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The ArcAB two-component system includes a histidine kinase sensor (ArcB) and
a regulator (ArcA) that respond to changes in cell oxygen availability. The ArcA
transcription factor activates genes related to metabolism, membrane permeability, and
virulence, and its presence is required for pathogenicity in Salmonella Typhimurium,
which can be phosphorylated independently of its cognate sensor, ArcB. In this
study, we aimed to characterize the transcriptional response to hypochlorous
acid (HOCI) mediated by the presence of the ArcB sensor. HOCl is a powerful
microbicide widely used for sanitization in industrial settings. We used wild-type
S. Typhimurium and the mutant lacking the arcB gene exposed to NaOCl to
describe the global transcriptional response. We also infected murine neutrophils
to evaluate the expression levels of relevant genes related to the resistance and
infection process while facing ROS-related stress. Our results indicate that the
absence of the arcB gene significantly affects the ability of S. Typhimurium to grow
under HOCIL stress. Overall, 6.6% of Salmonella genes varied their expression in
the mutant strains, while 8.6% changed in response to NaOCl. The transcriptional
response associated with the presence of ArcB is associated with metabolism
and virulence, suggesting a critical role in pathogenicity and fitness, especially
under ROS-related stress. Our results show that ArcB influences the expression
of genes associated with fatty acid degradation, protein secretion, cysteine and
H,S biosynthesis, and translation, both in vitro and under conditions found within
neutrophils. We found that protein carbonylation is significantly higher in the
mutant strain than in the wild type, suggesting a critical function for ArcB in the
response and repair processes. This study contributes to the understanding of the
pathogenicity and adaptation mechanisms that Salmonella employs to establish
a successful infection in its host.
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1 Introduction

Two-component systems (TCSs) are critical for sensing bacterial
stress response by regulating diverse pathogenicity and adaptation
mechanisms. The key relevant functions of TCSs include
environmental sensing, regulation of virulence, biofilm formation,
antibiotic resistance, and quorum sensing (Capra and Laub, 2012;
Mitrophanov and Groisman, 2008). Canonical TCSs consist of a
histidine kinase (HK) and a response regulator (RR; Alvarez and
Georgellis, 2022). Upon receiving a specific stimulus at the sensor
domain, the HK phosphorylates and activates the RR (Brown et al.,
2023). The anoxic redox control ArcAB TCS has been traditionally
associated with the repression of aerobic respiration. It comprises the
ArcB histidine kinase and the regulator ArcA (Iuchi and Lin, 1988;
Tuchi et al., 1989; Malpica et al., 2006). The bacterial quinone pool is
the main driver for ArcAB function, and its structure is highly
conserved among the Enterobacteriaceae group (Georgellis et al.,
2001; Federowicz et al., 2014).

The ArcA function is relevant during transition periods when redox
states change and the usage of other electron acceptors such as nitrate is
predominant (Federowicz et al., 2014). It also regulates the catabolism
of fatty acids, amino acids, and carbon and aromatic compounds; biofilm
formation; acid-resistant pathogenesis; and transport, responding to low
oxygen conditions and decreased iron levels (Brown et al., 2023;
Federowicz et al., 2014; Park et al., 2013; Shalel-Levanon et al., 2005; Liu
and De Wulf, 2004; Pardo-Esté et al., 2019; Pardo-Esté et al., 2018). The
other component of the TCS is the ArcB sensor kinase, which has an
atypical configuration (Iuchi et al., 1989) and is able to sense the oxygen
consumption rate (Nochino et al., 2020). Its phosphorylated form
catalyzes transphosphorylation of the RR ArcA in response to changes
in the redox state (Georgellis et al., 2001; Kwon et al., 2000; Rolfe et al.,
2011). Theoretical models proposed that D-lactate and other metabolites
produced during anaerobic metabolism may bind to the HK and could
directly influence its activation (Padilla-Vaca et al., 2023).

The RR ArcA can be activated independently of ArcB under
oxidizing conditions (Zhou et al., 2021). Our research team previously
determined that the in vitro hypochlorous acid (HOCI) response
mediated by ArcA was independent of its cognate sensor ArcB
(Cabezas etal., 2021). The transcriptional factor ArcA partly mediates
the ability of the bacterial pathogen Salmonella to resist reactive
oxygen species (ROS)-induced stress, which phagocytes use as a
microbicide after engulfing its target (Pardo-Esté et al., 2019; Pardo-
Esté et al., 2018). Additionally, the ArcA function in the adaptation to
ROS-related stress is present in other pathogens, suggesting that the
response to microbicide-toxic compounds is a part of the ArcA
regulon (Zhou et al,, 2021; Loui et al., 2009; Lv et al., 2023).

The ArcB sensor is part of the regulatory networks, and its function
is related to other systems such as RpoS-RssB; for example, it influences
the phage shock protein (Psp) system in Escherichia coli cells (Jovanovic
etal., 2006). ArcB is involved in the expression of the Type III secretion
system in Vibrio parahaemolyticus (Zhang et al., 2023) and motility in
V. cholerae and S. marcescens (Zhang et al., 2018; Wolflingseder et al.,
2024). ArcB is also related to aerobic growth control in Actinobacillus
actinomycetemcomitans under iron limitation functioning in
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conjunction with LuxS (Fong et al., 2003), although its participation
during the bacterial ROS-related response remains to be elucidated.

In this study, we aimed to describe the transcriptional response
that is dependent on the presence of the ArcB protein during the
response of Salmonella to ROS-related stress. We describe the ArcB-
mediated response of Salmonella against the neutrophil-induced
stress, measured as cell damage and transcriptional response. This
study contributes to the understanding of bacterial adaptation to a
commonly used disinfectant and is relevant in the context of the
current scenario of the emergence of multidrug-resistant Salmonella
serotypes in clinical and industrial settings.

2 Methods
2.1 Ethics statement

Animals used in this study were maintained and manipulated
following the recommendations in the Guide for the Care and Use of
Laboratory Animals of the U.S. National Institutes of Health and the
approved biosafety and bioethics protocol by the Universidad Andrés
Bello Bioethics Committee, Protocol 06/2016 (FONDECYT Grant
#1160315).

2.2 Bacterial strains and growth conditions

The Salmonella Typhimurium 14028 s parental strain and the
AarcB mutant were maintained on LB agar plates in aerobiosis unless
otherwise indicated. Cells were grown aerobically with shaking in LB
medium at 37°C until reaching an ODy, of 0.4. The wild-type (WT)
S. enterica serovar Typhimurium 14028 s was facilitated by Dr. Guido
Mora (ATCC strain), and the AarcB strain was obtained previously
2012). AarcB/pBR:arcB,
complemented with plasmid pBR322 containing the promoter and

(Morales et al., Furthermore, the
coding regions for arcB, was evaluated to measure viability and
virulence as previously determined (Liu and De Wulf, 2004).

2.3 Minimal inhibitory concentration and
growth rate

The bacterial strains were cultured overnight in LB medium at 37°C
with aeration and shaking at 120 rpm. Minimal inhibitory concentration
(MIC) assays for NaOCI were performed for both strains. Briefly, each
microplate well containing dilution of NaOCl (from 0.1 to 25 mM) in LB
medium was inoculated with the corresponding bacterial cultures in a
1:20 ratio. The plates were incubated at 37°C for 48 h with constant
agitation, and ODy, values were measured using an Infinite 200 PRO
microplate reader (TECAN, Inc.). For growth evaluation, two sets of
flasks containing LB medium (one control and one supplemented with
1 mM NaOCI) were inoculated (1:100) with the grown strains
(S. Typhimurium 14028s and AarcB), and the growth was monitored
through CFU counts by taking 20 pl aliquots every 30 min and plated
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onto LB agar plates, which were subsequently incubated overnight at
37°C. This process was carried out for 16 h under the aforementioned
growth conditions. Colony-forming units per milliliter (CFU/ml) were
determined and transformed into Logl0 CFU/ml. Data fitting and
growth rate calculation were performed using the DMFit version of
COMBASE’s Excel macro, applying the Baranyi and Roberts equation
(Baranyi and Roberts, 1994).

2.4 Transcriptomic analysis

Overnight cultures of S. Typhimurium 14028s and AarcB strains
were used to inoculate flasks with fresh LB medium (1:100) and grown
at 37°C with 120 rpm agitation until an ODg, of ~0.4, at which point
they were exposed to 1 mM NaOCl for 20 min, followed by a total RNA
extraction from the harvested cells using the RNeasy Mini Kit
(QIAGEN) following the manufacturer’s instructions. RNA integrity
was assessed by 1.0% agarose gel electrophoresis, and quantification and
quality were verified spectrophotometrically based on the OD 45 ratio.
The RNA was treated with 2 U of DNase I (Roche) for 1 h to remove
contaminant DNA. To ensure no carry-over DNA in the samples,
we routinely performed polymerase chain reaction (PCR) amplifications
using primers for bacterial 16 s rRNA and found no product using the
RNA extract as a template. Next, the total RNA was sent to Macrogen
Inc. (Seoul, South Korea) for rRNA depletion (using the Ribo-Zero Plus
Microbiome rRNA Depletion Kit; Illumina, Inc.), single-end (150 bp)
cDNA library construction (using the TruSeq mRNA Library Prep Kit;
Mumina, Inc.), and sequencing (on a HiSeq 2,500 platform; Illumina,
Inc.). The RNA-seq raw data are available in the NCBI SRA database
under accession numbers SRR9188681 and SRR9188682 (Bioproject
PRJNA357075). Raw data quality control was accomplished using
FastQC v0.11.8 (Andrews, 2010) followed by filtering and trimming
with PRINSEQ v0.20.4 (Schmieder and Edwards, 2011) with the
parameters 100 bp, 0 N, and <Q20 thresholds. The S. enterica subsp.
enterica serovar Typhimurium strain 14028s reference genome
(GenBank: GCA_000022165.1) was used as a reference to map the reads
with Bowtie2 v2.3.5 (Langmead and Salzberg, 2012). The counts of reads
that map against Salmonella ORFs were obtained using HTSeq v0.11.2
(Anders et al., 2015). The resulting matrix of counts was used to estimate
differential gene expression using a normalization method implemented
in the edgeR Bioconductor R Package (Robinson et al., 2010). The global
expression patterns of the AarcB strain under control conditions and
challenge with NaOCI (1 mM) were determined based on the 14028s
(WT) strain expression patterns under the corresponding conditions.
The results were filtered statistically (FDR < 0.05) and biologically
(LogFC +2) to determine the list of genes with significant changes,
whose functions were identified using UniProtKB (UniProt Consortium,
2023). Pathways and Gene Ontology (GO) enrichment analysis were
carried out in R-base using the UniProtKB annotations for the
differentially expressed genes. These were visualized using ggplot2 and
pheatmap R packages (Kolde, 2019; Wickham, 2016).

2.5 Obtaining mouse
bone-marrow-derived neutrophils

Female C57BL/6 mice (7-8 weeks old) were kept in plastic cages
in a temperature-controlled environment (22-24°C) and were used to
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extract bone marrow as previously described (Swamydas and Lionakis,
2013). Then, bone marrow-derived neutrophils (BMDNs) were
obtained using the mouse “Neutrophil Isolation Kit” (Miltenyi Biotec)
following the manufacturers instructions. On average, 800,000
neutrophils/ml with approximately 85% viability were obtained for
each replicate; these cells were positive for CD11b and Ly6G, as
determined using flow cytometry. The viability of neutrophils was
monitored throughout the experiments using trypan blue staining.
Non-adherent BMDNs were maintained in RPMI medium 1,640
supplemented with 10% of FBS and 1X of Pen/Strep 100X antibiotics
to avoid contamination.

2.6 Gentamicin protection assay

Cell infection assays were conducted using S. Typhimurium
14028s and its isogenic derivative AarcB. Bacteria were grown under
microaerophilic conditions by adding an overlay of 500 pl of sterile
mineral oil as a barrier to oxygen with no agitation until reaching an
ODg of 0.2. Prior to infection assays, bacteria were centrifuged
(13,000 rpm, 5 min) and resuspended in 1 ml of cell RPMI culture
medium supplemented with 10% FBS; as a result, the concentration
of bacteria used to infect was 5x10°® bacteria/ml. The infected cells
were stained with trypan blue to determine cell viability. Non-adherent
murine neutrophils were kept in 15ml falcon tubes and at a
multiplicity of infection of 1:100. After 1 h incubation in 5% CO, at
37°C, by triplicate the cells were centrifuged 5 min at 1,500 rpm and
lysed with deoxycholate (0.5% w/v in PBS), serially diluted (10-fold)
in PBS. Finally, the cells were used for RNA extraction and in parallel
plated onto LB agar plates to obtain the CFU of each strain at 1 h post-
infection (hpi). The remaining infected cells were washed three times
(with 5 min centrifugation at 1,500 rpm intervals each wash) with
sterile PBS and incubated in 5% CO, at 37°C for 2 h with 100 pl cell
medium plus 200 pg ml™" gentamicin to kill extracellular bacteria. At
3 hpi, the medium was removed, and the cells were washed twice (with
5 min centrifugations at 1500 rpm intervals each wash) with PBS and
lysed with sodium deoxycholate (0.5% w/v in PBS) and used for RNA
extraction. In parallel, cell lysates were 10-fold serially diluted in PBS
and plated onto LB agar plates to obtain the CFU counts at 3 hpi.

2.7 Total RNA extraction from
NaOClI-treated Bacteria and infected
phagocytes

RNA was obtained from bacteria recovered from infected BMDNs
following the protocol previously described in Pardo-Esté et al. (2019),
with slight modifications. Briefly, 10’ bacteria/ml grown in
microaerophilic conditions were incubated with BMDN cells
separately for 3 h. At 1 and 3 h post-infection (pi), cells were harvested,
washed twice with PBS, and lysed with sodium deoxycholate (0.5%
w/v in PBS). One sample was used as a bacterial viability control and
was plated on LB plates. RNA extraction was performed using the
E.ZN.A Total RNA kit 1 de Omega Bio-Tek following the
manufacturer’s instructions. RNA was suspended in 30 pl of nuclease-
free water and its integrity was assessed by 1.0% agarose gel
electrophoresis. Its concentration and quality were verified
spectrophotometrically by the OD 50 ratio. The RNA was treated
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with 2 U of DNase I (Roche) for 1 h to remove contaminant DNA. To
ensure no carry-over DNA in the samples, we routinely performed
PCR amplifications using primers for bacterial 16 s rRNA and found
no product using the RNA extract as a template.

2.8 Transcriptional expression (qQRT-PCR)
from phagocyte-associated Salmonella

RNA extracted from phagocytized bacteria was used to obtain
cDNA following the protocol previously described in Pardo-Esté et al.
(2019). Briefly, the sample was treated at 37°C for 1 h in a 25-pl
mixture containing 2.5 pmol of Random Primers (Invitrogen), 10 ul
of template RNA (5 mg), 0.2 mM dNTPs, 1 pl of sterile water, 4 pl of
5 x buffer (250 mM Tris-HCI pH 8.3, 375 mM KCl, 15 mM MgCl,,
and 10 mM DTT), and 200 U of reverse transcriptase (Invitrogen).
The primers used for qRT-PCR are listed in Supplementary Table S1.
Following the quantification of relative gene expression using the
Brilliant IT SYBR Green QPCR Master Reagent and the Mx3000P
detection system (Stratagene), the qRT-PCR mixture (20 pl)
containing 1 pl of the cDNA template and 120 nM of each primer
under the following conditions: 10 min at 95°C, followed by 40 cycles
of 30 s at 95°C, 45 s at 58°C, and 30 s at 72°C. The transcription level
was quantified using Brilliant II SYBR Green qPCR Master Mix
(Agilent Technologies) in a real PCR system AriaMx (Agilent
Technology). Fold-change expressions of target genes normalized by
the expression of the 16s gene selected in these experimental
conditions were calculated as previously described (Pfaffl, 2001).

2.9 Myeloperoxidase activity and HOCl and
H,O, quantification

The enzymatic activity of the myeloperoxidase (MPO) enzyme
was quantified using a Neutrophil Myeloperoxidase Activity Assay Kit
(Cayman Chemical), as previously described in (Pardo-Esté et al.,
2019) using the color intensity of 3,3",5,5-tetramethyl-benzidine
(650 nm) as an indicator of the MPO activity (pmoles/min/ml).
Briefly, infected BMDNs were incubated at 1 and 3 hpi before
measuring color intensity, and the results were normalized to the total
protein concentration in the samples. Furthermore, the negative
control included non-infected neutrophils and free bacteria, in
addition to the negative controls with MPO inhibitor
(4-aminobenzhydrazide) provided by the kit. Additionally, HOCI
levels were determined based on the bleaching quantification of the
green fluorescent protein (GFP) as an indirect measure of the
increased HOCI. The two bacterial strains used for the infection assays
were transformed with the plasmid pGlo containing the GFP and
maintained episomally by adding 50 mM arabinose to the growth
media. Fluorescence was determined using a TECAN Infinite 200
PRO microplate reader (395nm excitation, 509 nm emission).
Controls included cells with dimethyl sulfoxide (DMSO), free
bacteria, PBS buffer, and non-infected eukaryotic cells activated with
latex beads. The levels of hydrogen peroxide were measured using an
Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit (Thermo
Fisher), following the manufacturer’s instructions. The kit included
positive and negative controls and the reactives to carry out a
calibration curve.
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2.10 Protein carbonylation, lipid
peroxidation, and total glutathione
quantification

The Protein Carbonyl Colorimetric (Cayman Chemical), TBARS
(Cayman Chemical), and Glutathione (Cayman Chemical) assay kits
were used for measuring protein carbonylation, lipid peroxidation,
and total glutathione, respectively, following the manufacturer’s
instructions, in BMDNs infected by S. Typhimurium 14028s and
AarcB separately, as described above, and measurements for each
indicator were performed at 1 and 3 hpi, respectively. In all cases,
negative controls of non-infected phagocytes and free bacteria were
used for normalization.

2.11 Statistical analyses

To determine statistical significance in gene expression and
oxidative damage markers, we performed comparisons for each time
point using one-way ANOVA with a = 0.05 with Tukey’s correction,
comparing mutant strains with a wild-type strain separately at 1 and
3 hpi using R-base (R Core Team, 2020).

3 Results

The wild-type S. Typhimurium 14028s strain is able to resist up to
4 mM NaOCI (Pardo-Esté et al., 2019), while the AarcB mutant can
only survive up to 2mM of the toxic compound. Additionally,
we found that there is a statistically significant decrease in bacterial
growth when facing the toxic compound in the absence of the arcB
mutant. This phenotype is recovered as previously found (Pardo-Esté
etal, 2018). The untreated strains of S. Typhimurium 14028s, both the
parental and the AarcB mutant, maintained constant specific growth
rates (Figure 1). In contrast, treatment with NaOCl had a significant
effect on the growth of both strains. This effect was more pronounced
in the AarcB strain, which exhibited the lowest pmax when treated
with NaOCL

Transcriptome sequencing of the wild-type Salmonella
Typhimurium 14028s and the AarcB mutant strain shows an average
of 9.5 million reads per sample (depth 315X). Overall changes in
transcription are detailed in Supplementary Figure 1. From a total of
4,851 genes in the Salmonella genome, 6.6% varied their expression
on the AarcB strain compared to the wild-type parental strain under
the control condition and 8.6% changed during the NaOCI challenge.
In both conditions, there are more repressed genes than induced ones,
suggesting a mainly suppressive influence of the ArcB protein activity
(Figure 2).

A total of 498 genes changed their expression in the AarcB mutant
strain under both conditions, including a wide array of potential
functions and also uncharacterized proteins (Figure 3). For instance,
the sulfate/thiosulfate pathway for sulfur assimilation, nitrate
reductase, and quinone oxidoreductase were upregulated. On the
other hand, sensor histidine kinase, membrane shock, and
osmoresponsive-associated genes were repressed when facing HOCI
in the absence of ArcB. As expected, the arcB gene transcript was
completely absent. However, critical processes like cysteine
biosynthesis and translation were upregulated in the presence of the
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toxic compound, while protein secretion was downregulated in
response to stress (Figure 3).

The role of ArcB in Salmonella functioning is diverse. Therefore,
we aimed to group the genes with differential expression under both
conditions into functional categories (biological processes) through
an enrichment analysis (Figure 4) to get a better picture of the
processes in which ArcB has influence. The GO analysis shows the
biological processes associated with ArcB function under HOCI-
induced stress, including fatty acid beta-oxidation and protein
secretion, which are downregulated in the absence of the arcB gene.
Fatty acid f-oxidation breaks down long-chain fatty acids into
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acetyl-CoA, producing reduced cofactors NADH and FADH,
feeding into the electron transport chain, potentially leading to
increased ROS production. ROS, in turn, can cause lipid peroxidation
and damage key components of the p-oxidation pathway, disrupting
fatty acid metabolism. Thus, there is a delicate equilibrium in which
the ArcB function seems to be key. Regarding protein secretion
systems, ROS can impair protein secretion by damaging secretory
machinery and misfolding secreted proteins. Thus, cells may
enhance the secretion of antioxidant enzymes and stress-responsive
proteins to combat ROS damage, also highlighting the importance
of ArcB.
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On the other hand, processes such as cysteine and hydrogen
sulfide biosynthesis and translation are induced during NaOCl
treatment (Figure 4A). Cysteine plays a central role in ROS
detoxification and cellular defense against oxidative stress. It is a
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critical component in antioxidants like glutathione and participates in
redox regulation through thiol-disulfide exchange reactions and
serves as a precursor for hydrogen sulfide (H,S), which has additional
protective roles, as it serves as a direct scavenger of ROS.
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To obtain more insight into the functional differential
enrichment of the gene, we also determined the influence of ArcB
function over different pathways and found some similarities with
the GO analysis (Figure 4B). Pyruvate fermentation, amino acid
transformations, and fatty acid oxidation are downregulated, while
hydrogen sulfide biosynthesis and glycerol and galactarate
degradation are upregulated under HOCI stress. For instance,
glycerol and galactarate degradation would increase ROS
concentrations as a result of electron transport chain activity. These
results suggest that ArcB would shift metabolic pathways away from
oxidative phosphorylation during stress, minimizing ROS generation
as well as avoiding the generation of new targets for the
toxic compounds.

Neutrophils are part of the immune response to bacterial
infection, and these cells use hypochlorous acid as their main toxic
compound to induce bacterial death. In this context, we aimed to
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quantify the expression of genes that can be associated with the ability
of Salmonella to survive inside phagosomes despite the presence of
high concentrations of ROS-inducing compounds. Thus, we aimed to
examine the expression of selected genes involved in pathways and
biological processes that exhibited differential expression in the
mutant bacteria lacking the arcB gene. We found that in bacteria
harvested from infected neutrophils, the transcriptomic response (i.e.,
argE, cysK, glpD, invA, rpsC, and fadA) is also influenced by ArcB, as
there is a statistically significant difference in the expression levels
between the wild-type and the mutant strains (Figure 5A).
Additionally, our results show that the transcriptional expression
of genes associated with membrane permeability, metabolism,
virulence, and detoxification are influenced by the presence of arcB,
which are key mediators for bacterial resistance increasing cell
stability, prioritizing metabolic pathways, and activating protective
mechanisms. In particular, those that are statistically significantly
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downregulated are the sipC, sodC, ompE, ompC, proA, and pmg genes,
while the gene codifying for the major porin ompD is upregulated
(Figure 5B).

The cell invasion protein sipC gene is induced during
infection, as expected. In the mutant strain, the expression of this
gene is seven times lower than that in the wild-type strain. A
similar pattern was observed for the invasion activator hilA. The
expression of the katG catalase is not dependent on ArcB, but
s0dC is strongly repressed in the cells must find an equilibrium
between entrance or required solutes and expulsion of toxic
compounds into the cells but also being able to secrete them,
explaining the dynamics observed in the expression of ompD,
ompC and ompF, associated with passive diffusion of nutrients
and small molecules, that would also have a potential role as
antigens during infection.

To determine the physiological response of each strain under
conditions faced during the neutrophil infection, we selected five
approaches: protein carbonylation (Figure 6A) and lipid peroxidation

10.3389/fmicb.2025.1541797

(Figure 6B) to quantify the damage on the bacterial cells;
myeloperoxidase enzyme activity (Figure 6C) to quantify the
activation of key enzymes responsible for HOCI production in
neutrophils; and H,0, accumulation (Figure 6D) as another indicator
of ROS accumulation. Furthermore, HOCI concentration was
measured during the infection process to understand the temporal
variation and associated effects (Supplementary Figure S2). We found
that the bacteria were under constant influence of HOC]I, with its
concentration significantly increasing after 1 h of infection.

ROS causes cell damage that can be quantified as a measure of
the ability of the bacteria to respond, repair, and survive under the
effects of toxic compounds. Our results indicate that ArcB plays an
important role in mediating this phenomenon as there are statistical
differences between the wild-type control and the mutant strains in
the context of cell damage and ROS concentrations. In particular,
protein carbonylation was statistically significantly greater in the
mutant strain (Figure 6A) than in the control, suggesting that the
ArcB function may mediate the response or repair of damaged
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Relative Expression
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AarcB 3 hpi

* k%

-2.23 Bt/

3.60
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FIGURE 5

AarcB1 hpi AarcB 3 hpi

Transcriptional expression of selected genes. (A) associated with enriched pathways identified in the in vitro transcriptome and (B) involved in oxidative
stress response and infection-related processes. Gene expression of the 14028s parental and AarcB mutant strains harvested from neutrophils at 1 and
3 hpi. Expression levels are exhibited as LogFC (relative to the 16S rRNA expression). Values represent the average of three independent experiments
with three technical replicates each. Significance was assessed using one-way ANOVA with the Bonferroni correction (xxp < 0.01; sxxp < 0.001).
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Salmonella oxidative stress indicators in BMDNs at 1 and 3 hpi. (A) Protein carbonylation as an indicator of oxidative damage. (B) Thiobarbituric acid
reactive substances (TBARS) as an indicator of membrane oxidative damage. (C) Myeloperoxidase enzyme-specific activity measured as the protein
units (umol/ml) normalized by total protein concentration. (D) Total hydrogen peroxide accumulation as an indicator of cellular ROS status. These were
measured on cells harvested from infected BMDNs at 1 and 3 hpi. The significance was calculated regarding the 14028s parental strain at 1 hpi, using
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proteins. On the other hand, lipid peroxidation was generated after
ROS accumulation in the wild-type and mutant strains, so the
response or repair mechanisms may not be ArcB-induced
(Figure 6B).

However, the activity of the myeloperoxidase enzyme is
statistically less in the mutant strain under ROS stress at 3 hpi
(Figure 6C), suggesting that bacteria lack the necessary immunological
activation for the neutrophils that could affect the phagocytosis
process. However, ROS and damage are accumulated in the bacterial
cells suggesting a weaker response to the oxidative challenge
(Supplementary Figure 2). Finally, hydrogen peroxide levels were
maintained as expected during the assay in all evaluated strains
(Figure 6D), as H,O, is not the main toxic compound produced by
neutrophils but many spontaneous reactions may occur in
the phagosome.

Our results indicate that ArcB is directly involved in the response
of S. Typhimurium to ROS-mediated stress in vitro and inside
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phagocytes. Here, we report that in vitro ArcB function is associated
with fatty acid beta oxidation, protein secretion, cysteine biosynthesis,
hydrogen sulfide biosynthesis, and translation in Salmonella under
ROS-mediated stress. Moreover, the gene expression quantified in
Salmonella infecting neutrophils also contributes to the understanding
of how ArcB signals and participates in the regulatory network during
infection and influences virulence, metabolism efficiency, and damage
repair and survival. Thus, the sensor kinase ArcB is part of the
regulatory network that actively participates in the activation of the
response to ROS, in particular HOCI and the conditions found inside
neutrophils during systemic infection.

4 Discussion

Our results suggest that in addition to its role as a global regulator
for anaerobic growth of bacteria, the ArcAB system is also important
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for bacterial resistance to ROS in aerobic conditions, possibly through
its influence on bacterial metabolism, especially amino acid and/or
protein assimilation and synthesis (Loui et al., 2009). ArcB function is
also associated with maintaining the redox state by influencing the
production of antioxidant compounds. The ArcAB system promotes
the survival of S. Typhimurium in macrophages and neutrophils and
during systemic infection in mice (Pardo-Esté et al, 2018).
Particularly, ArcA regulates the expression of several critical genes
required to resist HOCI- and phagocyte-mediated stress (Pardo-Esté
etal, 2019). The transcriptional response to HOCl mediated by ArcA
is different from the one influenced by ArcB as demonstrated in this
study. This non-cognate behavior was previously reported in vitro
(Cabezas et al., 2021). Additionally, ROS damage would affect the
quinone oxidation state and thus directly influence ArcB activation
(Brown et al., 2023). Our results indicate that the absence of the ArcB
function impairs bacterial survival under HOCIl-induced stress,
supporting the hypothesis that ArcAB is more closely associated with
responding to the redox state of the cells rather than just oxygen
availability (Federowicz et al., 2014; Toya et al., 2012).

Among the genes that induced their expression in response to
NaOCl in the mutant strain are many associated with sulfate
metabolism (cysU, sbp, cysA, cysW, cysC, cys], cysP) suggesting that
ArcB could have a direct role, evidenced by the interplay of redox
reactions (NADPH depletion), antioxidant systems (glutathione), and
metabolic intermediates (i.e., sulfite). Additionally, virulence genes are
dependent on the presence of arcB; for example, suhB is associated
with O-antigen modifications that would be crucial during the
phagocytic process in vivo, as well as siderophores (entE). Another
critical function that is induced in response to ROS is nitrogen, amino
acid (nrfE, yceA), and fatty acid metabolisms (acpD) that would
be under strong regulation during the infection process where energy
conservation and resources allocated within the cells would
be determined in the bacterial survival.

On the other hand, genes that are downregulated in the mutant
strain include zraP, which is strongly influenced by the function of
ArcB and would participate in zinc homeostasis, ribosomal
protection, and regulation of antioxidant enzymes such as superoxide
dismutase and thus be critical for ROS defense. Furthermore,
membrane permeability is crucial for regulating the flow of toxic
compounds in and out of the cells; in this context, ygaE and ygaP are
among the genes associated with this trait. Overall, the functions
associated with ArcB are diverse and include virulence and intricate
metabolic pathways that enable the cells to maintain redox status as
well as basic cellular functions, highlighting the importance of this
sensor kinase in the survival mechanisms used by Salmonella during
ROS-induced stress.

Among the most critical activities found to be related to the ArcB
function is fatty acid degradation. This pathway yields acetyl-
coenzyme A (CoA), a critical precursor in bacterial metabolism
(Nunn, 19865 Heath et al., 2002). Previous studies have determined
that ArcA was involved in the regulation of the fad regulon regulating
the machinery required for this process (Park et al., 2013; Cho et al,,
2006). Additionally, it was postulated that regulation by the
transcriptional factor FadR and ArcAB relies on the cAMP-CRP
complex to activate transcription (Feng and Cronan, 2012). Here,
we further determined that the absence of the arcB gene in Salmonella
transcriptionally represses fatty acid degradation, suggesting that
ArcB may promote this function.
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Protein secretion is critical for bacterial virulence and
pathogenicity (Green and Mecsas, 2016). There is ample evidence
that ArcA regulates the function of the Type III secretion system and
virulence protein secretion (Pardo-Esté et al., 2019; Wang et al,,
2015). It has been previously demonstrated that ArcB is related to
quorum sensing regulating T3SS in V. parahaemolyticus (Zhang et al.,
2023). This study determined that the expression of genes related to
this function is repressed in the mutant arcB, contributing to the
hypothesis that ArcB may function in response to the redox state to
promote bacterial virulence. It is expected that virulence response
would be associated with ROS-related stress as the phagocytes aiming
to eliminate bacteria use H,0,, O,, and HOCI as toxic compounds to
attack the cells.

On the other hand, amino acid synthesis is critical for survival,
especially during ROS-related stress when proteins might
be damaged. While ROS can negatively impact amino acid synthesis
by inhibiting enzymes and altering pathways, certain amino acids
also play protective roles against oxidative stress by serving as
precursors for antioxidants and modulating stress response
pathways. Cysteine biosynthesis is a two-step process for
incorporating the crucial sulfur atom into cellular components.
Several molecular mechanisms regulate metabolisms, such as the
LysR type, which positively regulate metabolic pathways, as well as
Rrf2 and TetR, in addition to end-product inhibition (Guédon and
Martin-Verstraete, 2006; Kredich, 2008). In the context of
ROS-mediated stress, thioredoxin and glutathione are cysteine-
derived proteins and are very important, as glutathione is also
degraded to liberate cysteine (Guédon and Martin-Verstraete, 2006).
The influence of ArcB in this case is repressing, as the function is
promoted in the mutant strain.

Another related pathway that was significantly upregulated in the
AarcB mutant is hydrogen sulfide (H,S) biosynthesis; this gas is
produced by protein decomposition. The non-enzymatic pathway
involves thiol-containing compounds such as glutathione (Shen et al.,
2013; Yang et al., 2022). H,S is important for bacterial protection
against antibiotics and the oxidative stress caused by them (Shatalin
et al,, 2011; Pal et al,, 2018). It is also very relevant for regulating
intestinal microbiota and virulence responses (Shen et al., 2013), thus
contributing to the participation of ArcB in S. Typhimurium virulence.
Finally, translation is an expected function to be influenced by ArcB,
as it is part not only of the ArcAB regulation system but rather a
network of collaborative signaling including Rpos-RssB, Fnr, and Crp
(Wolflingseder et al., 2024; Perrenoud and Sauer, 2005). Thus, the
absence of the arcB gene and its function would certainly affect
translation efficiency.

The regulatory network that Salmonella implements as part of
the response to the conditions found inside neutrophils includes
ArcB, in particular functions critical for virulence, metabolism, and
membrane permeability that are influenced by ArcB while facing
the toxic compounds and other stressors found within the
neutrophils. This highlights the importance of this sensor kinase as
mediating the ability of Salmonella to survive and associates this
molecule with other response regulators given its regulation pattern
or activity is different from what was found in ArcA under the same
conditions (Pardo-Esté et al, 2019) and in others (Brown
etal., 2023).

Cellular damage in the AarcB mutant strain is more predominant
on protein carbonylation level. As can be seen in the transcriptional
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response, the redox state and amino acid metabolism are closely
related to the ArcB function, so it is expected that the mutant bacteria
lack the ability to resist and repair damage caused by HOCI on
proteins. Carbonylation causes irreversible and irreparable damage
to proteins, which mostly affects the amino acids proline, arginine,
lysine, and threonine, and has been used in organisms of all domains
of life as an indicator of oxidative damage (Tamarit et al., 1998;
Nystrom, 2005). On the other hand, lipid damage seems to
be harming both wild-type and mutant strains at similar levels,
discarding a direct link with ArcB function.

These results contribute to the hypothesis that ArcB is a key
mediator related to bacterial protein metabolism and repair.
Furthermore, they shed light on the complex regulatory mechanisms
enabling Salmonella to evade immunological attacks and withstand
industrial antimicrobial treatments. This investigation further
contributes to the understanding of the kinase sensor ArcB in the
ability of S. Typhimurium to survive and bypass the innate immune
system during its infection cycle by influencing the activity of fatty
acid beta-oxidation and protein secretion, and cysteine and hydrogen
sulfide metabolism and translation.

5 Conclusion

The ArcB sensor kinase is part of the complex regulatory network
that enables S. Typhimurium to survive HOCI-related stress and
phagocytosis to continue the infective cycle as well as industrial
disinfection processes based on hypochlorous acid.
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