, 5 mL of bacterial culture grown in liquid media to an OD600 of 
0.8 was pelleted (4°C, 6,000 × g, 5 min), snap-frozen in liquid nitrogen, and stored 
at −80°C. Afterward, bacterial pellets were disrupted with a Precellys 24 Homogenizer
(Bertin Technologies, Montigny-le-Bretonneux, France) using Lysing Matrix B 2 mL tubes 
containing 0.1 mm silica beads (MP Biomedicals, Eschwege, Germany). Isolation of RNA 
was performed with the RNeasy Mini Kit (Qiagen, Hilden, Germany) with an on-column
DNase digestion with DNase I and a second DNase treatment using the TURBO DNA-free 
Kit (Invitrogen, Carlsbad, USA). Isolated RNA was checked for absence of DNA contamina­
tion by PCR of the 16S rRNA gene (12). The RNA concentration was measured using the 
NanoDrop 2000 spectrophotometer (Peqlab Biotechnologies, Erlangen, Germany). The 
quality of the RNA was tested with the 4200 TapeStation System using RNA Screen Tapes 
(Agilent, Waldbronn, Germany). All RINe numbers of prepared RNA were higher than 8.8, 
confirming high quality and little RNA degradation.

Transcriptomic analysis: RNA sequencing

RNA-Seq was performed on an Illumina sequencing platform (2 × 150 bp, >10 M 
read pairs) by Eurofins (Ebersberg, Germany). Probe-based ribosomal RNA depletion 
was performed for each sample prior to mRNA fragmentation, strand-specific cDNA 
synthesis, and library preparation. Three biological replicates were used for each 
condition. Data were analyzed with the R package DESeq2 (74). An absolute fold change 
larger than one and an FDR adjusted P value below 0.01 were used as a cutoff.

Construction of H. pylori mutant strains

Inactivation of the MTase in H. pylori strain J99 was carried out by the Multiplex Genome 
Editing (MuGent) technique as previously described (47, 75). Briefly, we use natural 
co-transformation with a chloramphenicol resistance cassette within the non-essential 
rdxA locus as a selective marker in addition to a non-selective PCR product carrying a 
construct of interest. To generate gene knockouts, 1 kb regions up- and downstream of 
the MTase were amplified by PCR, digested, and ligated into a digested pUC19 vector. 
A PCR product of the deletion construct was then used as a non-selective product in 
the co-transformation reaction. To perform targeted mutagenesis and generate point 
mutants, a 1 kb fragment of the target sequence was cloned into the pUC19 vector, and 
an inverse PCR was performed using primers carrying the desired mutation. The resulting 
PCR product was then digested with DpnI (NEB, Frankfurt am Main, Germany), PCR 
purified with the QIAquick PCR Purification Kit (Qiagen), and re-ligated using the Quick 
Ligation Kit (NEB) before transformation into E. coli MC1061 (12, 76). PCR products of
the target sequence were then used as a non-selective product in the co-transformation 
reaction (47, 75). Sanger sequencing was used to verify the acquisition of the desired 
mutations. Inactivation of the MTase in H. pylori strain N6 was carried out by insertion 
of an aphA-3 cassette conferring kanamycin resistance into the MTase gene. A vector for 
this was constructed with the NEB Gibson Assembly Master Mix (NEB) using a digested 
pUC19 vector and PCR products of the MTase gene and the kanamycin resistance gene. 
The resulting plasmid was recovered after transformation of the reaction into E. coli 
MC1061 and characterized by PCR and Sanger sequencing. One hundred nanograms of 
purified plasmid was then used for the transformation in H. pylori.

Lastly, we generated a functional complementation of the MTase gene in the J99 
MTase KO strain using the pADC/CAT suicide plasmid approach, as described previously 
(12, 77). The MTase gene was inserted into the urease locus under the control of the 
urease operon promoter.
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The H. pylori mutants were checked via PCR and selected on antibiotic-containing 
plates. The absence or recovery of ATTAAT methylation was checked by digestion of 
gDNA with AseI (NEB). The primers and plasmids used in this study are described in Table 
S4.

Transcriptomic analysis: quantitative PCR

One microgram of RNA was used for cDNA synthesis using the SuperScript III Reverse 
Transcriptase (Thermo Fischer Scientific, Darmstadt, Germany) as described previously 
(78). Quantitative PCR was performed with gene-specific primers (Table S4) and SYBR 
Green Master Mix (Qiagen). Reactions were run in a BioRad CFX96 system. Standard 
curves and samples were run in biological quadruplicate and technical duplicate. 
Samples were normalized to an internal 16S rRNA control for quantitative comparison. 
The quality standards used correspond to those in our previously published MIQE (12).

Growth assays

Susceptibility to iron [1 mM (NH4)2Fe(SO4)2], copper (0.35 mM CuSO4), zinc (0.5 mM 
ZnCl2), manganese (0.5 mM MnCl2), nickel (20 µM NiSO₄), oxidative stress (1 µM 
paraquat), and iron chelation [75 µM dpp (2,2′-dipyridyl)] was tested by adding the 
respective compounds to 100 µL liquid cultures grown in 96-well plates with a start­
ing OD600 of 0.1. The OD600 was measured for the following 18 h with a CLARIOstar 
microplate reader (BMG Labtech, Ortenberg, Germany) under constant 10% CO2. The 
average of the last 10 measurements obtained over a 20 min period was used as 
the end-point OD600 for each measurement. The end-point values obtained for each 
compound were normalized to the final OD600 of an untreated control.

Reproducibility

All data were analyzed using R version 4.2.3, Geneious 11.0.4, or GraphPad Prism version 
9.4.1.
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Figure S1. Transcriptomic effect of M.Hpy99XIX complementation in H.

pylori strain J99. Volcano plot of H. pylori J99 wild-type compared to H. pylori

J99 M.Hpy99XIX complementation strain. A negative and positive Log2 fold

change indicate a gene downregulated or upregulated in the complementation

strain compared to the wild-type, respectively. Genes with an adjusted p-value

< 0.01 and an absolute log2 fold change > 1 are shown in red.
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Figure S2. Expression of the M.Hpy99XIX methyltransferase in the

complementation mutant. qPCR analysis of the expression of M.Hpy99XIX in the

complementation mutant compared to the J99 WT. Student’s t-test: * p<0.05. Error

bars indicate the standard-deviation of 2-3 replicates.

60



Figure S3. Association of ATTAAT motifs located in coding sequences (CDS) with transcriptomic

changes in the M.Hpy99XIX KO strain. Enrichment score of the ATTAAT motif in CDS (calculated using

the DistAMo algorithm, see Methods) is plotted on the x-axis again the Log2FC of differentially expressed

genes (J99 WT versus M.Hpy99XIX KO) on the y-axis. A linear regression was performed separately for up-

regulated genes (Log2FC > 0, orange line) and downregulated genes (Log2FC < 0, blue line). Confidence

intervals are shown as a grey area for each regression. The coefficient of determinations (R-squared) are

indicated for each regression and, in both cases, suggest an absence of correlation between the enrichment

of the ATTAAT motifs in CDS and the transcriptomic changes observed in the M.Hpy99XIX KO strain.
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Figure S4. Characterization of the motif position in promoter regions of

differentially expressed genes. The position of the first ATTAAT motif in the

promoter region defined as 100 bp upstream of the TSS is displayed for the 8

differentially expressed genes according to their log2 fold change.
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Figure S5. Comparison between M.Hpy99XIX transcriptional effects and environment responsive regulons. A. Comparison of

RNA-Seq expression data of M.Hpy99XIX KO against WT with the ArsRS-responsive regulon (Loh et al. 2021) split into induced and

repressed genes. Student’s t-test: *** p<0.001, **** p<0.00001. B. Comparison of RNA-Seq expression data of M.Hpy99XIX KO against

WT with the HspR-responsive regulon (Roncarati et al. 2007) split into induced and repressed genes. Student’s t-test: *** p<0.001, ****

p<0.00001. C. Comparison of RNA-Seq expression data of M.Hpy99XIX KO against WT with the Fur-responsive regulon (Vannini et al.

2024) split into iron induced and repressed genes. Student’s t-test: *** p<0.001, **** p<0.00001. Log2 fold-changes of significantly

differentially expressed genes (adjusted p-value < 0.01) are represented by individual points and by a boxplot. The presence of an

ATTAAT motif within -100 bp of the TSS of each gene is indicated by a larger coloured point.
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A B
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Figure S6. Association between M.Hpy99XIX transcriptional effects and environment responsive regulons. Associations between genes

with >|50%| differential expression (|log2 fold-change| > log2(1.5) and p.adj < 0.01) observed in the M.Hpy99XIX KO strain and in different

regulons were calculated using the Pearson’s correlation coefficient (indicated by ρ and p-value indicated below). A linear regression with 95%

confidence interval is also shown. A. Acid-responsive regulon. B. Iron-responsive regulon. C. ArsRS regulon. D. HspR regulon.
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Figure S7. Characterization of the effect of ATTAAT methylation within the

promoter region of fecA1. Comparison of fecA1 expression in the M.Hpy99XIX

knockout, the point-mutants (PM) and double point-mutant (DPM) to the wild-type

strain by qPCR. Student’s t-test: * p<0.05. Error bars indicate the standard-

deviation of 2-3 replicates.
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Figure S8. Characterization of the effect of global (M.Hpy99XIX KO) and local (frpB1

point mutant) ATTAAT methylation on growth of H. pylori strain J99. Comparison of

growth in liquid culture between the M.Hpy99XIX knockout and the frpB1 point mutant

over a time course of 80 hours. Error bars indicate the standard deviation of 5 replicates.
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Figure S9. Impact of ATTAAT methylation on growth under environmental

conditions related to iron metabolism. Growth of WT and mutants under iron, iron

chelation (dpp) conditions was normalised to growth without treatment and compared after

20 hours. Student’s t-test: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Error bars

indicate the standard deviation of 5 replicates.
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4. Chapter 4 Discussion 

H. pylori exhibits a high genetic diversity, both across its phylogeographic population 

structure and within the gastric niche (Ailloud et al., 2021; Suerbaum & Josenhans, 2007). 

Although several methylomes and methyltransferases of H. pylori had been characterized 

prior to this thesis, a comprehensive overview of H. pylori’s epigenetic landscape was 

still lacking, making it difficult to model epigenetic diversity across phylogeographic 

populations. Furthermore, while some methyltransferases (MTases) in H. pylori were 

known to regulate gene expression, the extent and mechanisms of their broader tran-

scriptomic effects – particularly indirect or network-level regulation – remained unclear. 

Manuscript I examined MTase distribution, the variability of target motifs, and the evo-

lution of motif patterns in H. pylori. In manuscript II, we investigated the function of the 

strictly orphan MTase M.Hpy99XIX and its role in iron homeostasis.  

 

4.1 Methylome evolution and selective pressures 

4.1.1 Influence of phylogeography on the methylome 

Our analysis of the frequency of MTases and the abundance of their cognate motifs in a 

large collection of H. pylori genomes demonstrated a strong influence of the phylogeo-

graphic structure. This pattern is consistent with the highly diverse phylogeographic 

structure of H. pylori, which is a result of the long-term co-evolution with human popu-

lations (Falush et al., 2003; Moodley et al., 2012). Motifs with a low density demonstrated 

an increased degree of genomic instability, suggesting that they are subject to selective 

pressures that result in their removal. This could be explained by motif avoidance, 

wherein restriction sites are removed to prevent self-restriction while keeping the re-

striction endonuclease (REase) active (Loenen et al., 2014; Murray, 2000). The classical 

function of REases is in the protection against phages, which H. pylori has been shown 

to carry (Munoz et al., 2020). These prophages show a related phylogeography to H. py-

lori population structure (Vale & Lehours, 2018). This suggests that there may be a con-

nection between the prophage phylogeography, the MTase repertoire, and motif density.  

In type II RM systems, motif avoidance is more pronounced, likely due to their fixed 

TRDs and greater diversity (Callens et al., 2021). The type II MTases were found to be 

the most conserved among the different types of MTases. This may be linked to the sep-

aration of MTase and REase functions and their genetic structure. The loss of the MTase 

would lead to post-segregational killing due to the remaining REase activity (Kobayashi, 

2001; Naito et al., 1995).  
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4.1.2 Selective pressures on motifs and regulatory implications 

We observed both positive and negative correlations between the MTase presence and 

the cognate motif. Here, the host immune system may exert an influence on the selection 

pressure to deplete or enrich motifs by activating immune responses in macrophages and 

dendritic cells via the cGAS-STING pathway (Balzarolo et al., 2021). We observed in 

manuscript I that m5C motifs were more likely to mutate due to spontaneous deamination, 

resulting in non-random patterns of distribution of these motifs. This suggests that some 

motifs may be selectively maintained due to beneficial roles, whereas others may be 

avoided or lost due to negative effects. 

It has been demonstrated that over time, local environmental pressures and host interac-

tions shape the genome and epigenome (Munoz-Ramirez et al., 2021; Tourrette et al., 

2024). It is possible that by gaining or losing motifs, the effects of methylation are fine-

tuned to attain a fitness advantage. This is supported by the observation in manuscript II, 

where individual motifs were shown to contribute to larger downstream effects affecting 

metal sensitivity and oxidative stress tolerance. In another study, individual GCGC motifs 

were shown to significantly affect gene expression in H. pylori (Estibariz et al., 2019; 

Meng et al., 2021). Combined, GCGC methylation was shown to affect cell adherence 

and copper resistance (Estibariz et al., 2019). Phase-variable methylation may also influ-

ence immune evasion by regulating the expression of outer membrane proteins and, in 

turn, cell adhesion and host interaction (Srikhanta et al., 2011). 

More broadly, this thesis suggests that DNA methylation patterns in H. pylori evolve 

under selective pressures from both the environment and the host, driving the gain or loss 

of particular motifs in a lineage-specific manner over time. Exploring this epigenetic plas-

ticity across the full diversity of H. pylori, with an analysis of the HpGP dataset (Thorell 

et al., 2023), could uncover novel motifs and MTases with regulatory or ecological sig-

nificance. 

 

4.1.3 Methyltransferase evolution, ecology, and environmental integration 

While the functional assays in manuscript II showed that methylation altered gene ex-

pression and the bacterial phenotype, the population structure was reflected in the MTase 

composition and motif abundance in manuscript I. The ACGT motif showed the highest 

variation in motif density between populations but showed no correlation to the frequency 

of the MTase. Demographic bottlenecks and the rapid evolution of H. pylori following 

repeated human migration events may have led to this phenomenon by limiting H. pylori 
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diversity and driving population-specific changes in motifs (Thorpe et al., 2022). The 

recently described Hardy ecospecies, which has been suggested to predate all previously 

known H. pylori populations, exemplifies how environmental factors, such as human diet, 

can drive evolution (Tourrette et al., 2024). Hardy strains lack the cagPAI, and many 

genes involved in iron uptake and regulation are mutated in Hardy strains compared to 

Ubiquitous strains (Tourrette et al., 2024). We found that the M.Hpy99XIX MTase was 

consistently absent from all Hardy strains. This suggests a connection between the acqui-

sition of the M.Hpy99XIX MTase and the evolution of the Ubiquitous ecospecies in re-

gard to ecology, for instance, diet and iron homeostasis. The ecological role of MTases is 

further supported by the example of the type I MTase HsdM1, whose expression is regu-

lated by the acid-responsive ArsRS system (Zimmerman et al., 2024), highlighting how 

MTases can integrate environmental signals and influence niche adaptation.  

 

4.2 Orphan methyltransferases and regulation in H. pylori 

4.2.1 Orphan methyltransferases and the complexity of RM systems in H. pylori 

H. pylori is a diverse organism, and this diversity is also visible in its large and variable 

set of RM systems (Ailloud et al., 2021). Previous studies have focused on specific RM 

systems in H. pylori and described additional functions of the MTases aside from meth-

ylating DNA. M2.HpyAII was shown to influence multiple factors linked to H. pylori 

pathogenicity (Kumar et al., 2018), and M.Hpy99III regulated the transcription of various 

genes involved in metabolic pathways, competence, and cell adherence (Estibariz et al., 

2019). A recent study found that H. pylori MTases are organized in a regulatory network 

and can modulate the transcription of each other (Yano et al., 2020). Estibariz et al. (2019) 

observed that for the GCGC-specific Hpy99III RM system, the MTase was highly con-

served, while the cognate REase was only found in specific populations, suggesting this 

may be a result of selective pressures. The REase may have been spontaneously inacti-

vated in other RM systems as well. Therefore, it would be interesting to determine how 

often RM systems described as complete are actually functionally orphan. However, the 

technical complexity involved in answering this question presents a considerable chal-

lenge. The activity of the methyltransferase can be studied by 3rd generation sequencing 

methods to reveal the methylome, but the REase would need to be individually analyzed 

for its activity. Consequently, it is impossible to determine how frequently REases might 

be inactivated by missense mutations. To study the function of an MTase it is therefore 



4 Chapter 4 Discussion 71 

best to use strictly orphan MTases as a model. Orphan MTases have been shown to reg-

ulate different processes in other bacteria, such as virulence, colonization, and sporulation 

(Oliveira & Fang, 2021), and might play a larger role in H. pylori than previously thought. 

 

4.2.2 Transcriptomic effect of the orphan methyltransferase M.Hpy99XIX in H. 

pylori 

It was demonstrated in H. pylori that MTases can have a larger transcriptomic effect than 

might be expected from the presence of corresponding target sequences in promoter re-

gions (Estibariz et al., 2019; Yano et al., 2020). Estibariz et al. (2019) showed that only 

13 of the 225 differentially expressed genes in J99 had a GCGC motif in the 50 bp region 

upstream of the TSS; for BCM-300, this was the case for 11 out of 29 of the differentially 

expressed genes. In J99, the cognate REase was predicted to be inactive and missing in 

BCM-300 (Estibariz et al., 2019), making the MTase in these cases functionally orphan. 

Only transcription factors have been previously shown to regulate as many genes in H. 

pylori (Vannini et al., 2022). Deletion of the M.Hpy99XIX MTase caused the differential 

expression of over 100 genes, despite the limited amount of motifs in promoter regions. 

This suggested an indirect or network-level effect, as seen for transcriptional regulators 

(Vannini et al., 2022). Several of the genes affected could be traced back to genes of the 

Fur (Vannini et al., 2024) and ArsRS regulons (Loh et al., 2021). Transcriptomic data is 

making the delineation of genes responsive to certain conditions easier, as seen in the 

example of the pH-responsive regulon controlled by ArsRS in H. pylori (Loh et al., 2021). 

Manuscript II suggested a role of the orphan MTase M.Hpy99XIX in iron homeostasis 

and fine-tuning regulatory networks, so other orphan MTases should be studied to find 

other potential roles. 

 

4.2.3 Mechanisms of methylation-driven regulation and phenotypic effects in H. 

pylori 

GCGC methylation had a large impact on transcription, and a single motif within the 

promoter region showed a direct effect (Estibariz et al., 2019). The GCGC motif also 

showed a strong bias for the -13 position relative to the transcriptional start site (TSS) in 

a later study (Meng et al., 2021). Methylation of ATTAAT motifs in the promoter regions 

of frpB1 and fecA1 had a direct effect on transcription as well. The change in methylation 

status of the promoter regions of frpB1 and fecA1 also led to phenotypic changes in metal 
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ion sensitivity and resistance to oxidative stress. These downstream effects could poten-

tially affect other regulatory networks, possibly small RNAs and transcription factors 

(Kinoshita-Daitoku et al., 2021; Pernitzsch et al., 2021).  

The ATTAAT motifs in the promoter regions of frpB1 and fecA1 are highly conserved, 

suggesting an important role in this regulatory process. The recently developed method 

of EM-seq, together with direct high-throughput sequencing-based methods (Patel et al., 

2024), could be used to study whether these motifs are always methylated. Methylation 

patterns also vary between individual cells, creating different subpopulations, each with 

a distinct phenotypic profile, which may enhance the survival of the population by this 

bet-hedging strategy (Veening et al., 2008). Single-cell sequencing has been used to iden-

tify rare populations in E. coli (Wang et al., 2023) and could be used to provide new 

insights into how methylation and transcription vary between subpopulations in H. pylori.  

Methylation also alters the structure of the DNA, which in turn affects which regions of 

the DNA are accessible for the transcriptional machinery (Beaulaurier et al., 2019) and 

may also result in phenotypic differences. Hi-C is a new method being used to describe 

the chromosomal structure for multiple bacteria (Bohm et al., 2020; Le et al., 2013; Lioy 

et al., 2018; Marbouty et al., 2015) and could also provide insights into how methylation 

affects the DNA structure in H. pylori. 

 

4.3 Future Directions 

4.3.1 Biological and evolutionary implications of M.Hpy99XIX 

The findings of this thesis confirm the double role of MTases in H. pylori, both as com-

ponents of restriction-modification systems and as dynamic and multifunctional regula-

tors of gene expression and genome evolution. The orphan MTase M.Hpy99XIX appears 

to have a unique role, with significant influence in both H. pylori infection and adaptation 

to different environments. Manuscript II showed that the presence of M.Hpy99XIX is 

sufficient to distinguish Ubiquitous from Hardy strains. Its complete absence in the Hardy 

ecospecies raises the possibility that M.Hpy99XIX could serve as a lineage-specific bi-

omarker or even a virulence-modulating factor, depending on how the pathotype status 

of Hardy strains is further defined, since they were isolated from populations with a sig-

nificant gastric disease risk (Tourrette et al., 2024). Exploring whether the acquisition of 

M.Hpy99XIX is connected to the acquisition of the cagPAI, which is missing in the Hardy 

strains as well as in the hpAfrica2 population, may elucidate the evolution of pathogenic 
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traits in Ubiquitous lineages (Tourrette et al., 2024). The cagPAI encodes a type IV se-

cretion system that translocates the CagA protein (Odenbreit et al., 2000), and iron defi-

ciency was shown to enhance CagA translocation (Noto & Peek, 2015), leading to accel-

erated carcinogenesis (Noto et al., 2013). Therefore, it would be particularly interesting 

to determine how iron homeostasis was affected in the common ancestor of Hardy and 

Ubiquitous strains after acquiring the M.Hpy99XIX MTase. 

 

4.3.2 Mechanistic hypotheses and epigenetic regulation in H. pylori 

Methylation has been shown to have a direct effect on upregulating genes in H. pylori 

(Estibariz et al., 2019; Srikhanta et al., 2017). However, how this is mechanistically pos-

sible has not yet been described. In E. coli, Fur has been shown to compete with Dam for 

binding to the promoter of sci1 (Brunet et al., 2020). This could also be the case in H. 

pylori. To study whether there is competition between Fur and M.Hpy99XIX at the pro-

moter regions of frpB1 and fecA1, as described in manuscript II, could reveal methylation-

dependent regulatory mechanisms that extend beyond the canonical promoter repression 

or activation. Additionally, other promoters may be subject to the same mechanism of 

regulation in H. pylori that are yet to be found. In H. pylori, the DNA conformation has 

been shown to play a regulatory role (Ye et al., 2007), which may also be influenced by 

methylation, as discussed previously. Finally, it would be interesting to identify methyl-

ation-sensitive regulators in H. pylori to determine if this could be a potential mechanism. 

 

4.3.3 Translational potential and therapeutic applications 

Current treatment for a H. pylori infection typically consists of a combination of antibi-

otics with bismuth (Malfertheiner et al., 2023). However, the increase in antibiotic re-

sistance necessitates testing for antibiotic susceptibilities (Salahi-Niri et al., 2024). As of 

today, there is no vaccine that has been approved for human use, although many studies 

have been conducted (Gong et al., 2025). From a translational perspective, MTases are 

increasingly recognized as targets for antimicrobial development, especially given the 

limitations of bactericidal therapies. Recent advances in therapeutics, such as nanoparti-

cle-based targeted delivery systems (Chitas et al., 2024) and probiotic adjunct therapies 

(Luo et al., 2023), highlight promising alternative approaches. Additionally, the growing 

interest in transcriptional regulators as antibiotic targets (Vannini et al., 2022) suggests 

that MTases like M.Hpy99XIX, due to its high conservation, could be leveraged as epi-

genetic targets in future therapeutic strategies.  
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