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Abstract 

Helicobacter pylori is a significant human pathogen associated with gastric diseases, yet the contribution of plasmids to its pathogenicity 
remains largely unexplored. In this study, we combined plasmid network analysis, dereplication, functional annotation, and phylo- 
genetic approaches to provide a comprehensive genomic and functional characterization of the H. pylori plasmidome using publicly 
available plasmid sequences. Of 322 plasmids analyzed, we identified 158 high-confidence plasmid sequences, representing 76 non- 
redundant plasmids (NR-plasmids). Notably, several sequences previously annotated as plasmids were reclassified as Integrative and 

Conjugative Elements. NR-plasmids were enriched in genes encoding Filamentation induced by cAMP (Fic) family proteins, which 

clustered into two distinct phylogenetic groups. Conserved motif analysis suggests that these two Fic protein types may form a novel 
toxin-antitoxin (TA) system, with Type-2 proteins potentially suppressing Type-1 activity, analogous to the TA mechanism described 

in Campylobacter fetus subsp. venerealis . Additionally, we identified genes encoding ATP-binding cassette (ABC) and major facilitator 
superfamily efflux pumps, as well as the virulence-associated protein D (VapD), which may contribute to antimicrobial resistance and 

host colonization, respectively. Our findings reveal the genomic and functional diversity of the H. pylori plasmidome and highlight the 
need for experimental validation to clarify its role in pathogenicity, antimicrobial resistance, and bacterial adaptation. 
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Introduction 

Helicobacter pylori is a Gram-negative bacteria present in ∼50% of 
the human population colonizing the gastric mucosa and caus- 
ing chronic gastritis, and can progress to severe gastroduodenal 
pathologies (Posselt et al. 2013 , Malfertheiner et al. 2023 ). In re- 
cent decades multiple elements associated with its pathogenesis 
have been identified, the most relevant being the presence of a 
40-kb chromosomal region known as the Cag pathogenicity island 

that encodes the effector protein CagA, insertable into the gastric 
epithelial cells through a type IV secretion system (T4SS) (Cover 
2016 ). 

Considered naturally competent, H. pylori is one of the most 
genetically diverse pathogenic bacteria (Fischer 2011 , Fernandez- 
Gonzalez and Backert 2014 ). Different studies have explored mo- 
bile genetic elements (MGEs) associated with this genus, focusing 
primarily on the analysis of the different T4SSs present and DNA 

processing proteins (Waskito et al. 2018 , Weiss et al. 2019 , Wilkin- 
son et al. 2022 ). Using publicly available databases, a chromo- 
some painting and fineSTRUCTUREanalysis clustered recombina- 
tion events in H. pylori , providing insights into its population struc- 
ture, extent, and direction of genetic flux between subgroups (Ya- 
hara et al . 2013 ). Nonetheless, characterization and further anal- 
yses of the complete plasmidome of H. pylori are scarce. 
Received 13 May 2025; revised 18 July 2025; accepted 27 August 2025
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Toxin-antitoxin (TA) systems are two-gene modules that ensure 
he maintenance of MGEs through a post-segregational killing 

echanism (Gerdes et al. 1986 ). While eight types of TA systems
ave been identified, type II systems are the most abundant and
iverse, being found in the genomes of most bacteria (Jurėnas et
l. 2022 ). In H. pylori , only nine such systems have been experimen-
ally validated. Of these, three are type II systems and only two are
art of an Integrative and Conjugative Element (ICE) (Guan et al.
024 ). Furthermore, a study by Cárdenas-Mondragón et al . linked
he presence of one specific TA system to pathogenic phenotypes,
uch as interactions with AGS epithelial cells and responses to
ntibiotics (Cárdenas-Mondragón et al. 2016 ). 

The Fido domain superfamily is composed of members of the
ilamentation induced by cyclic AMP (Fic) and Death on Curing
DOC) protein families (Kinch et al. 2009 ). Fic enzymes have been
ound in multiple bacterial pathogens as a mechanism of host per-
urbation (Roy and Mukherjee 2009 , Roy and Cherfils 2015 ) and as
art of TA modules (Engel et al. 2012 , Harms et al. 2015 ). Sprenger
t al . 2017 described a Fic-based TA system in Campylobacter fe-
us subsp . venerealis with particular crosstalk between Fic proteins
xpressed from chromosomal and extrachromosomal modules to 
romote persister cells for niche adaptation and pathogenicity 

Sprenger et al. 2017 ). 
ights reserved. For commercial re-use, please contact reprints@oup.com for
hrough our RightsLink service via the Permissions link on the article page
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In addition to TA systems, H. pylori also employ multiple an-
ibiotic resistance mechanisms (Francesco et al. 2011 ), such as
rimary active transporters of the ATP binding cassette (ABC)
uperfamily and secondary carriers from the Major facilitator
uperfamily (MFS). These transporters contribute to resistance
gainst antibiotics such as nitroimidazole, tetracycline, and flu-
roquinolones by actively exporting them out of the cell (Raj et
l. 2021 , Falsafi et al. 2016 ), and have been reported to be car-
ied on plasmids in other human bacterial pathogens (Kadlec and
chwarz 2009 , Pasqua et al. 2019 ). Because plasmids represent a
iverse and mobile source of adaptative and evolutionary traits

n bacteria, understanding how the plasmidome influences the
tness of pathogenic bacteria is crucial. These MGEs may con-
er specific functional traits such as antibiotic resistance, viru-
ence genes, biosynthesis of essential nutrients, and modification
f transfer RNAs (Yu et al. 2024 ). 

This study aimed to characterize the sequences of all plasmids
ssociated with H. pylori that were available in public databases,
ocusing on their genomic relationships and functional potential
inked to pathogenic traits. Our findings suggest that H. pylori plas-

ids harbor two phylogenetically distinct Fic proteins that com-
rise a novel putative TA system, along with genes associated
ith antibiotic resistance and virulence. These results highlight

he need for further experimental studies to elucidate the molec-
lar mechanisms by which these plasmid-encoded proteins may
ontribute to the pathogenicity and antimicrobial resistance of H.
ylori . 

ethodology 

lasmid network and dereplication analysis 

ll bioinformatic analyses were performed on a high-
erformance computing cluster running CentOS Linux 7. Plasmid
equences and associated metadata were downloaded from
he PlasmidScope web server v1.2 (Li et al. 2024 ), selecting only
lasmids with H. pylori as the host across the available databases

PLSDB, IMG-PR, COMPASS, GenBank, RefSeq, ENA, Kraken2, DDBJ,
PA, and mMGE). Plasmids < 1000 bp were excluded from the
nalysis because of their potential as sequencing and assembling
rtifacts. The remaining plasmid sequences were imported into
nvi’o v8.0 (Eren et al. 2021 ), where coding sequences were

dentified using Prodigal v2.6.3 (Hyatt et al. 2010 ) and annotated
ith COG v14 (Tatusov et al. 2003 ) and Pfam v32 (Mistry et al.
021 ). Subsequently, we employed the PlasX-MobMess pipeline
Yu et al. 2024 ) to calculate the plasX score and evaluate their
otential as plasmid sequences. Only those sequences with a
core > 0.5 were retained. Then we generated an evolutionary
etwork of plasmid clusters and classified sequences into back-
one, fragment, maximal, and compound plasmids. The plasmid
etwork was visualized with Cytoscape v3.10.3 (Shannon et al.
003 ). 

MobMess defines a plasmid cluster as “compound” when it orig-
nates from a backbone cluster but contains additional “cargo”
enes. Furthermore, the software classifies plasmids into frag-
ent and maximal clusters. Fragment clusters are homologous to

ackbone clusters but lack circular plasmids, suggesting they may
epresent incomplete clusters that give rise to maximal clusters
ith “cargo” genes. Fragment and maximal clusters are typically

xcluded from analyses as they often represent “incomplete” plas-
id sequences. However, we decided to retain these non-circular

lusters when they were connected to at least one other cluster
n the network, removing only singleton clusters not related to
ny other cluster in the network. This decision was based on the
ell-known presence of linear plasmids in bacteria and because

hey could represent important fragments of the poorly studied
. pylori plasmidome. 
From each remaining cluster, non-redundant plasmids (NR-

lasmids) were selected through a dereplication step for further
ownstream analyses. In this process, all sequences present into
he same cluster are aligned in an all-versus-all manner using
UMmer v4.0.1 (Jain et al. 2018 ), and the plasmid with the highest

lobal sequence identity, averaged across all alignments, is cho-
en as the representative plasmid. Plasmid sequence alignments
f some NR-plasmids were visualized using the MobMess visual-
zation function. 

To verify if these potential plasmid sequences were not ICEs
nstead, we compared all NR-plasmids against the ICEberg v3.0
atabase using the blast v1.2.3 algorithm. All NR-plasmids with
overage and identity > 50% were considered as potential ICEs
nd were removed from downstream analyses alongside plasmids
ithin the same cluster or connected by edges in the network
nalysis. 

enomic characterization and functional 
nnotation of non-redundant plasmids 

e identified the replicase type, relaxase, and conjugative el-
ments of NR-plasmid sequences (when available) with Mob-
uite v3.1.8 (Robertson and Nash 2018 ). The distribution of cod-
ng sequences (CDS) across Pfam functional categories, along
ith GC (Guanine-Cytosine) content and sequence length for NR-
lasmids, were visualized using the ggplot2 library v3.5.2 (Wick-
am 2011 ) in R software v4.5.1 (R Core Team 2021 ). 

We further analyzed the co-occurrence patterns of annotated
enes across plasmids by calculating the Jaccard dissimilarity in-
ex ( J ) for all gene pairs and converting it to a similarity mea-
ure using the formula 1–J . Gene pairs with a similarity value > 0.7
ere selected, as they represent highly co-occurring genes. A co-
ccurrence network plot was constructed using the ggraph pack-
ge in R to visualize the relationships among genes. 

Sequences associated with the functions “Initiator of replica-
ion protein” and “Fic/DOC family” according to the Pfam database
ere aligned and separated using MAFFT v7.471 (Katoh and Stan-
ley 2013 ) and employed to construct a maximum likelihood phy-

ogenetic tree with IQ-TREE v2.4.0 (Nguyen et al. 2015 ), applying
he JTT model with 1000 bootstrap resamplings. The trees were
isualized using the iTOL web tool v7 (Letunic and Bork 2021 ) and
mino acid alignments with the python package pyMSAviz v0.5.0
Shimoyama 2022 ). 

In addition, the specific adenylylation motif
HxFx(D/E)GNGRxxR” and the suppression motif “(S/T)xxxE(G/N)”
haracteristic of Fic proteins were identified across all predicted
roteins obtained with Prodigal, using the Python packages
iopython v1.85 (Chapman and Chang 2000 ) and pandas v2.3.0

McKinney 2010 ). Protein sequences that were not annotated
ith a Fic/DOC domain but contained the Fic adenylylation motif
ere also included in the Fic phylogenetic analysis. 
We manually identified the H. pylori strains carrying each plas-

id sequence with a “replication initiator protein” or a “Fic pro-
ein” by retrieving the GenBank accession number from the plas-

id name and searching the NCBI database and relevant litera-
ure to obtain strain metadata, including geographic origin (coun-
ry or region) and cagA status. For plasmids obtained from the IMG
lasmid database (IMG-PR), which does not provide an accession
umber for strain identification, we used the accession number
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Figure 1. (A) MobMess networks of H. pylori plasmid sequences. To enhance visualization, only networks with more than two connected nodes are 
displayed. Nodes represent clusters containing redundant plasmids, connected by edges to other clusters with similar sequences. Node colors indicate 
plasmid categories: gray for backbone clusters, yellow for compound clusters (derived from backbone clusters), fuchsia for fragment clusters 
(backbone without any circular plasmid), and light blue for maximal clusters (derived from fragment clusters). Sequences previously reported as 
plasmids but identified as potential ICEs are shown as rectangular nodes. Numbers within nodes correspond to cluster IDs, with further details in 
Supplementary Table 3 . (B) Visualization of plasmid COMPASS_KM593816_1 (pUM146), the representative plasmid of the most highly connected 
cluster, containing the highest number of redundant plasmids. The plasmid was visualized using the PlasmidScope web server. Sequence alignments 
of two plasmid sub-networks, (C) SubG1 and (D) SubG2 isolated from the main plasmid network. Alignments are ordered by gene content similarity 
(Jaccard index). Block colors represent shared functional families, while line colors indicate ANI values between plasmid genes. Blank blocks denote 
genes unique to individual plasmids, with functions labeled in text boxes: ABC = ABC transporter-associated protein, Nitrore = Nitroreductase, 
YcaO = Ribosomal protein S12 methylthiotransferase accessory factor YcaO, Fic = Fic family protein, MFS = Arabinose efflux permease (MFS family). 
COG and Pfam annotations for all genes in SubG1 and SubG2 are available in Supplementary Files 2 and 3 , respectively. 
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of the closest plasmid based on the MOB-suite database, as it rep- 
resents the most similar plasmid in the GenBank database. 

To assess whether there is an association between the phyloge- 
netic relationships of the replication initiator and Fic proteins and 

the geographic distribution of their host strains (categorized by re- 
gion), we conducted a Mantel test using Pearson’s correlation and 

999 permutations. The analysis was performed using the R pack- 
ages ape v5.8.1 (Paradis et al. 2004 ) and vegan v2.7.1 (Dixon 2003 ).
Moreover, we classified genes as “backbone” if they were identified 

in plasmid sequences assigned to backbone or fragment clusters.
Conversely, genes with COG or Pfam accession numbers found ex- 
clusively in compound or maximal clusters (absent in backbone 
or fragment clusters), were categorized as “cargo” genes. 

Results 

Plasmid network reveals highly related plasmids 

distinct from ICEs misidentified as plasmids 

A total of 335 H. pylori plasmid sequences were retrieved from 10 
databases, of which 13 were excluded due to lengths < 1000 bp.
The remaining 322 plasmids were analyzed using PlasX to assess 
their plasmid potential. Of these, 287 presented a PlasX score > 0.5 
 Supplementary Table 1 ) and were used to construct a plasmid
etwork with MobMess. Detailed information, including accession 

umbers, mobility classification, GC content, length, and topology,
s provided in Supplementary Table 2 . 

Plasmid sequences were grouped into 168 clusters, of which 

nly 118 formed networks with two or more connected clusters
nd were retained. These 118 clusters were categorized into four
ypes: 24 backbone, 43 fragment, 27 compound, and 24 maximal 
lusters. The plasmid network analysis revealed that most plas- 
id sequences are interrelated, forming two primary networks 
ith clusters connected by edges representing shared fragments 

Fig. 1 A). 
To assess whether these plasmid groups included ICEs misiden- 

ified as plasmids, we compared all NR-plasmids against the ICE-
erg 3.0 database (Wang et al. 2024 ) using BLAST, classifying se-
uences with ≥50% coverage and identity as potential ICEs. A total
f 41 representative sequences met this threshold, suggesting that 
ll redundant sequences within the same clusters, as well as those
onnected to them by edges in the network, are not true plasmids.
ence, a total of 76 NR-plasmids (representing 158 plasmids) from
lusters containing true plasmids, were selected for downstream 

nalyses. In Supplementary Table 3 we present the MobMess net-

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
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ork results, including cluster type, representative contigs, clas-
ification as ICEs or true plasmids, and other cluster character-
stics. Additionally, the BLAST results of NR-plasmids against the
CEberg database are listed in Supplementary Table 4 . In Fig. 1 A,
e highlight the clusters containing ICEs, illustrating their segre-
ation from plasmid sequences in the network. Noteworthy, these
CE sequences were identified as potential plasmids by PlasX and

OB-suite ( Supplementary Tables 1 and 2 ). 
Remarkably, cluster 139 exhibited the highest degree of connec-

ivity (number of edges) in the network and contained the largest
umber of plasmids, with 39 in total, 15 of which were circular.
he representative plasmid of this cluster, COMPASS_KM593816_1

pUM146), was identified in H. pylori strain UM146, isolated from a
uman gastric biopsy in a Malaysian patient (according to NCBI
iosample information). The structure of this representative plas-
id is illustrated in Fig. 1 B. We identified nine CDS, including the

nitiator replication protein, two Fic proteins, and two CDS asso-
iated with relaxase activity among others. 

Furthermore, we aligned and visualized the representative se-
uences of two plasmid networks containing clusters isolated
rom the main network to assess conserved structures and func-
ional gains in compound and maximal plasmids compared with
heir backbone and fragment counterparts. These sub-networks
ere designated as Sub Group 1 (SubG1) and Sub Group 2 (SubG2)
nd are shown in Fig. 1 C and D. For instance, in SubG1, maximal
lasmid COMPASS_NC_019 561_1 (cluster 114) contained unique

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
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Figure 3. Co-occurrence of Pfam functions in H. pylori plasmid sequences. Network plot representing the Jaccard similarity distance (1 − J ) between 
genes observed across the NR-plasmids. Line thickness corresponds to the Jaccard distance, and only gene pairs with a distance > 0.7 are shown. Node 
size represents the number of plasmids with each gene-associated function. 
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genes associated with methylthiotransferase, nitroreductase, and 

ABC transporter functions. By contrast, in SubG2, plasmid COM- 
PASS_NC_017 373_1 (cluster 120) harbored two unique genes en- 
coding Fic proteins and one gene for an arabinose efflux permease 
from the MFS, functions also present in the representative plas- 
mid pUM146 (Fig. 1 B). 

Genomic characterization and functional 
annotation of non-redundant plasmids 

Of the remaining 76 NR-plasmids not associated with ICEs, 39 
were classified as mobilizable, while the other 37 were catego- 
rized as non-mobilizable due to the absence of relaxase genes ac- 
cording to MOB-suite. No NR-plasmids contained conjugative ele- 
ments. Overall, the GC content of these plasmids was low, aligning 
with the GC content of H. pylori . GC content ranged from 32% to 
38%, with a median of 35% (Fig. 2 A). Additionally, plasmid length 

distribution showed that H. pylori plasmids are predominantly 
< 14 000 bp (median: 8206 bp), with only a few longer sequences 
(Fig. 2 B). 

Regarding the functional traits observed in plasmid sequences, 
> 80% of NR-plasmids (64 plasmids) contained at least one pro- 
tein related to initiation of replication. The second most preva- 
lent function was associated with Fic proteins, detected in 49 NR- 
plasmids (64.47%), followed by MobC and relaxase/mobilization 
uclease domains, which were present in ∼50% of all NR-
lasmids. Other identified functions included TA systems, MFS 
ransporters, THIF family proteins, and ABC transporters, among 
thers. 

The specific prevalence of the top 15 functions by cluster type is
hown in Fig. 2 C. All of these functions were observed in both lin-
ar and circular plasmid types. However, proteins with putative 
biEii toxin function and those from the nitroreductase family 
ere not detected in plasmids from backbone clusters. Notably,
ost functions showed higher prevalence in maximal clusters,
hich represent compound non-circular plasmids enriched in ac- 

essory genes. Nonetheless, this pattern is likely influenced by the
act that only 10 NR-plasmids belong to this category, which con-
ained the fewest clusters overall. 

The co-occurrence network of gene pairs showed multiple 
enes with a Jaccard similarity index > 0.7, suggesting a strong as-
ociation between the presence of these genes in the NR-plasmids.
he presence of Fic/DOC proteins was linked to replication pro-
eins, likely because these are the two most abundant functions
istributed across the NR-plasmids. Notably, other highly preva- 

ent genes also showed strong associations, including the MFS 
nd ThiF functions and a strong correlation between two differ-
nt type II toxins, the MobC protein, and the relaxase nuclease
omain, among others (Fig. 3 ). From all detected CDS, only three
nnotated functions were present in compound or maximal plas- 
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Table 1. Coding sequences classified as “cargo” genes were only present in plasmids belonging to compound or maximal clusters. CDS 
were annotated using two databases, COG14 and Pfam, to ensure better coverage of functional traits. The table presents the Gene ID, 
accession number, potential function, and plasmids containing cargo genes. 

Accession number Functions Plasmids 

COG3309 Virulence-associated protein D COMPASS_KM583817_1; IMGPR_plasmid_2 619 619 196_000 002 
PF01936.18; COG1432 NYN domain; uncharacterized conserved protein, 

LabA/DUF88 family 
COMPASS_NC_017 373_1 

PF05732.11 Firmicute plasmid replication protein (RepL) GenBank_CP032035_1 
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ids but absent in backbone and fragment plasmids, classify-
ng them as “cargo” genes. The list of these genes, their func-
ions, accession numbers, and the corresponding NR-plasmids
hat contain them are provided in Table 1 . An important func-
ion related to pathogenicity, such as the “Virulence-associated
rotein D” was observed in plasmids COMPASS_KM583817_1 and
MGPR_plasmid_2 619 619 196_000002. 

hylogenetic analysis of replication proteins 

resented in NR-plasmids 

e extracted all amino acid sequences of CDS classified as “Ini-
iator Replication Protein” according to the Pfam database and
erformed a maximum likelihood phylogenetic analysis. Addi-
ionally, we retrieved information on strain geographic origin and
agA status (for plasmid-bearing strains) from the NCBI BioSam-
le database and relevant literature (Hofreuter and Haas 2002 ,
zuma et al. 2004 , Rickets 2004 , Oh et al. 2006 , Baltrus et al. 2009 ,
ohrer et al. 2012 , Kyrillos et al. 2016 , Mucito-Varela et al. 2016 ,
oropaev et al. 2020 ). Of the 76 NR-plasmids analyzed, only 64
ontained at least one replication protein, with some plasmids
arrying multiple replicases, resulting in a total of 86 replication
rep) proteins. 

Our analysis indicates that H. pylori plasmid rep proteins clus-
er into two major clades (Fig. 4 ). The first, positioned higher
n the tree, comprises fewer proteins, predominantly associated
ith strains from Asia (including Russia). However, a derived

ubclade includes three sequences from plasmids of American
trains (North and South America). Notably, two of these three
roteins belong to the plasmid CP03205_1, which harbors five rep
roteins and was identified in the strain C-Mx-2011–145 from a
exican patient with gastric cancer (BioSample: SAMN09935056).
he remaining three proteins from CP03205_1 belong to the sec-
nd clade, which includes most rep proteins distributed across
lasmids of diverse geographic origins. In addition, multiple plas-
ids carried rep proteins from both clades. Although the Man-

el test was statistically significant, the correlation coefficient was
ow ( P = 0.043, R = 0.050), indicating a weak association between
he phylogenetic distances of replication proteins and the geo-
raphic origin of the host strains. 

Remarkably, of the 64 NR-plasmids carrying rep proteins, 32
ere found in H. pylori cagA + strains (accounting for 50 rep
roteins). The cagA status of 16 plasmids could not be deter-
ined (20 rep proteins), while only 12 were associated with

agA - strains (16 rep proteins). The Mantel test was not statis-
ically significant, suggesting no correlation between the phylo-
enetic distances of rep proteins and the cagA status of the host
trains ( P = 0.806, R = -0.036). The complete list of strains carry-
ng plasmids with rep proteins, along with their geographic ori-
in, cagA status, and other plasmid information, is provided in
upplementary Table 5 . 
lasmid-mediated Fic proteins play a potential 
A role in H. pylori 
e identified a total of 86 Fic proteins distributed across 49 H.

ylori plasmids using the Pfam database. Phylogenetic analysis
f these plasmid-encoded Fic proteins revealed two main clus-
ers, suggesting the presence of two distinct functional groups
enceforth referred to as Fic-1 and Fic-2 (Fig. 5 A). Additionally,
ve proteins encoded on four H. pylori plasmids annotated with
nknown functions but containing the characteristic adenylyla-
ion motif “HxFx(D/E)GNGRxxR” were considered as putative Fic
roteins and included in the phylogenetic analysis. Of these, one
elonged to the Fic-1 clade and four to the Fic-2 clade. We found
o significant correlation between the phylogenetic distances of
ic proteins and either the geographic region (R = –0.012, P = 0.750)
r cagA status (R = –0.010, P = 0.644) of the plasmid host strains. 

The AMP transferase activity of Fic proteins is associated with
he conserved HxFx(D/E)GNGRxxR motif, which was identified in
 total of 88 proteins. Among these, 54 proteins specifically ex-
ibited the HPFSDGNGRVGR variant (V-variant), while 34 proteins
isplayed the HPFSDGNGRTGR sequence (T-variant), differing by a
ingle amino acid substitution (valine to threonine). The V-variant
as exclusive to Fic-2 proteins, whereas the T-variant was ob-

erved in Fic-1 proteins. 
Additionally, we examined the presence of the (S/T)xxxE(G/N)

otif, which has been reported to suppress adenylylation in other
ystems (Sprenger et al. 2017 , Harms et al. 2016 ). We found
hat only Fic-2 proteins carried this motif, with the presence of
wo variants: SNRIEG (53 proteins) and TEKNEN (28 proteins).
 complete list of Fic proteins, including their amino acid se-
uences and the presence or absence of these motifs, is provided

n Supplementary Table 6 . Notably, 29 NR-plasmids, representing
9 plasmid clusters that contain a total of 70 plasmids, harbored
oth types of Fic proteins. 

Several proteins annotated with functions other than the
ic/DOC domain according to Pfam contained the suppression
otif “(S/T)xxxE(G/N)”. These included 29 replication proteins,

even nitroreductases, six relaxase nuclease domain proteins,
our ABC transporters, three proteins associated with the AbiEii
oxin from Type IV TA systems, and nine proteins of unknown
unction. The complete list of protein sequences containing sup-
ression motifs is provided in Supplementary Table 7 . Further-
ore, we extracted and aligned the two Fic proteins from the

epresentative plasmid COMPASS_KM593816_1 (highlighted in
ig. 1 A), each belonging to a different phylogenetic cluster, thereby
ighlighting the distinct motif patterns associated with activation
nd suppression of adenylylation activity (Fig. 5 B). 

Taken together, these results suggest that while both proteins
etain adenylylation activity, only Fic-2 proteins conserved sup-
ression activity. We hypothesize that the coexistence of both pro-
eins within the same plasmid or bacterial cell may be linked

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
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Figure 4. Phylogenetic tree of rep proteins identified across 64 NR-plasmids from H. pylori . The tree was constructed using 86 amino acid sequences of 
rep proteins with the maximum likelihood method under the JTT model, with 1000 bootstrap resamplings. Bootstrap support values are indicated on 
the nodes as percentages. Branch names represent the database and accession codes of plasmids harboring replicases; multiple replicases within the 
same plasmid are labeled with the same name followed by a unique number. Additionally, colored rectangles and circles denote the geographic origin 
and cagA status of the plasmid-bearing strains, respectively. 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/doi/10.1093/fem
sle/fnaf092/8244153 by U

niversidad de C
osta R

ica user on 29 Septem
ber 2025



8 | FEMS Microbiology Letters, 2025, Vol. 372

(A)

(B)

Figure 5. (A) Phylogenetic tree of potential Fic proteins identified across 53 NR-plasmids from H. pylori . The tree was constructed using 86 amino acid 
sequences classified as Fic proteins according to the Pfam database, along with five proteins of unknown function that presented the Fic adenylylation 
motif. Phylogeny was inferred using the maximum likelihood method under the JTT model, with 1000 bootstrap resamplings. Bootstrap support values 
are indicated on the nodes as percentages. Branch names represent the database and accession codes of plasmids harboring Fic proteins; multiple Fic 
proteins within the same plasmid are labeled with the same name followed by a unique number and proteins of unknown function with adenylylation 
motif are highlighted in bold. Additionally, colored rectangles and circles denote the geographic origin and cagA status of the plasmid-bearing strains, 
respectively. (B) Alignment of the amino acid sequences of the two Fic protein types from the representative plasmid COMPASS_KM583816_1. The 
adenylylation motif is highlighted with a red box, while motifs associated with the suppression of adenylylation are highlighted in blue. 
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o a TA system, where Type-2 Fic proteins suppress the activ-
ty of Type-1 proteins. A similar Fic-mediated mechanism has
een previously reported in C. fetus subsp. venerealis , a mem-
er of the same order as H. pylori (Campylobacterales) (Sprenger
t al. 2017 ). 

iscussion 

n this study, we present a comprehensive characterization of
he complete available H. pylori plasmidome, identifying multiple
enes that might be contributing to pathogenicity, drug resistance,
nd adaptation of H. pylori . The presence of two distinct types of
ic proteins in several plasmids, one potentially involved in sup-
ressing the activity of the other, suggests the presence of a novel
lasmid-mediated TA module type II not previously described in
. pylori . Because H. pylori is a significant human pathogen asso-
iated with a high disease burden worldwide, understanding the
ole of plasmids in its pathogenicity and adaptation to its host is
ritically important. 

The identification of mobile genetic elements in bacterial ge-
omic or metagenomic datasets is particularly challenging, es-
ecially when working with draft assemblies. Because many ICEs
arbor genes involved in the conjugation process (also present in
lasmids), many tools may erroneously identify ICEs sequences
s potential plasmids. This issue is evident in H. pylori , where sev-
ral ICEs have been misidentified as plasmids in public databases.
dditionally, multiple ICEs were classified as plasmids by plasX, a
achine learning-based tool trained on annotated plasmid genes

Yu et al. 2024 ). Likewise, all ICEs were associated with a plas-
id sequence in the MOB-suite database, a widely employed tool

or plasmid identification and reconstruction from bacterial draft
enomes (Robertson and Nash 2018 ). These findings underscore
he challenge of distinguishing ICEs from plasmids and suggest
hat future studies employing plasmid identification tools should
nclude additional validation steps to assess potential overlap
ith ICEs. 
Replicase sequences from plasmids do not appear to cluster

ccording to the geographic origin of their host strains based on
hylogenetic analyses, particularly those in clade 2, which in-
ludes proteins from plasmids of diverse origins (Fig. 4 ). However,
t is noteworthy that rep proteins in clade 1 are predominantly
rom strains in the Asian region (including Russia), with only a
erived subclade comprising proteins from two plasmids found

n strains isolated in America. This pattern may reflect the his-
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torical spread of H. pylori from the Old World to the New World 

(Thorell et al. 2023 ), accompanied by the accumulation of genetic 
and amino acid changes in plasmid-bearing strains. Nonetheless, 
further studies are needed to test this hypothesis. 

The presence of Fic proteins in H. pylori has been reported in 

both chromosome (Fischer et al. 2014 ) and plasmid sequences (Joo 
et al. 2012 ), but their potential role in its pathogenesis and adap- 
tation remains unexplored. Sprenger et al. ( 2017 ) indicated that 
Fic protein present in H. pylori strain P12 is closely related to Fic 
protein present in Neisseria meningitidis , which is associated with 

dormancy mechanism under stress (Engel et al. 2012 ). Dormancy 
is, in fact, a previously established strategy contributing to persis- 
tence in H. pylori populations (Reshetnyak and Reshetnyak 2017 ).
However, the Fic protein of H. pylor i P12 (accession: YP_002 301 757) 
analyzed by Sprenger and colleagues differs considerably from 

the plasmid mediated-Fic protein types we annotated. While it 
conserved the adenylythation motif (with some variations), it 
lacks the suppression motif (data not shown). These findings sug- 
gest that plasmid-encoded Fic proteins may have functionally di- 
verged from their chromosomal counterparts, potentially evolving 
to act as components of TA modules (type II), a feature commonly 
observed in plasmids. 

This potential plasmid-mediated Fic TA system is similar to 
that reported in C. fetus subsp. venerealis (related to H. pylori ), which 

can also be located within ICEs (Sprenger et al. 2017 , Bloois et al.
2016 ). The enrichment of TA modules on MGEs generate a MGE 
“addiction” (derived from the plasmid addiction term (Jensen and 

Gerdes 1995 )). This mechanism is based on the differential stabil- 
ity between the toxin and antitoxin components: when the MGE is 
lost, synthesis of the antitoxin ceases while the more stable toxin 

persists, leading to cell death or growth arrest. This was experi- 
mentally validated by Sprenger et al. ( 2017 ), who showed that re- 
combinant Escherichia coli expressing only the Fic toxin from C. fetus 
subsp. venerealis exhibited growth arrest, whereas co-expression 

of both Fic protein types (one with adenylylation activity alone,
and the other with suppressive function) restored cell growth.
Given the close phylogenetic relationship between Campylobacter 
and Helicobacter , the study by Sprenger and colleagues provides 
a valuable framework for further investigation into the potential 
role of plasmid-mediated Fic proteins as components of TA sys- 
tems in H. pylori . 

Interestingly, plasmid proteins belonging to several families 
distinct from Fic also contained the motif reported to suppress Fic 
protein activity ( Supplementary Table 7 ). While this might suggest 
that other proteins could participate in the TA system, the pres- 
ence of the motif does not necessarily indicate functional involve- 
ment. However, in C. fetus subsp. venerealis , Fic proteins form a 
functional TA network with multiple proteins interacting. There, a 
small antitoxin apparently unrelated to known Fic antitoxins, has 
the novel capacity to bind and neutralize Fic toxins, suggesting 
that non-Fic proteins may participate as antitoxins (Sprenger et 
al. 2017 ). However, this should be experimentally tested to confirm 

whether other plasmid proteins, including essential ones such as 
the Rep protein in H. pylori plasmids, can participate in the puta- 
tive Fic TA system. 

In our analysis, we also annotated proteins related to tox- 
ins from the YafQ and ParE TA systems in H. pylori plasmids.
These proteins appear to be functionally related, as they consis- 
tently co-occur with a Jaccard similarity index > 0.9 (Fig. 3 ). While 
YafQ functions as a protein synthesis inhibitor by cleaving mRNA 

(Prysak et al. 2009 ), ParE inhibits DNA gyrase activity (Dalton and 

Crosson 2010 ). Despite their different targets, both toxins belong 
to the RelE/ParE superfamily and are part of well-characterized TA 
ystems that contribute to plasmid maintenance in bacterial pop- 
lations and are associated with inducing dormancy in subpop- 
lations (Hu et al. 2015 , Page and Peti 2016 ). Nonetheless, further
tudies are needed to better understand the distribution and role
f these toxins across H. pylori populations, with particular atten-
ion to their presence in heterogeneous groups and to clarify their
otential contributions to pathogen adaptation and resilience un- 
er antimicrobial therapies. 

Other notable CDS presented in H. pylori plasmids are those
ith related functions to MFS and ABC transporters (Fig. 2 C). Ef-
ux pumps might play a crucial role in some multidrug-resistant

MDR)bacteria by exporting antimicrobial molecules out of the 
ell. ABC transporters, well-characterized for their role in antibi- 
tic resistance across various bacterial taxa, have been shown to
lay a major role in the development of MDR H. pylori strains (Raj
t al. 2021 ). Likewise, MFS proteins have been also associated with
rug resistance in H. pylori (Raj et al. 2021 ). This suggests that
lasmid-mediated ABC and MFS transporter genes are potentially 
ontributing to antibiotic resistance in H. pylori . 

Moreover, MFS genes were highly correlated with ThiF family 
enes (Fig. 3 ). ThiF proteins are primarily involved in the biosyn-
hesis of the essential cofactor thiamin pyrophosphate, but their 

ain function lies in the adenylation of other proteins (Duda et
l. 2005 ). In fact, the conjugated form of ThiF and ThiS proteins
an covalently modify multiple substrates, highlighting their role 
n post-translational modification (Xu et al. 2019 ). The potential
nteraction between ThiF and MFS proteins, as well as with other
rotein partners, warrants further investigation. Given ThiF’s abil- 

ty to modify key cellular substrates, these interactions may have
ignificant metabolic and physiological consequences in the bac- 
erial host. 

A noteworthy cargo gene linked to pathogenicity was the 
irulence-associated protein D (VapD) gene, which has been as- 
ociated with virulence in multiple microorganisms, including H.
ylori (Morales-Espinosa et al. 2020 ) (Table 1 ). Although the role of
he VapD protein in H. pylori pathogenicity is not fully understood,
t has been proposed that it plays a crucial role in protecting H.
ylori against the hostile conditions inside gastric cells during the
olonization process (Morales-Espinosa et al. 2020 ). Thus, under- 
coring the importance of understanding the potential role of this
nd other genes observed in plasmid sequences in the pathogenic-
ty of H. pylori . 

onclusions 

aken together, our results provide a comprehensive genomic and 

unctional characterization of the complete, non-redundant plas- 
idome of H. pylori . We identified the prevalence of genes related

o plasmid replication, Fic proteins, and efflux pumps such as ABC
ransporters and MFS proteins, which may play significant roles 
n plasmid maintenance, stress tolerance, and multidrug resis- 
ance. Notably, we report the presence of two distinct types of Fic
roteins in several plasmids, suggesting a previously undescribed 

A system in H. pylori , with a possible parallel to the system ob-
erved in the related species C. fetus subsp. venerealis . Additionally,
he detection of virulence-associated cargo gene vapD further em- 
hasizes the relevance of plasmids in the potential acquisition of
roteins involved in host colonization and pathogenesis. This un- 
erscores the need for further experimental investigations to fully 
nderstand the functional impact of plasmid-encoded genes and 

heir contribution to the adaptability and pathogenicity of H. pylori
n humans. 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf092#supplementary-data
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