Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Genome-wide Transcriptomic Analysis Reveals
Acid Stress-Responsive Toxin-Antitoxin System in
Helicobacter pylori 26695

Deepak Kumar Behera
University of Delhi

Madhu Yadav
University of Delhi
Nidhi Gupta
TERI University
Vijay Kumar Verma

vi jayvermaGsouth,du,ac, in

University of Delhi

Research Article

Keywords: Helicobacter pylori, Toxin-antitoxin System, pH/acid Stress, RNASeq, Bacterial persistence,
Gastric pathogen gene regulation

Posted Date: September 3rd, 2026
DOI: https://doi.org/10.21203/rs.3.rs-10639790/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.

Page 1/33


https://doi.org/10.21203/rs.3.rs-10639790/v1
https://doi.org/10.21203/rs.3.rs-10639790/v1
https://doi.org/10.21203/rs.3.rs-10639790/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

Helicobacter pylori colonizes the human stomach and survives under highly acidic conditions, but the
mechanisms underlying its persistence remain poorly understood. Toxin-antitoxin (TA) systems are
stress-responsive modules associated with growth arrest and dormancy, but their role in H. pylori acid
stress remains largely unexplored. Here, we characterized the transcriptomic response of 80 previously
identified putative TA genes in H. pylori 26695 under acid stress using rRNA-depleted RNA sequencing
and gRT-PCR validation. H. pylori cultures were exposed to pH 2.5 or 5.5 for 30 min and 4 h. At pH 2.5,
nearly half of 1,564 annotated genes showed significant transcriptional changes, revealing an early
response followed by adaptive recalibration. The 80 TA genes were enriched among acid-responsive
transcripts and showed condition-dependent expression. Across 48 putative TA systems, toxin-dominant
expression was observed in several families. Network analysis identified ParBC4, PhdDoc1, and NikR1 as
highly connected hubs. These findings implicate putative TA systems in the acid stress response of H.

pylori.

Key Points

+ Genomewide rRNA-depleted RNA-seq identified acid-responsive transcriptional changes across 1,564
annotated genes of 26695, including enrichment of 80 putative toxin-antitoxin (TA) genes under severe
acid stress (pH 2.5).

« Multiple TA families showed toxin-dominant expression under severe acid stress, while gRT-PCR
validation of 40 TA genes demonstrated strong agreement with RNA-seq (Pearson =0.928, <0.0001).

 Network analysis identified ParBC4, PhdDoc1, and NikR1 as central regulatory hubs. Which suggests
that TA systems form an integrated acid stress-responsive regulatory network in .

Introduction

Helicobacter pylori is a Gram-negative, microaerophilic bacterium that colonizes the human gastric
mucosa. It is recognized as a Group | carcinogen by the International Agency for Research on Cancer
(IARC) (2012). H. pylori affects approximately half of the world's population and associated with chronic
gastritis, peptic ulcer disease, mucosa-associated lymphoid tissue (MALT) lymphoma, and gastric
adenocarcinoma (Bauer and Meyer 2011; Cover T. 2016). Although possessing a relatively small
genome i.e. ~1.67 Mb comprising ~ 1,564 protein-coding genes (Tomb 1997), H. pylori exhibits an
extraordinary capacity to establish lifelong infection within the hostile gastric environment. Its
successful and persistent colonization depends on multiple adaptive strategies that allow the bacterium
to withstand continuously changing conditions encountered in the human stomach (Yang et al. 2023).

Acid tolerance represents one of the most critical determinants of H. pylori survival. The urease enzyme
and the pH-gated urea channel Urel constitute the major acid resistance system and maintain
periplasmic pH homeostasis through ammonia production (Scott et al. 2002). Additional mechanisms,
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including arginase and aliphatic amidase pathways, outer membrane remodeling, and chemotactic
responses, further contribute to adaptation under acidic conditions (Marcuset al. 2018; Wen et al. 2003).
Exposure to acidic/low pH induces extensive transcriptional reprogramming affecting metabolic
pathways, membrane proteins, motility, and virulence-associated genes (Marcus et al. 2018). In the
pioneering differential RNA (dRNA) sequencing study, Sharma et al. (2010) identified 1,907 transcription
start sites (TSS) and extensive antisense transcription throughout the H. pylori genome (Sharma et al.
2010). This highlights the complexity of transcriptional regulation in this pathogen. However, several
stress-responsive mechanisms that contribute to long-term survival and persistence remain poorly
understood.

Toxin-antitoxin (TA) systems are widespread genetic modules generally composed of a stable toxin and
a cognate labile antitoxin. Under favourable growth conditions, the antitoxin neutralizes toxin activity.
However, environmental stress promotes antitoxin degradation, releasing the toxin and modulating
essential cellular processes (Jurénas et al. 2022; Yamaguchi and Inouye 2011). TA systems are
increasingly recognized as important regulators of stress adaptation and have been implicated in
reversible growth arrest, metabolic slowdown, bacterial persistence, multidrug tolerance, and defence
against bacteriophages (Jurénas et al. 2022; Page and Peti 2016; Pandey and Gerdes 2005). Their toxins
affect diverse cellular processes, including translation, DNA replication, membrane integrity, and cell wall
biosynthesis, thereby facilitating bacterial survival under adverse conditions. Owing to their remarkable
diversity and functional heterogeneity, the TA systems have emerged as important modulators of
bacterial physiology and persistence.

Several characteristics of H. pylori suggest the existence of dormancy associated survival mechanisms.
This bacterium can persist in the gastric niche for decades, frequently undergo morphological
conversion into viable but non-culturable (VBNC) coccoid forms, and exhibits increasing rates of
eradication failure worldwide (Reshetnyak and Reshetnyak 2017). Recent work also suggests that
dormant H. pylori populations may contribute to recurrence and disease progression (Akbari et al. 2024).
In many bacterial pathogens, TA systems have been implicated in persistence and stress tolerance.
However, their physiological significance in H. pylori remains largely unexplored. To date, only a limited
number of TA modules have been experimentally characterized in H. pylori. The type Il TA pairs Hp0892-
Hp0893 and Hp0894-Hp0895 were identified and structurally characterized by Han et al. (Han et al.
2013; Han et al. 2011). Further, the type | TA system i.e. AapA1-IsoA1 pair was shown to promote
conversion of spiral shape bacteria into coccoid forms (El Mortaji et al. 2020). More recently, a YafQ
family toxin encoded within the disease-associated integrative and conjugative element (ICE), tfs4 was
reported to exhibit growth inhibitory activity (Boampong et al. 2020). These observations suggest that
TA systems may contribute to stress adaptation and persistence in H. pylori. Although, their broader
physiological roles remain unknown.

In our previous study, a comprehensive computational analysis using TADB, TASmania and Pfam domain
searches predicted an extensive repertoire of putative TA loci in H. pylori 26695. The study suggested
that these systems are considerably more abundant than previously appreciated (Gupta et al. 2022). The
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predicted TA modules encompass diverse toxin families with putative functions in translation inhibition,
membrane perturbation, DNA replication, and cell wall metabolism. However, the transcriptional
behaviour of these putative TA systems under physiologically relevant stress conditions encountered
during gastric colonization has not been investigated until now. Although several transcriptomic studies
have examined acid-responsive genes in H. pylori, no genome-wide study has systematically explored
the response of predicted TA systems to the acid stress.

In the present study, we performed rRNA-depleted RNA sequencing of H. pylori 26695 exposed to
extreme (pH 2.5) and moderate (pH 5.5) acid stress at early and prolonged time points i.e. 30 min and 4
h respectively. Differentially expressed toxin-antitoxin genes and operons were further validated by qRT-
PCR and analysed using network-based approaches. This study provides the first genome-wide view of
acid-responsive toxin-antitoxin systems in H. pylori. This further, offers new insights into their potential
roles in stress adaptation and persistent gastric colonization.

Materials and Methods

Helicobacter pylori culture and acid stress conditions

H. pylori 26695 was cultured under microaerobic conditions (5% CO,, 37°C) on brain heart infusion (BHI)
agar supplemented with 8% heat-inactivated horse serum (Sharma et al. 2009). For transcriptomic
analyses, bacteria were grown in BHI broth supplemented with 8% horse serum at 37°C and 150 rpm for
48 hours until OD¢,, reached 0.9-1.0 (Blanchard and Nedrud 2006; Kim et al. 2025; Richards et al. 2011).
Detailed growth kinetics are provided in supplementary data (Fig. S1 & S2).

To mimic physiologically relevant gastric acid conditions encountered by H. pylori during colonization of
the human stomach, cultures were exposed to pH 2.5 (extreme acid stress), pH 5.5 (moderate acid
stress), and pH 7.4 (control). The media pH was adjusted using HCl immediately before stress induction.
ODgoo 0.9-1.0 cultures were resuspended in media adjusted to the respective pH conditions and
incubated for 30 min and 4 h. Cells were harvested by centrifugation (2500 x g, 5 min, 4°C), and pellets
were stored at -80°C until further processing for total RNA isolation.

Total RNA isolation and quality assessment

Total RNA was isolated from bacterial pellets (~ 102 cells) using the RNeasy Mini Kit (Qiagen) according
to the manufacturer's instructions with minor modifications to improve integrated RNA recovery. Briefly,
cells were lysed in RLT buffer supplemented with B-mercaptoethanol, followed by mechanical disruption.
Residual genomic DNA was removed by one on-column DNase treatment (Qiagen) followed by two
sequential TURBO DNase (Thermo-Fisher Scientific) treatments (Green and Sambrook 2019). Absence
of genomic DNA contamination was confirmed by PCR amplification of the housekeeping gene flaA
(Hp0601) (Fig. S4). RNA concentration and purity were assessed using a NanoDrop spectrophotometer,
while RNA integrity was evaluated by agarose gel electrophoresis (Fig. S3). Samples with A260/A280
and A260/A230 ratios = 1.8 were considered suitable for downstream analyses.
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RNA sequencing and transcriptome analysis

RNA integrity was further assessed using Qubit fluorometry and Agilent TapeStation analysis (Fig. S5).
Ribosomal RNA (rRNA) was depleted from approximately 500 ng of total RNA per sample using the
NEBNext rRNA Depletion Kit. Strand-specific libraries were prepared using the NEBNext Ultra Il
Directional RNA Library Prep Kit for [llumina and sequenced on the lllumina NovaSeq platform to
generate paired-end reads. Raw RNA-seq reads have been deposited in the NCBI Sequence Read Archive
(SRA) under BioProject accession PRUINA1505738.

Raw sequencing data were assessed using FastQC v0.12.1 (Andersson et al. 2010) and processed using
fastp v1.0.1 (Chen 2023) to remove adapter sequences, low-quality bases, and short reads. High-quality
reads were aligned to the H. pylori 26695 reference genome (RefSeq: NC_018939.1; GenBank:
AE000511) using Bowtie2. Gene expression analyses were performed using the edgeR version 4.8.2
package, where raw counts were normalized using the trimmed mean of M-values (TMM) method and
transformed to log, counts per million (CPM) (Langmead and Salzberg 2012; Robinson et al. 2010).
Differential gene expression analyses were performed by comparing each acid-stress condition with the
corresponding pH 7.4 control at the same time point.

cDNA synthesis, operon validation, and quantitative real-time PCR

Total RNA was reverse transcribed using the Verso cDNA Synthesis Kit following the manufacturer's
instructions. Co-transcription of selected toxin-antitoxin (TA) gene pairs were assessed using operon-
specific PCR amplification. A list of TA operons was selected based on our previous bioinformatics
analyses of H. pylori 26695 (Gupta et al. 2022). Primers for gRT-PCR targeting individual toxin and
antitoxin genes and toxin-antitoxin junction regions were designed. Junction primers were designed with
the forward primer positioned near the 3' end of the upstream gene and the reverse primer near the 5'
end of the downstream gene to amplify the TA junction region. All primers were designed using NCBI
Primer-BLAST with a strict amplicon size of 160-180 bp (Fig. S15).

Quantitative real-time PCR (qRT-PCR) was performed using SYBR Green chemistry. Reference genes
(described in the results section) and control genes were selected based on previous experimental
studies of acid stress responses in H. pylori (Ang et al. 2001; Loh et al. 2021; Marcus et al. 2018; Merrell
et al. 2003). Reactions were performed in technical duplicates for each sample and its primer
combination (Supplementary Table S.1, S.2 & S.3). Relative gene expression was calculated using the
27~ AACt method, with the geometric mean of 16S and 23S rRNA used for normalization. Expression
levels were determined relative to the corresponding pH 7.4 control samples.

Regulatory network construction and statistical analysis

Differential expression data obtained from gRT-PCR were used to construct co-regulatory interaction
networks of TA genes and operons under different acid stress conditions. Network visualization and
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topological analyses were performed using Cytoscape v3.10. Correlations between RNA-seq and qRT-
PCR datasets were assessed using Pearson’s correlation coefficient in Origin 2024 (Academic licence
DUCC). Heat maps, scatter plots, bar graphs, violin plots, Sankey diagrams, and other data visualizations
were generated using Origin 2024 and Python 3.13 using matlabplotlib/seaborn.

Results

Genome-wide transcriptional response of H. pylori 26695 under acid stress

To characterize the transcriptional response of H. pylori 26695 to acidic conditions, we performed rRNA-
depleted RNA sequencing following exposure to moderate (pH 5.5) and extreme (pH 2.5) acid stress for
30 min and 4 h, using pH 7.4 as the corresponding physiological control (Ang et al. 2001; Loh et al.
2021; Merrell et al. 2003; Zimmerman et al. 2023). The transcriptional complexity of H. pylori has
previously been demonstrated by the identification of 1,907 transcription start sites and 337 primary
operons, with approximately 87.5% of annotated genes exhibiting transcriptional activity (Sharma et al.
2010). Here, using RNA sequencing, an average of 39.58 million paired-end reads and 6.29 Gb of raw
data per library were generated (Bio Project Accession No.: PRINA1505738). Following quality filtering
and alignment to the H. pylori 26695 reference genome (GenBank: AE000511), high-confidence
expression values were obtained for 1,564 annotated ORFs.

The original genome sequence of H. pylori 26695 reported 1,590 coding sequences (Tomb 1997),
whereas current genome annotations indicate approximately 1,564 protein-coding genes after exclusion
of pseudogenes and non-functional ORFs (Kanehisa et al. 2025; Karp et al. 2019). In our dataset,
approximately 26 ORFs showed no detectable expression and likely corresponded to pseudogenes or
transcriptionally inactive loci under given experimental conditions. Therefore, the expression profiles of
1,564 ORFs (Hp0001-Hp1590) were visualized in a genome-wide heatmap (Fig. 1A).

Distinct transcriptional patterns were observed under moderate (pH 5.5) and extreme (pH 2.5) acid
stress. Exposure to pH 2.5 produced extensive regions of strongly induced (red) and repressed
transcripts (green) across the genome, whereas pH 5.5 elicited comparatively milder and more gradual
changes in gene expression. Similar patterns were observed at both 30 min and 4 h, although
differences in the magnitude of transcriptional changes were evident between the early (30 min) and
prolonged (4 h) exposure periods (Fig. 1A) (Loh et al. 2021; Marcus et al. 2018).

The stacked distribution of log, fold-change values further highlighted the differences between moderate
and extreme acid stress (Fig. 1B). At pH 2.5 after 30 min, a large proportion of genes exhibited
pronounced changes in expression (log,FC = +2.5 or < —2.5), indicating a robust early transcriptional
response. Following 4 h of exposure to pH 2.5, the proportion of highly regulated genes decreased,
accompanied by an increase in genes showing moderate expression changes (log,FC between 0.5 and
1.5). In contrast, under pH 5.5, the majority of transcripts at both time points clustered around log,FC
values between -0.5 and 0.5, indicating relatively limited perturbation of the transcriptome. Collectively,
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these observations suggest that nearly half of the H. pylori genome (~800 genes) undergoes significant
transcriptional changes during severe acid stress.

Temporal changes in gene expression were further examined by scatter plots comparing log,FC values
at 30 min and 4 h under each pH condition (Fig. 1C, D). At pH 2.5, the scatter plot exhibited an
asymmetric distribution, with a large cluster of genes above the line of equivalence, indicating higher
differential expression at 30 min followed by reduced expression after 4 h. A complementary cluster
below the diagonal represented genes showing increased differential expression during prolonged acid
exposure. In contrast, the distribution at pH 5.5 was more symmetrical with fewer extreme outliers,
reflecting a more consistent transcriptional response over time (Fig. 1D) (Dong et al. 2001). Overall,
these genome-wide analyses demonstrate that H. pylori 26695 exhibits a pronounced early
transcriptional response under the extreme (pH 2.5) acid stress as compared to moderate (pH 5.5) acid
stress where gradual and sustained change has been observed in gene expression.

Acid stress triggers genome-wide and position-independent transcriptional remodelling

To determine whether acid-responsive transcriptional changes were preferentially localized to specific
genomic regions. The 1,564 expressed genes were arranged into six consecutive genomic bins (Hp0001-
Hp0250, Hp0251-Hp0500, Hp0501-Hp0750, Hp0751-Hp1000, Hp1001-Hp1250, and Hp1251-Hp1590),
and the distribution of log, fold-change (log,FC) values within each bin was visualized using box-and-
scatter plots (Fig. S8). Genes with log,FC values between 0.5 and +2.5 were considered acid
responsive, whereas genes with log,FC values between -0.5 and 0.5 were considered unchanged.

At pH 2.5 after 30 min, all six genomic bins displayed broadened interquartile ranges compared with the
pH 7.4 control, indicating extensive transcriptional changes across the genome (Fig. S8 A) (Loh et al.
2021). Individual genes with extreme expression values reached approximately +5 log,FC, and several
bins exhibited a positive shift in median expression values. Similar distributions were observed after 4 h
of exposure to pH 2.5, although the spread of extreme responders was slightly reduced (Fig. S8 B).
Upregulated and downregulated genes were detected in all six genomic bins at both time points,
indicating that transcriptional changes were not restricted to specific genomic segments.

In contrast, exposure to pH 5.5 produced comparatively narrower distributions centred around the zero
baseline at both 30 min and 4 h (Fig. S8 C, D). Fewer genes exhibited log,FC values greater than +2.5,
consistent with a lower magnitude of transcriptional perturbation under moderate acid stress. Similar to
pH 2.5, inducible and repressible genes were distributed throughout all genomic bins, with no evidence
of preferential clustering within any particular region of the genome.

Collectively, these observations indicate that acid-induced transcriptional remodelling in H. pylori 26695
is genome-wide and largely independent of gene position, with responsive genes distributed across the
genome rather than concentrated within discrete genomic regions.

Putative TA genes are enriched among acid stress-responsive transcripts of H. pylori 26695
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The genome-wide and position-independent transcriptional remodelling observed under acid stress
prompted us to examine whether specific functional gene groups were preferentially represented among
differentially expressed transcripts. To address this, we investigated the expression profiles of the 80
putative toxin-antitoxin (TA) genes previously identified in H. pylori 26695 (Gupta et al. 2022).
Hierarchical clustering of these genes extracted from the RNA-seq dataset revealed distinct expression
patterns across the four acid stress conditions (Fig. 2A). A subset of TA loci showed pronounced
upregulation under pH 2.5, whereas the response at pH 5.5 was comparatively attenuated. Another
cluster displayed transient induction at pH 2.5 after 30 min, followed by reduced expression after 4 h
(Fig. S$9). In contrast, a small group of genes, including Hp0762 (inner membrane chaperone lipoprotein),
Hp0763 (Signal recognition particle receptor- FtsY), Hp0774 (Tyrosine tRNA ligase - tyrS) and Hp0775
(Penta-phosphate guanosine-3'-pyrophosphohydrolase - SpoT), exhibited repression under extreme acid
stress.

To investigate the overlap of differentially expressed genes among the four stress conditions, four-way
Venn diagrams were constructed for both upregulated and downregulated transcripts (Fig. 2 B, C).
Among the 1,564 expressed ORFs, 112, 64, 110 and 98 genes were exclusively upregulated under pH 2.5,
30 min & 4 h; pH 5.5, 30 min &4 h, respectively, whereas only 38 genes were commonly upregulated
under all four conditions. Similarly, 99, 84, 127 and 86 genes were uniquely downregulated under the
respective stress conditions, with only 32 genes shared among all four conditions. These results indicate
that acid-responsive transcriptional changes are largely condition-specific.

A similar analysis performed exclusively on the 80 putative TA genes revealed an even lower degree of
overlap among the four stress conditions (Fig. 2 D, E). Most TA genes responded to one or two specific
conditions, with only four genes commonly upregulated and a single gene commonly downregulated
across all four conditions. These observations indicate that TA genes exhibit distinct expression profiles
depending on the severity and duration of acid exposure.

Together, these findings demonstrate that putative TA genes constitute a highly responsive subset of the
H. pylori transcriptome and display condition-dependent expression patterns under both moderate (pH
2.5) and extreme (pH 2.5) acid stress. The preferential induction of several TA loci at pH 2.5 and their
differential expression under pH 5.5 provide transcriptomic evidence that these genes participate in the
acid stress response of H. pylori 26695.

Genomic organisation and expression profiling of putative toxin-antitoxin genes in H. pylori 26695

The enrichment of acid-responsive transcripts among the 80 putative toxin-antitoxin (TA) genes drives a
locus-by-locus analysis of their genomic organization and expression patterns. The 48 predicted TA loci
identified previously (Gupta et al. 2022) were mapped onto the H. pylori 26695 genome (NC_000915)
and integrated with RNA-seq expression profiles from all four acid stress conditions to generate a
genome-wide circular map, and an expression-annotated locus are summarized in Table 1 and illustrated
in Fig. 3.
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These 48 loci comprised 80 genes organized into 43 operons, of which 39 could be assigned to known
Pfam-associated TA families. ParBC represented the largest family (14 loci) (Chen et al. 2015), followed
by Zeta-Epsilon (5) (Rocker and Meinhart 2015), YafQ-DinJ (4) (Han et al. 2013; Han et al. 2011; Zhao et
al. 2013), HicAB (3) (Jergensen et al. 2009), Phd-Doc (3) (Park et al. 2026), MraZ (2) (Sprenger et al.
2017), and SpollS (2), whereas HipAB, Fic, SymE1, Hok1, AbiEii1, and NikR1 were represented by single
loci (Dy et al. 2014; Harms et al. 2016, Kawano 2012; Turnbull and Gerdes 2017; Van Vliet et al. 2004)
(Fig. 3, inset). Four loci remained unclassified, and five genes were present as orphan toxin or antitoxin
components lacking a cognate partner. Both AT—T and T—AT operon orientations were observed
throughout the genome, with no strand bias, indicating that the genomic architecture of TA systems in H.
pylori is organised independently of chromosomal context and that both orientations are equally
competent for functional operon activity.

Comparison of expression profiles across the four stress conditions revealed marked condition-
dependent regulation of TA genes (Table 1). Overall, the differential expression were more pronounced at
pH 2.5 as compared to pH 5.5. Several toxin genes showed more frequent upregulation than their
cognate antitoxins under severe acid stress. Members of the Phd-Doc family showed sustained
upregulation at both 30 min and 4 h under pH 2.5. Similarly, multiple Zeta-Epsilon loci and AbiEii1
displayed increased expression under severe acid exposure. YafQ-DinJ family members showed strong
induction at pH 2.5 after 30 min, whereas SpollS loci were transiently induced at 30 min and returned to
lower expression levels after 4 h. In contrast, ParBC loci displayed heterogeneous responses, with some
members showing moderate induction and others exhibiting little or no change.

The circular genome map further demonstrated that acid-responsive TA loci were distributed throughout
the chromosome without obvious clustering (Fig. 3). This pattern was consistent with the genome-wide
analysis presented in Fig. S8 and indicated that acid-responsive TA genes are spatially dispersed across
the H. pylori genome.

Collectively, Table 1 and Figs. 3 and S8 provide a genome-wide overview of the diversity, organization,
and stress-responsive expression patterns of putative TA systems in H. pylori 26695. Based on these
expression profiles, 21 representative TA loci encompassing the major families were selected for operon
validation (data unpublished) and subsequent qRT-PCR analysis.

RNA-seq validation using functionally characterised control genes.

Before proceeding with further analyses, the reliability of the RNA-seq dataset was evaluated by
comparing expression profiles with qRT-PCR measurements (de Brito et al. 2024; Tubau-Juni et al.
2020). Seven functionally characterized genes of H. pylori 26695 were selected as controls, representing
urease-dependent acid adaptation (ureA and urel (Ansari and Yamaoka 2017; Scott et al. 2002),
housekeeping functions (gyrA and rpoB ) (Austin and Maier 2013; Elbaiomy et al. 2025; Wen et al.
2003), motility (flaA) (De la Cruz et al. 2017; Spohn and Scarlato 1999; Wen et al. 2003), and urease-
independent nitrogen metabolism (aimE and rocF) (Jones et al. 2018; Pflock et al. 2006; Wen et al.
2003). The gRT-PCR analysis was performed in duplicate, and expression values i.e Ct value were
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normalized using the geometric mean of 16S and 23S rRNA Ct values (Vandesompele et al. 2002).
Statistical analyses were performed using Origin 2024 (Delhi University Computer Centre license).

Because no urea was added to the acid stress medium, urease-mediated buffering was absent (Sachs et
al. 2001). Accordingly, both ureA and urel were downregulated under all four acid stress conditions in
both datasets. At pH 2.5 after 4 h, ureA and urel exhibited log,FC, -1.33 and -1.49, respectively. Similarly,
the housekeeping genes gyrA and rpoB were consistently repressed under all conditions, with rpoB
showing the strongest reduction at pH 2.5 after 4 h, reaching log,FC, -3.847 and -4.157 in RNA-seq and
gRT-PCR datasets, respectively. In contrast, flaA was induced under pH 2.5 after 30 min, with log,FC,
+2.764 and +3.096 obtained by RNA-seq and qRT-PCR, respectively. The nitrogen metabolism-associated
genes aimE and rocF were upregulated under severe acid stress in both datasets; at pH 2.5 after 30 min,
aimE reached log,FC +1.5 and +2.6693 in RNA-seq and qRT-PCR, respectively, and rocF reached log,FC
+3.2475 and +3.0134 in RNA-seq and qRT-PCR, respectively.

Overall, RNA-seq and qRT-PCR exhibited highly consistent expression patterns (Fig. 4). Genes that were
upregulated or downregulated in the RNA-seq analysis showed corresponding trends in the gRT-PCR
data, suggesting the consistency of the results. Although minor differences in absolute log,FC were
observed, likely due to differences in dynamic range and normalization procedures, the relative
expression patterns remained highly similar. Correlation analysis demonstrated a strong positive
relationship between the two approaches (R = 0.954, p < 0.001), supporting the reliability of the RNA-seq
dataset and providing a robust basis for subsequent analyses of toxin-antitoxin genes and operons.

gRT-PCR validation of individual toxin-antitoxin gene expression profiles.

Following validation of the control genes, we extended the analysis to selected toxin-antitoxin (TA) loci
identified in our previous genome-wide study (Gupta et al. 2022). 21 putative TA operons comprising 40
individual toxin (T) and antitoxin (AT) genes were selected for expression analysis. RNA-seq-derived
log,FC values were compared with qRT-PCR expression under four acid stress conditions compared to
control (pH 7.4) (Fig. 5). The overall distribution of individual gene expression profiles obtained by both
methods is shown in the scatter plots (Fig. 5A, B).

Gene-wise comparisons were further visualized using bar plots (Fig. 5C, D). The selected genes included
members of the Zeta-Epsilon, YafQ-DinJ, VapBC, Phd-Doc, AbiEii and other predicted TA families. The
direction of expression changes was highly consistent between RNA-seq and gRT-PCR. Genes that were
upregulated or downregulated in the RNA-seq analysis exhibited the same trend in qRT-PCR, whereas
only a few genes within the unchanged range (log,FC between -0.5 and +0.5) showed a minor difference.

The strongest induction was observed under severe acid stress (pH 2.5, 30 min). Hp0993, Hp0994 and
Hp1497 displayed the highest positive log,FC values, exceeding +4 in both RNA-seq and qRT-PCR
datasets. In general, expression levels induced at 30 min decreased at 4 h, although most remained
above the baseline. In contrast, expression changes at pH 5.5 were comparatively moderate and
remained closer to the zero baseline in both datasets (Fig. 5A, B).
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Using a threshold of log, FC = 0.5, 10 toxin genes and 10 antitoxin genes were upregulated at pH 2.5
after 30 min, whereas 13 toxin genes and 11 antitoxin genes were upregulated after 4 h. Under mild acid
stress (pH 5.5), 7 toxin genes and 7 antitoxin genes were upregulated after 30 min, while 4 toxin genes
and 10 antitoxin genes showed increased expression after 4 h. In comparison, downregulated genes
represented less than 17% of the selected TA genes across all conditions (Fig. 5).

To further evaluate the agreement between both techniques, Pearson correlation analysis was
performed for each condition (Fig. 6A-D). Strong positive correlations were obtained for pH 2.5 after 30
min (r = 0.9103), pH 2.5 after 4 h (r = 0.9565), pH 5.5 after 30 min (r = 0.9034), and pH 5.5 after4 h (r =
0.9453), with all correlations being statistically significant (p < 0.00017; n = 40). When all four conditions
were pooled (n = 160), the overall correlation coefficient was r = 0.9280 (p < 0.0001) (Fig. 6E). Among
individual conditions, pH 2.5 after 4 h exhibited the highest agreement between RNA-seq and qRT-PCR
datasets (Fig. 6F).

Comparison of toxin and antitoxin components also revealed asymmetric expression patterns in several
TA loci. In the Hp0892-Hp0893 and Hp0894-Hp0895 systems, previously characterized in H. pylori (Han
et al. 2013; Han et al. 2011), as well as in the Hp0993-Hp0994 locus, the antitoxin component displayed
greater fold changes than the corresponding toxin gene under severe acid stress. These observations
obtained independently by gRT-PCR further support the transcriptional dynamics revealed by RNA-seq
and confirm that acid-responsive regulation of TA genes represents a reproducible and biologically
relevant feature of H. pylori 26695.

gRT-PCR expression analysis of selected toxin-antitoxin operons

Having validated the RNA-seq dataset using control genes (Fig. 4) and individual toxin and antitoxin
genes (Fig. 5 and 6), we next examined expression at the operon level by calculating log,FC values for
21 selected TA operons. Operon-level expression values were normalized using the geometric mean of
16S and 23S rRNA Ct values as the reference baseline (Fig. 7A). Heatmap visualization together with
scatter and bar plots (Fig. 7A- C), revealed a pronounced condition-dependent pattern of operon
expression.

Most TA operons (18 of 21) were upregulated under severe acid stress at pH 2.5, both after 30 min and 4
h. The strongest induction at pH 2.5 after 30 min was observed for Hok1, ParBC4, SymE1, YafQ1, Fic1
and NikR1, each exhibiting log,FC values exceeding +2.5 (Fig. 7C). In contrast, MraZ2 displayed a
distinct expression profile characterized by marked downregulation at pH 2.5 after 30 min and only weak
transient induction at pH 5.5 after 30 min. Likewise, Zeta2 showed partial downregulation at pH 2.5 and
moderate induction at pH 5.5, suggesting differential regulation compared with the majority of the
operons.

Expression changes under mild acid stress (pH 5.5) were generally smaller, with most operons exhibiting
log,Fc values close to zero or only slight induction (Fig. 7 A, C). Among the different TA families, Phd-
Doc1, Phd-Doc2 and Phd-Doc3 maintained elevated expression at both pH 2.5 time points with
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comparatively limited attenuation after 4 h. Overall, the operon-level qRT-PCR data also confirmed that
acid stress induces widespread but differential transcriptional responses among TA systems in H. pylori
26695.

To highlight the temporal dynamics of these responses, qRT-PCR-validated genes and operons were
classified according the increased or decreased expression profile in between 30 min and 4 h under each
pH condition. Paired violin-slope plots were generated to visualize the trajectories of log,FC values (Fig.
$10). At pH 2.5, 23 genes and 10 operons exhibited increased expression over time, whereas 17 genes
and 11 operons showed reduced expression. In contrast, fewer changes were observed under pH 5.5.
These findings indicate that acid-responsive regulation of TA systems involves both activation and
attenuation of distinct loci during prolonged acid exposure rather than a uniform transcriptional
response.

Network-based analysis of toxin-antitoxin regulatory relationships under acid stress.

Having validated the expression profiles of individual TA genes and operons (Fig. 5 — 7, $9-S10), we next
sought to visualize their relationships across the four acid stress conditions. An integrated network was
constructed using qRT-PCR-derived log,FC values to represent the interactions between individual TA
genes, their corresponding operons, and the different stress conditions (Fig. 8). In this network, circular
nodes represent TA genes, octagonal nodes represent TA operons, and square nodes correspond to the
four acid stress conditions. Node colour reflects the magnitude and direction of expression changes,
while edge weights represent the relative strength of transcriptional responses.

The overall network displayed a clear bipartite organisation, with activated and deactivated expression
modules occupying distinct regions. The right side of the network was dominated by highly induced
genes and operons, including Hp0993, Hp0994, Hp0895, AbiEii1, SymE1, PhdDoc?2, YafQ2, Hok1 and
Hp1338. These nodes showed dense connections with the activation condition nodes, particularly under
severe acid stress at pH 2.5, consistent with the strong induction patterns observed previously (Fig. 5 —
7). In contrast, the left side of the network contained predominantly repressed nodes, including MraZ2,
gyrA, rpoB, ureA, urel, flaA, Hp0240, Hp0593 and Hp0763, which were associated with the deactivation
condition nodes. This spatial separation highlights that acid stress induces coordinated activation and
repression of distinct groups of genes rather than causing a uniform transcriptional perturbation.

Several nodes occupied central positions within the network and were connected to both activated and
deactivated modules. Such connectivity reflected the biphasic expression patterns observed in the
temporal analyses (Figs. 7 and S10), where some genes and operons exhibited different responses
depending on pH and exposure time. Among the operons, ParBC4, PhdDoc1 and NikR1 showed
extensive connectivity within the activation subnetwork and formed tightly associated clusters under pH
2.5 conditions. Their prominent positions suggest that these operons may participate in broader stress-
responsive transcriptional programs during severe acid exposure.
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Overall, the network architecture provides a systems-level representation of the acid-responsive TA
landscape in H. pylori 26695 (Fig. 8). The coexistence of activated and repressed modules and their
extensive interconnections indicate that TA systems are integrated components of the bacterial stress
response and may contribute collectively to the adaptive strategies that enable survival under harsh
acidic conditions.

Filtered expression profiles of protease and acid-resistance genes under acid stress

Beyond the transcriptional profiling of toxin-antitoxin (TA) systems, the genome-wide RNA-seq dataset
also contained several functionally important groups of genes, including proteases and acid-resistance
(AR) associated genes (Fig. 9). To place the TA-mediated responses into a broader physiological
context, we examined the expression dynamics of these functional categories under the four acid stress
conditions. Sankey flow diagrams were used to visualize the proportions of upregulated (red),
unchanged (grey), and downregulated (green) genes within each group (Fig. 9A, B).

Among the 13 protease-encoding loci (Karp et al. 2019; Lower et al. 2008; Posselt, Crabtree and
Wessler 2017; Tomb 1997; Wessler and Posselt 2024), the strongest response was observed under
severe acid stress at pH 2.5 for 30 min, where 62% of the genes were downregulated, whereas only 23%
were upregulated (Fig. 9A) (Fig. S.13). At pH 2.5 for 4 h, repression remained predominant. In contrast,
mild acidification at pH 5.5 produced comparatively smaller changes, with most protease genes
remaining unchanged, indicating that moderate acidity exerts only limited effects on the proteolytic
machinery.

A contrasting pattern was observed for the 10 acid-resistance (AR) associated genes (Hauser et al.
2014; Karp et al. 2019; Rain et al. 2001; Tomb 1997; Tran et al. 2004; Vallese et al. 2015). At both pH 2.5
(30 min) and pH 5.5 (30 min), approximately half of the AR genes were upregulated (Fig. 9B), consistent
with activation of the canonical acid-response machinery. These genes included the urea channel Urel
(Hp0071), glutamate dehydrogenase GdhA (Hp0380), aliphatic amidase AimE (Hp0294), L-asparaginase
Il ansB (Hp0723) and the response regulator Hp1021 (Donczew et al. 2015; Miller Erica and Maier
Robert 2014, Scott et al. 2002; Skouloubris et al. 2001; Smith et al. 2007; Yang et al. 2022; Zanotti and
Cendron 2014). However, following prolonged exposure to severe acid stress, i.e. pH 2.5 (4 h), the
proportion of upregulated acid-resistance (AR) associated genes decreased to 40%, whereas
approximately 50% of the genes became downregulated, indicating a temporal shift in the acid-response
programme (Fig. S.14).

Collectively, these expression patterns indicate that H. pylori 26695 mounts a graded and functionally
stratified response to acid stress, with protease-associated genes and classical acid-resistance
determinants exhibiting distinct transcriptional behaviours depending on both pH severity and duration
of exposure.

Discussion
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The present study provides the first genome-wide transcriptomic characterization of putative toxin-
antitoxin (TA) systems in H. pylori 26695 under acid stress. We examined TA gene expression at the
gene, operon, and network levels. Together, our findings suggest that H. pylori employ its TA repertoire as
part of a temporally coordinated and severity-dependent acid-stress response.

RNA-Seq showed that nearly half of the H. pylori genome altered its expression under severe acid stress
(pH 2.5). This response was much broader than previously reported studies that mainly focused on
selected acid-responsive genes (Ang et al. 2001; Loh et al. 2021; Merrell et al. 2003). The scatter plots
showed a strong response at 30 min followed by partial attenuation at 4 h, suggesting a two-phase
transcriptional programme. Similar biphasic responses have been described in other stress-adapted
bacteria and are considered a common strategy for survival under hostile conditions (Choudhary, Foster
and Uphoff 2024; Cortes et al. 2017; Merchel et al. 2020; Yuan et al. 2026). Such responses allow an
initial emergency phase to be replaced by a metabolically sustainable adaptive state (Sharma et al.
2025). In addition, the absence of positional bias across the genome indicates that acid-induced
transcriptional changes are primarily controlled through trans-acting regulatory mechanisms rather than
local genome organization (Song et al. 2021; Sun et al. 2020).

One of the most important findings of this study was the enrichment of putative TA genes among acid-
responsive transcripts. TA systems are recognized as stress-responsive elements in many bacteria,
particularly in E. coli, where they contribute to growth arrest and persistence E. coli (Fiedoruk et al. 2015;
Yamaguchi and Inouye 2011). In H. pylori, however, only four type Il TA systems have been experimentally
characterized to date (Han et al. 2013; Han et al. 2011). Their genome-wide response to acid stress has
not been explored previously. Hierarchical clustering of 80 putative TA genes revealed distinct co-
expression clusters, with most genes strongly induced at pH 2.5. The Venn analysis further showed that
individual loci responded differently under different conditions. Thus, TA genes do not behave as a single
co-regulated block. Instead, they appear to form a modular and condition-specific regulatory network.
Such flexibility may allow H. pylori to adapt to the heterogeneous microenvironments encountered within
the gastric mucosa (Marcus et al. 2018).

Analysis of the 48 putative TA loci revealed substantial differences among TA families. The PhdDoc
family showed sustained induction during prolonged exposure to pH 2.5. PhdDoc toxins are sequence-
specific endoribonucleases, and prolonged activation of this family may contribute to translational
slowing and reduced metabolic activity, characteristics frequently associated with persistence (Park et
al. 2026). Members of the YafQ-DinJ family were strongly induced during the early phase of severe acid
stress. YafQ toxins are mRNA interferases and are known to participate in stress adaptation and
persistence (Han et al. 2013; Han et al. 2011; Hu et al. 2024). Similarly, HipAB1 was induced under
severe acid stress. HipA-family toxins are ATP-dependent serine kinases and have been implicated in
persister-cell formation in several bacterial pathogens (Lewis and Hansen 2012; Zhao et al. 2013). Our
observations suggest that these systems may also participate in acid adaptation in H. pylori.
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Another interesting observation was the asymmetric expression between toxin and antitoxin genes.
Under severe acid stress, toxin transcripts were frequently more abundant than their corresponding
antitoxin transcripts. Although transcript abundance does not necessarily reflect protein levels, this
pattern suggests altered toxin-antitoxin stoichiometry under acidic conditions. Such imbalances have
been proposed to favour toxin activity and growth attenuation in other bacterial systems E. coli (Fiedoruk
et al. 2015; Yamaguchi and Inouye 2011). Therefore, selective activation of toxin components may
contribute to metabolic slowing during prolonged acid stress.

The qRT-PCR experiments strongly supported the RNA-seq data. Validation using well-characterized
control genes showed excellent agreement between both approaches. Similar patterns were also
observed for the 40 individual TA genes. No major directional differences were detected. These findings
confirm that the RNA-seq matrix accurately reflects the transcriptional behaviour of TA genes under acid
stress and support the biological relevance of the observed changes.

Operon-level analysis further demonstrated that TA induction depends on acid severity. Most operons
were strongly induced at pH 2.5 but showed weaker responses at pH 5.5. This finding suggests that the
TA response of H. pylori is quantitatively tuned to the degree of acid stress rather than behaving as an
all-or-none switch. Severe acidification triggered stronger transcriptional activation, whereas milder acid
stress produced a more moderate response. Among the operons, MraZ2 displayed a unique pattern. It
was repressed at pH 2.5 but transiently induced at pH 5.5. MraZ proteins act as transcriptional
regulators of cell division genes in other bacteria (Eraso et al. 2014; White et al. 2022). Therefore, MraZ2
may contribute to selective growth resumption under moderate acid conditions.

The temporal analyses and network modelling provided a systems-level view of TA regulation. Activated
and deactivated modules occupied distinct regions of the network, indicating that the response is highly
organized rather than random. Several operons, including ParBC4, PhdDoc1 and NikR1, occupied central
positions within the activation network. Their high connectivity suggests that these operons may act as
regulatory hubs that integrate stress signals with downstream adaptive responses. Similar network-
based architectures have been reported in stress-responsive regulatory circuits of bacterial
pathogenesis (Choudhary et al. 2024; Cortes et al. 2017).

Taken together, our findings show that the TA landscape of H. pylori is transcriptionally active,
functionally diverse, and highly responsive to acid stress. We propose that acid exposure triggers
genome-wide transcriptional remodelling that activates both classical acid-resistance pathways and
selected TA systems. Prolonged severe acidification may favour a low-energy physiological state
compatible with survival in the gastric niche. Although functional validation is still required, our results
suggest that TA systems represent previously underappreciated components of acid adaptation and
may contribute to the remarkable persistence of H. pylori within the human stomach. Such systems may
also represent attractive targets for anti-persistence therapeutic strategies (Lewis and Hansen 2012;
Yamaguchi and Inouye 2011).
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Conclusion

This study provides the first genome-wide analysis of acid stress-responsive toxin-antitoxin (TA)

systems in H. pylori 26695. Acid stress caused extensive transcriptional changes across the genome.
Extreme acid stress (pH 2.5) produced stronger responses than moderate acid stress (pH 5.5). These
changes were distributed throughout the genome and were not restricted to specific genomic regions.

Putative TA genes were highly enriched among acid-responsive transcripts. Different TA loci and operons
showed distinct pH and time-dependent expression patterns. Some families displayed transient
induction, whereas others remained active during prolonged stress. This indicates that TA systems are
regulated in a selective and dynamic manner.

The RNA-seq results were supported by gRT-PCR analysis of control genes and individual TA genes.
Strong agreement between the two approaches confirmed the reliability of the transcriptomic data.
Network analysis further showed that TA genes and operons form interconnected regulatory modules
rather than acting as isolated genetic elements.

Together, these findings suggest that TA systems are an active part of the acid stress response of H.
pylori. Their selective activation under extreme acid conditions points to a possible role in growth
modulation and persistence within the gastric environment. This work provides a framework for future
functional studies aimed at understanding the role of individual TA systems and evaluating their
potential as targets for anti-persistence therapeutic strategies.
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Figure 1

The transcriptional profiling of H. pylori 26695 under acid-stress conditions. (A) Heatmap showing the
expression profiles of 1,564 H. pylori 26695 genes following exposure to pH 2.5 and pH 5.5 for 30 min
and 4 h compared to control (pH 7.4). Gene expression is represented on a color scale, i.e. red:
upregulation, green: downregulation, and black: no significant change. (B) Stacked bar chart showing the
distribution of genes across different log, fold-change (log,FC) intervals (s-2.5,-2.5t0 -1.5,-1.5t0 -0.5,
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-0.51t0 0.5,0.510 1.5, 1.5 to 2.5, and =2.5) under different conditions. (C, D) Scatter plots comparing
log,FC values at 30 min and 4 h under pH 2.5 (C) and pH 5.5 (D). Each point represents an individual
gene, illustrating temporal changes in gene expression in response to extreme and moderate acid stress.
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Heatmap of putative toxin-antitoxin genes. (A) Heatmap showing hierarchical clustering of significantly
differentially expressed putative toxin-antitoxin (TA) genes of H. pylori 26695 under four acid stress
conditions: pH 2.5 (30 min & 4 h), pH 5.5 (30 min & 4 h), compared to control (pH 7.4). The color scale
represents log,FC values, and the dendrogram indicates similarities in expression patterns among TA
genes. (B, C) Four-way Venn diagrams of all the ORFs showing the overlap of upregulated (B) and
downregulated (C) genes among the four acid stress conditions. Numbers indicate genes uniquely or
commonly regulated under each condition. (D, E)Four-way Venn diagrams of 80 putative TA genes
illustrating the overlap of upregulated (D) and downregulated (E) genes among the four acid stress
conditions.
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Figure 3

Genome-wide distribution and expression profiling of putative toxin-antitoxin systems in H. pylori
26695. Circular map showing the genomic distribution and orientation of predicted toxin-antitoxin (TA)
loci in H. pylori 26695 (NC_000915). Outer tracks represent coding sequences on the forward and
reverse strands. Inner concentric rings display normalized expression values (log, FC) under four acid
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stress conditions: pH 2.5, 30 min & 4 h, pH 5.5, 30 min & 4 h compared to control (pH 7.4). Red, green,
and black indicate upregulation, downregulation, and no significant change, respectively. Toxin (T) and
antitoxin (AT) genes are indicated at their corresponding genomic positions. The inset summarizes the
distribution of predicted TA families identified in H. pylori 26695, with the number of loci shown for each
family.
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Validation of RNA-seq expression profiles using functionally characterised control genes. Heatmaps
showing log, FC values relative to pH 7.4 control determined by (A)RNA-seq and (B) gRT-PCR for seven
H. pylori 26695 control genes; ureA (Hp0073), flaA (Hp0601), gyrA (Hp0701), rpoB (Hp1198), urel
(Hp0071), aimE (Hp0294), and rocF (Hp1399) under four acid stress conditions. Red, green and black
indicate upregulation, downregulation and unchanged expression, respectively. (C) Scatter plot showing
the relationship between RNA-seq and gRT-PCR log,FC values for all genes and conditions (n = 28).
Points are color-coded by gene. The black dashed line represents the linear regression, and the grey
dotted line denotes the identity line (y = x). Pearson correlation analysis showed a strong positive
correlation (R = 0.954, p < 0.001). The gRT-PCR values were calculated using the 2*(-AACt) method with
the geometric mean of 16S and 23S rRNA as the normalization reference.
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Figure 5

in genes under acid

stress. (A, B) Scatter plots showing log,FC values of 40 toxin (T) and antitoxin (AT) genes belonging to

tox
21 putative TA operons in H. pylori 26695, as determined by (A) RNA-seq and (B) qRT-PCR under four

gRT-PCR validation of RNA-seq derived expression profiles of the toxin-ant

acid stress conditions compared to control (pH 7.4). (C, D) Gene-wise bar plots showing log, FC values
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of the same 40 TA genes obtained by (C) RNA-seq and (D) gRT-PCR. Colours indicate stress conditions:
pH 2.5 (30 min), orange; pH 2.5 (4 h), dark brown; pH 5.5 (30 min), light blue; and pH 5.5 (4 h), dark blue.
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Figure 6

Correlation between RNA-seq and qRT-PCR expression profiles of individual toxin-antitoxin genes
under acid stress. Scatter plots showing the relationship between qRT-PCR-derived log, FC values (y-
axis) and RNA-seq-derived log, FC values (x-axis) for 40 toxin (T) and antitoxin (AT) genes from 21
putative TA operons of H. pylori 26695 under (A) pH 2.5 (30 min), (B)pH 2.5 (4 h), (C) pH 5.5 (30 min),
and (D) pH 5.5 (4 h). Each panel displays the Pearson correlation coefficient (r), p-value, and number of

observations (n = 40). The solid line represents the linear regression, the shaded region denotes the 95%

confidence interval, and the dashed line indicates the identity line (y = x). (E) Pooled correlation analysis
comprising all 160 observations (40 genes x 4 conditions), colour-coded according to acid stress
conditions: pH 2.5 (30 min: orange; 4 h: dark brown); pH 5.5 (30 min: light blue; 4 h: dark blue). The
pooled Pearson correlation coefficient was r = 0.9280 (p < 0.0001). (F) Comparison of Pearson
correlation coefficients obtained for each condition. Error bars indicate the 95% confidence intervals, and
the dashed line represents the pooled correlation coefficient (r = 0.9280).
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Figure 7

gRT-PCR analysis of toxin-antitoxin operon expression under acid stress conditions.

(A) Heatmap showing operon level log,FC value of 21 selected TA operons under four acid stress
conditions (pH 2.5, 30 min & 4 h), pH 5.5, 30 min & 4 h) compared to control (pH 7.4). Expression values
were normalized using the geometric mean of 16S and 23S rRNA Ct values. Red, green and black
indicates upregulation, downregulation and unchanged respectively. (B)Scatter plot showing the

distribution of operon-level log,FC values under each condition. (C) Gene-wise bar plots of the 21 TA
operons.
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Network visualization of toxin-antitoxin genes and operons under acid stress. Integrated network
showing the relationships among individual toxin-antitoxin (TA) genes (circular nodes), TA operons
(octagonal nodes), and acid stress conditions (square nodes) in H. pylori 26695 exposed to pH 2.5 and
pH 5.5 for 30 min and 4 h. Node colours indicate expression levels based on qRT-PCR-derived log, FC
values relative to pH 7.4, with red representing upregulation, green representing downregulation, and
yellow indicating little or no change. Red and green edges denote activation and deactivation
relationships, respectively, and edge thickness corresponds to the magnitude of expression change.
Condition nodes are classified according to pH and exposure time. The network was generated using

gRT-PCR-validated expression data.
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Figure 9

The expression profiles of protease and acid-resistance genes in H. pylori 26695 under acid stress.
Sankey flow charts showing the distribution of transcriptional responses of (A) 13 protease-encoding
genes and (B)10 acid-resistance (AR) associated genes under four acid stress conditions (pH 2.5, 30
min & 4 h), pH 5.5, 30 min & 4 h) relative to the physiological control (pH 7.4). Red, green and grey
indicate upregulation, downregulation and unchanged expression respectively, according to their RNA-
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seq log, FC values. The percentages shown on the left indicate the proportion of genes in each
expression category for a given condition, whereas the width of each flow corresponds to the relative
contribution of genes to that category. Gene identities and functional annotations are listed on the right.
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