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Abstract

Salmonella Typhimurium is an intracellular pathogen thatapable of generating systemic
fever in a murine model. Over the course of thedhbn,Salmonella faces different kinds
of stressors, including harmful reactive oxygen cgge (ROS). Various defence
mechanisms enabl&lmonella to successfully complete the infective processtha
presence of such stressors. The transcriptionabrfe®glyA is involved in the oxidative
stress response and invasion of murine macrophdyesevaluated the role of SIyA in
response to 0, and NaOCI and found an increasesiyfA expression upon exposure to
these toxics. However, the SlyA target genes aadrtblecular mechanisms by which they
influence the infective process are unknown. Weoklypsised that SlyA regulates the
expression of genes required for ROS resistanceghoksm, or virulence under oxidative
stress conditions. Transcriptional profiling in evitype andAslyA strains confirmed that
SlyA regulates the expression of several genedveadan virulence $opD (STM14_3550)
SOpE2 (STM14_2244)hilA (STM14_3475)] and central metaboliskgtP (STM14_3252)
fruK (STM14_2722) glpA (STM14_2819)] in response to,B, and NaOCI. These
findings were corroborated by functional assay &aahscriptional fusion assays using
GFP. DNA-protein interaction assays showed thatASiggulates these genes through

direct interaction with their promoter regions.
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1. Introduction

Salmonella enterica serovar Typhimurium§ Typhimurium) is a gram-negative,
facultative anaerobe and generalist pathogen thatapable of causing bacteraemia,
gastroenteritis, and systemic infection [1]. Duriitg infective cycle,Salmonella is
recognised by macrophages, neutrophils, and dendelis, which internalise and contain
the bacterium in &almonella containing vacuole (SCV), whefalmonella faces several
stresses, including low pH, low iron levels, an@ctere oxygen and nitrogen species
(ROS/RNS) [2].

The first ROS produced by phagocytic cells in actiea catalysed by the enzyme
NADPH oxidase is superoxide {§p Under acidic conditions, two molecules ot O
spontaneously react to form hydrogen peroxidgOgH In the presence of iron,»B, can
generate the highly reactive hydroxyl radical (OHhjough the Fenton reaction [3].
Another enzyme involved in ROS generation is myetogidase (MPO), which is mainly
found in neutrophils and catalyses hypochloroud &dOCI) production from chloride (CI
) and HO, [4]. All of these ROS (@, HOCI, HO,, and OH-) are highly reactive and
oxidise important biological components, includiligids, proteins, and nucleic acids.
Additionally, HOCI also chlorinates macromoleculgb

Salmonella is able to detect and respond to environmentaigés occurring during
the infective process by modulating gene expressibowing it to detoxify and adapt to
stress conditions. A transcription factor involviadthis process is SlyA, a member of the
MarR transcription factor family, which recogniseserted repeats in DNA sequences;
TTANETAA has been determined to be its consensus segyén8]. SIyA regulates gene
expression in response to a variety of molecutedyuding antibiotics, organic compounds,

disinfectants, and the ROS-generating compoundsgpat and bD». In Escherichia coli
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and S. Typhimurium, SlyA acts as a virulence factor thatessential for replication and
survival inside macrophages [9-11].

Most genes regulated by SIyA are thought to encader membrane and periplasm
proteins, secreted proteins, and other proteing #ma implicated in virulence and
microbicide peptide resistance, includimgpC, pagC, ugtL, and mgtB [6, 7, 12-15],
suggesting that the main role of SIyA in the pratetagainst toxic compounds may lie in
an alteration of the cell surface [9]. Howevetldiis known about which genes are directly
regulated by SlyA or their roles in bacterial veate.

Despite the fundamental role of SIyA in resistata®xic compounds presented by
the host, especially those from the oxidative huitte is known about the genes and
metabolic pathways that may be modulated by oxidastress induced by.B8., and
NaOCI. Thus, we hypothesised that SlyA regulatesdkpression of genes required for
ROS tolerance, metabolism, and/or virulence undeirdative stress conditions.
Transcriptomic analyses presented in this studygesigthat SIyA fromS Typhimurium
under oxidative stress both positively and negégtivegulate the expression of various

genes involved in processes that are importarttdoterial survival and replication.
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2. Materialsand methods
2.1 Bacterial strains and growth conditions

Bacterial strains used in this work are listed iablE 1. Cells were grown
aerobically with agitation in Lennox broth (LB), thisolid medium consisting of agar (20
g/L), and plates were incubated at 37°C. Diluti¢ltd00) of overnight cultures were used
to initiate growth. Where necessary, the growth immdwas supplemented with the
appropriate antibiotics. For ROS induction, baetestrains were treated at @~0.4 with

1 mM HO, or 3 mM NaOCI for 20 min at 37°C. The control sekceived no treatment.

2.2 ROStreatment, RNA isolation, and RNA-seq analysis

Overnight cultures were diluted (1:100) and cellsravgrown to Oy ~0.4 and
received ROS treatment. After incubation with R&BIA was extracted using the acid—
phenol method [16] and suspended in [80of nuclease-free water. Intra-macrophage
bacterial RNA was also extracted using this metiattlitionally, 10’ bacteria/ml grown in
microaerophilic conditions were incubated with merimacrophages (Raw 264.7). After
bacterial infection (see below), cells were incedaat 1 and 3 h post-infection and washed
twice with PBS. RNA integrity was estimated from Hgarose gels, and its concentration
was determined spectrophotometrically. The cDNAalip preparation and sequencing
were performed at Macrogen Inc. (Seoul, Koreaphaisi TruSeq mRNA Library Prep Kit
(Mlumina, Inc.) for library construction, which wasequenced on an lllumina HiSeq 2500
system. Two independent biological replicates wendormed. Raw data were filtered and
trimmed using the PrinSeq lite 0.20.4 software,etsure the quality of downstream
analyses, as follows: Quality: -min_qual_mean 26ilter reads of a quality below 20;

Trimming: -trim_qual_left 20 -trim_qual_right 20 toim bases of a quality below 20 at
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both extremes; Ambiguity: -ns_max_n O to filterdsawith Ns; Low complexity: DUST
method -Ic_method dust -lc_threshold 7 to filtead® with a complexity score above 7
[17]. An average of 10.5 million reads were anallyper sample with an average coverage
of 325X. Gene expression levels were estimatedgudme EDGE-pro v1.3.1 software
(Estimated Degree of Gene Expression in PROkarydt#ms Hopkins University CCB,
Maryland, USA) [18] by mapping reads against 8amonella enterica subsp.enterica
serovar Typhimurium strain 14028s reference gendg@enBank: GCA_001558355.1).
The EDGE-pro software employed uses Bowtie2 [19m@p reads to gene models; it
accommodates reads that map to overlapping re&dinges and other features exclusive to
prokaryotes. The resulting matrix of counts wasduse estimate differential gene
expression using a negative binomial normalisatr@thod as implemented in the DESeq2
Bioconductor Package [20]. Fold-changes are expdeas logchanges with an FDR of <
0.1. RNA-seq data generated as part of this studsevdeposited in the NCBI SRA
database under accession numbers SRR5192881 and519E882 (Bioproject

PRJINA357075).

2.3 Quantitative RT-PCR

Total MRNA was treated with DNase |, and cDNA wanheyated using the M-
MLV Reverse Transcriptase (Promega), following thanufacturer’s instructions. The
expression of seven genes was measwspD, sopE2, hilA, fruK, glpA, kagtP, andpagC.
Primers used for gRT-PCR are listed in Table 2.afed quantification was performed
using the Brilliant I SYBR Green QPCR Master Radgeéit and the Mx3000P detection
system (Stratagene). The reaction mixes were pedpaccording to the manufacturer's

instructions, with reaction conditions as follovi€® min at 95°C followed by 40 cycles of
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30 s at 95°C, 30 s at 55°C and 30 s at 72°C, fatbtay a melting cycle from 65°C to 95°C
to check for amplification specificity. Amplificath efficiency was calculated from a
standard curve constructed by amplifying serialittbhs of RT-PCR products for each
gene. These values were used to obtain the foldgehan expression for the gene of

interest normalised usirtglB levels, as described previously [21].

2.4 Construction of GFP-transcriptional fusions

The promoter regions of selected genfesk( sopD, glpA, kgtP, sopE2, and hilA)
were clonednto the pGLO plasmid (Bio-Rad). Briefly, promotexgions (Table 2) were
PCR-amplified and digested in parallel with plasmp(@LO using the restriction enzymes
Bmtl and Agel (underlined sequences in Table 2, incorporatedrimers). After ligation,
the plasmids were used to transform electrocompé&tesoli Topl10 cells. Correctly ligated
plasmid was identified using PCR, sequenced, amustormed into wild type (WT) and

AdlyA strains.

2.5 Reporter Activity

Reporter activity was measured in strains contgiire promoter construct as well
as in control strains containing an empty vectdrai8s were grown to Ofg, ~0.4,
centrifuged at 4400 rpm for 10 min, and suspende8l ml 1x PBS. Cultures were then
split into three aliquots, then treated with theitocompounds (KD, or NaOCI).
Fluorescence was measured in 30&amples every 3 min for 45 min using a TECAN
Infinite 200 PRO Nanoquant microplate reader (eximt, 395 nm; emission, 509 nm).
Emission values were normalised to optical denS§pecific fluorescence intensities were

calculated as follows [22]Afluorescenc&OD)construct— (AfluorescenceOD)empty vector
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2.6 Protein purification

His-tagged SlyA for electrophoretic mobility shdssays (EMSAs) was purified
using the Protein Spin Miniprep His-tagged kit (ZyrResearch)E. coli BL21 cells
carrying plasmid pET-TOP@&yA were grown in 10 ml of LB medium supplemented with
ampicillin (100pg/ml) to ODypp ~0.4. Protein overexpression was induced by adtingv
IPTG and further growth for 4 h, after which thermagacturer’s protocol for the Protein

Spin Miniprep His-tagged kit was followed.

2.7 DNA binding assay

Non-radioactive EMSAs were performed using incregsimounts of purified SlyA
that was incubated with 50 ng of PCR product(sjj &NA was evaluated in binding
buffer (100 mM Tris-Cl [pH 7.5], 10 mM EDTA, 100 mMacCl, 10 mM MgCl, 50%
glycerol, and 50 mM DTT) for 20 min at room temgara (RT). Reaction mixtures were
immediately loaded onto 6% native polyacrylamidksgehich were run at 90V for 1.75 h
at 4°C. DNA-protein complexes were visualised usketfpidium bromide staining.
Polynucleotides used in EMSAs were generated U8B (see Table 2). PCR fragments
were generated using primers designed for the premmegion of the genes; all promoter
regions were 300 bp long. A 124-lbppX gene promoter region was used as a negative

control for the interaction.

2.8 Determination of total cellular thiols
Total thiol content was quantified using Ellman’sagent [5,5dithiobis-(2-

nitrobenzoic acid); DTNB, Sigma-Aldrich] by follonij TNB? generation at OR-, as
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previously described [23] . Values were normalisedng of protein. Cells were grown to
ODgoo ~0.4, then treated with the toxics. After exposiaréhe toxic compounds, 5Q0 of

the culture were withdrawn and pelleted by cengation for 5 min at 12,00Q. The
supernatant was discarded and the pellet suspendexsh buffer (0.1 mM DTNB, 5 mM
EDTA, 50 mM pH 8 Tris-HCI, and 0.1% SDS) and incigoifor 30 min with agitation at
37°C. The samples were centrifuged, and the absoebaf the supernatant was measured

at 412 nm and corrected by the absorbance of thplsavithout DTNB.

2.9 Determination Pyruvate Kinase Activity

The pyruvate kinase activity was measure in calatgs of study strains using the
Pyruvate Kinase Assay Kit (Cayman Chemical). Celtse grown to Oy ~0.4 and then
ROS were induced; control cells received no treatm&he culture was centrifuged at
4,400 rpm for 10 min and the pellet was resuspendédnl of cold 1x PBS at pH 7.4. The
cells were then lysed by sonication and centrifuged4,000 rpm at 4°C for 30 min to
remove the cellular debris. The pyruvate kinase/iggtmeasure was performed following

the manufacturer's instructions.

2.10 Determination NAD*/NADH levels

The NAD/NADH Cell-Based Assay Kit (Cayman Chemical) wasedisto
determine NAD/NADH levels. Cells were grown to Qg ~0.4, and then received ROS
treatment. The cultures were centrifuged and théetpwas lysed, and NADBNADH

measurement was performed following the manufactinestructions.

2.11 Congo red binding assay
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The Congo red binding assay followed the protodoWeatherspoon-Griffin and
Wing [24], with modifications. The different strainvere grown in LB medium to an @9
~0.4 and split in three aliquots of 5 ml each. €alere centrifuged for 5 min at 4,400 rpm,
the supernatant was discarded, and the pellet wgsensded in 5 ml LB 0.1% Congo red.
The strains were treated with the toxics. Aftertd&rgation for 5 min at 4,400, the pellet
was suspended in 5 ml 25% ethanol and incubate?! fiain, before a second centrifugation
step under the same conditions. Finally, the sigtanmt was quantified at 498 nm. The
amount of cells binding Congo red was measurednaga standard curve of LB 0.1%

Congo red serial dilutions.

2.12 Determination of biofilm formation

Biofilm formation was determined as previously désed [25], with some
modifications. Briefly, 1 ml of culture medium camting each of the different strains was
centrifuged at 14,000 rpm for 1 min, and the pefllas re-suspended in 1 ml LB. Next, 100
ul bacteria were inoculated into a 96-well plate @oyuplicate) and incubated at 37°C for 4
h. The medium was removed and 2@Omethanol were added. Bacteria were fixed by
incubating the samples in methanol overnight. kahg this, 125ul 0.1% crystal violet
was added to each well, and the plate was lefdidokate at room temperature for 15 min.
Crystal violet was removed in three washing stepth W,0. After adding 12511 30%
acetic acid to each well, the plate was again iataet for 15 min at room temperature.
Samples were transferred to a new 96-well platé their absorbance was measured at 550
nm. The percentage of biofilm formation was caltedarelative to the control WT strain,

which was arbitrarily set as 100%.
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2.13 Determination of protein carbonylation

Cells were grown to Oy ~0.4 before adding treatment. Cultures were deged
and pellets were suspended in Tris-HCI buffer (20, pH 7.0). After further centrifuging
at 12,0009 for 3 min, 50ul streptomycin sulphate (50 mg/ml) were added, samhples
were incubated for 5 min at RT before centrifugatdl2,000g for 3 min. The precipitate
was discarded. Three volumes of 10 mM 2,4-diniteopithydrazine prepared in 2 M HCI
were added to the supernatant, and the mixtureivcabated for 1 h at RT with repeated
vortexing every 15 min. Proteins were precipitdtgdncubating with two volumes of 20%
trichloroacetic acid (TCA) (w/v) for 30 min at RAfter centrifugation at 12,009 for 5
min, the supernatant was carefully removed. Pellet® washed five times with a mixture
of ethyl acetate: ethanol (1:1), until the yellowlaur faded. Finally, pellets were
suspended in 750l of a solution of 6 M guanidine hydrochloride wit® mM DTT, and
the absorbance at 370 nm was measured. Subsequambgnyl contents were determined
using the molar extinction coefficiest= 22 mM* cm™. The protein concentration was

determined concurrently using the Bradford method.

2.14 Determination of thiobarbituric acid reactive substances

To determine the thiobarbituric acid reactive sabses (TBARS), strains were
grown to ORpo ~0.4 before inducing ROS. Cells were centrifuged2000g for 3 min.
Pellets were suspended in 0.5 ml PBS 1x with 0.1 DfBS and sonicated three times for
30 s. Samples were then centrifuged at 13,§G0r 10 min, and the supernatant was
transferred to a 2.0-ml microcentrifuge tube. Neixtnl 20% (w/v) TCA was added to

precipitate proteins, and the mixture was incubdted. h at RT. Subsequently, samples
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were centrifuged at 13,0@pfor 20 min. The supernatant was transferred torécal 15-ml
tube and mixed with 1.5 ml 0.1 M HCI solution cdntag TBA 1% (w/v) and 10 mM
DPBS. The samples were heated to 100°C for 1 h. figmed mixture 1.5 ml was
transferred to a conical tube containing 1.5 mlahat. After cooling, the sample was
vortexed, followed by centrifugation at 4,08Gor 10 min. The absorbance of the organic
phase was then measured at 535 nm. TBARs werendats using the molar extinction
coefficient ¢ = 156 mM*'cm™. The protein concentration was determined conatlgre

following the Bradford method.

2.15 Determination of reactive oxygen species

Bacterial strains were grown to an §p-~0.4 before adding #, or NaOCI.
Intracellular ROS levels were measured using thdation sensitive FEDCFDA probe, as
previously described [26] with minor modificationSells were incubated with 10M
H.DCFDA. Fluorescence was measured from treatmergtarssng a TECAN Infinite 200
PRO Nanoquant microplate reader (excitation, 48Q emission, 520 nm). Emission
values were normalised to the optical density @ditied and untreated strains, and cells with
dimethyl sulfoxide (DMSO) were used as a blank. 8ieaments were taken every 5 min
for a total period of 100 min. To calculate intridar ROS, all possible noise that could
affect the fluorescence was subtracted from th@edas/e strain using DMSO. The
difference in fluorescence was calculated and duwithy the elapsed time. Finally, the
values thus obtained were normalised to the difiezen growth (OD) over the respective

time.
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2.16 Gentamicin protection assays

Infection assays were performed using stragsTyphimurium 14028s and its
isogenic derivativesAslyA and AslyA/pBR:slyA. Briefly, 10’ bacteria/ml grown in
microaerophilic conditions were centrifuged (13.096, 5 min) and resuspended in 1 ml
of cell culture medium DMEM supplemented with 10983 Then, 100ul of the
suspension were added to each well of a 96-welélantaining cell monolayers of Raw
264.7 macrophages. The multiplicity of infection swd00:1 (bacteria:cell). After
incubation for 1 h in 5% Cfat 37°C, cells were washed twice with sterile PBff a
incubated for 2 h with 100 pl of cell medium plus02pug mi* gentamicin to Kkill
extracellular bacteria. After 2 h, the medium wasioved and the cells were washed twice
with PBS. At this point, the cells contained ingérof the wells were lysed with sodium
deoxycholate (0,5% wi/v in PBS), 10-fold serial tidiin PBS, and plated onto LB agar

plates to finally determine the colony-forming snjCFU) after incubating 16 h at 37°C.

3. Results
3.1 Role of 9yA in response to oxidative stress

To analyse the role of SlyA in the transcriptiomabponse to oxidative stress
produced by KO, and NaOCI, theS Typhimurium SlyA regulon was identified using
RNA-seq analysis. Expression profiles were measur@T andAslyA exposed to 1 mM
H,O, or 3 mM NaOCI, and compared to the respectiveingravithout treatment. The
chosen concentration corresponds at the minimaibolny concentration (MIC) ofASlyA.
Under these concentrations, a physiological effexs observed in both strains (data not
shown), such as a change in behaviour growth, Isiétsi survival, and ROS

accumulation. The results were validated by selgcieven genes and measuring their
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expression using gRT-PCR (see Methods). The sdlegemes are involved in gene
expression required for ROS tolerance, metabolemd/or virulence, which is important
for Salmonella survival and replication under conditions foundhie infective process.

To understand which metabolic pathways are altemader oxidative stress
conditions, we bioinformatically assayed the geolgigined by RNA-seq using the KEGG
database Salmonella enterica serovar Typhimurium 14028s KEGG). A bioinformatics
assay of the genes obtained by RNA-seq indicatatl tttrese genes are implicated in
various metabolic pathways involved in bacterialvaw@l and replication, including amino
acid metabolism, glycolysis, ribosomal metabolithpays, two component systems, and
the pentose phosphate pathway (Fig. 1). The pexgenof genes represents the total
number of genes that are differentially expressadtié RNA-seq assay.

Several transcriptional changes occurred in WT undgD, oxidative stress,
including changes in the expression of 68 genepg®mentary Fig. 1A), such as genes
involved in ribosomal and metabolic pathways thatactivated in different environments,
and in the secondary metabolite biosynthesis. Usttess caused by NaOCIl, WT showed
transcriptional changes in the expression of 62gdupplementary Fig. 1B). The main
pathways altered were metabolic and included th&almoéism of nucleotides, sugars and
amino-sugars, phosphotransferase systems, secona@tgbolite biosynthesis, and
metabolism pathways that are regulated in differentironments (data not shown).
Twenty-one genes showed a change in expressiorr botle stress conditions in the WT
strain (Supplementary Table 1). Among these sth& gene (STM14_1742) was positively
regulated, demonstrating a four-fold increase ipression under both 4, and NaOCI

oxidative stress.
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Some of the genes for which expression was altenglér both conditions in WT
strains were also identified in global transcriptomnalyses performed on bacteria rescued
from phagocytic cells, as well as &y coli andSalmonella in vitro analyses of oxidative
stress generated by chlorinated species and perd®d30]. One of the genes that
coincides with our analysis agC, which is a gene related to SPI-2, and it is pasi
regulated under NaOCI stress. Additionally, we fbum gene that encodes a putative
cysteine synthase, which is related to cysteinesynithesis and is positively regulated
under HO, oxidative stress. This is consistent with a repgriVang et al. [28], who found
that most of the genes related to cysteine bioggmhvere positively regulated undeiGd
treatments irk. coli. However, genes involved de novo synthesis, such asoH, which is
essential for aromatic amino acid synthesis, wagatively regulated under both stress
conditions, which is consistent with Erikssenal.’s findings [29] during the intracellular
Salmonella growth. This downregulation could decrease bothlence and survival of the
bacteria under such stress conditions. Other gdraswere positively regulated under
NaOCI stress play a role in the metabolism of glanate (STM14_3797), an important
source of carbon for bacterial growth under stoesslitions.

In contrast to previous findings [30], our tranptomic analysis of the WT strain
revealed that under NaOCI oxidative stress, the PEBXYZ system is positively
regulated, which is a beneficial change for thetdrée This difference in expression
patterns may be because of differences in the otratens of toxic (230 ppm vs. 130 or
390 ppm), the exposition time of the treatment f# vs. 10 min or 30 min), or bacterial
strains usedSalmonella enterica 14028s vs. LT2 or PT4). Another significant difece in
the reported data is the negative regulation ofrnthdtidrug resistance operanarRAB,

which is inactive under both stress conditions eatd. This can be attributed to the
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compensatory activity of other genes that contaliotresistance to these toxic compounds
(H202 or NaOCl), as in the case dfyA. Finally, we observed positive regulation of the
cadB gene, which is involved in cadaverine transpotie €adB gene is induced under
NaOCI oxidative stress, suggesting an increaskaratidic conditions in the medium [31].
This is consistent with observations by Erikssainal. [29], who found an increased
expression of this gene under the conditions fanadle the macrophage.

For theAslyA strain, 23 genes demonstrated altered expressiats| under kD,
oxidative stress compared to control conditionspfementary Fig. 1C). These were
mainly involved in propanoate metabolism, secondaeyabolism, antibiotics metabolism,
and amino acid biosynthesis. Under NaOCI stresgetlwvas no significant alteration in

gene expression compared to control conditiordssipA.

3.2 SyA-dependent genes differentially expressed after H,O, treatment

RNA-seq experiments did not find any significanffetences in global gene
expression levels between WT afiglyA under control conditions, suggesting that in the
absence of oxidative stress, both strains behawéagly. Under control conditions, growth
and survival were comparable. However, undgdtktress, expression levels differed for
94 genes. This included alterations in the samealmodt pathways mentioned above
(metabolism of nucleotides, sugars, and amino-sygahosphotransferase systems,
secondary metabolic biosynthesis, and metabolistmyagys that are regulated in different
environments), as well as several pathways involaetthe infective process, specifically,
the bacterial secretion system and invasion ofhep#l cells (Fig. 1A and 2A).

Presumptive genes involved in these pathways ieckopD, sopE2, and hilA, which
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belong to pathogenicity island-1 (SPI-1) and argatigely regulated by SlyA. Rather than
suppression, the glycolytic pathway was activateden HO, stress, and we determined
that SIyA positively regulates thefruK gene that encodes the enzyme 1-
phosphofructokinase, which converts fructose 1-phate into fructose 1,6-bisphosphate.
To validate genes showing differential expressiorRNA-seq analysis, we chose these
four genes and performed a relative quantificatbtdrall genes under oxidative stress.
Significant results were obtained for all condisooompared to the WT. The first gene
involved in bacterial virulence that was analyseaswsopD, which encodes a secreted
effector protein. Its expression levels were higimethe AdyA than in WT under kD,
conditions, with levels ranging from a ~0.6-folctiaase in the presence of the toxic, to a
~2.7-fold increase under control conditions (Fi@).3In accordance with the RNA-seq
analysis, where expression levels in WT showedga fleld-change of —2.2 compared to
the mutant, suggesting thamipD is downregulated by SIyA.

The sopE2 gene encodes a type lll-secreted effector proterexpression levels in
AdlyA are ~0.5 times higher than those of WT under stcesdition, and ~2.2 times those
of WT under control conditions (Fig. 3B). In the RNeq analysissopE2 transcription
levels showed a ledold-change of —2.5 in WT compared AslyA under HO, oxidative
stress. This suggests that SlyA might down-regudagE? in all conditions.

The last gene involved in virulence slA, which encodes an invasion protein
regulator. ThehilA expression levels were higher slyA than in WT under study
conditions: under control conditions, they were-tines the level of WT expression, in the
presence of kD,, and 1.4-times the level of WT expression (Fig).3Consistent with

these results and under this last condition, RN#\-aralysis showed a —-2.8 lofpld-
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change inhilA expression levels in the WT comparedisbyA. These results suggest that
hilA is downregulated by SIyA.

Finally, relativefruK gene expression showed a significant ~0.5-foldreses®e in
AdlyA in evaluated conditions (Fig. 3D). In the RNA-samplysis,fruK showed changes
after HO, treatment, with a lggfold-change of 2.96 in WT compared #syA
(Supplementary Tables 2 and 3). These results stijgEfruK is upregulated by SlyA.

To demonstrate that these effects resulted frorelatidn ofslyA, we performed
assays with a strain that has #igA gene episomal vectoAgyA/pBR::slyA). The results

showed that the behaviour in this strain is sintitathe WT under all conditions.

3.3 SyA-dependent genes differentially expressed after NaOCI treatment

Transcriptional differences between both straindeniNaOCI stress were found for
111 genes, which are also involved in the biochaelmpathways previously mentioned,
including those involved in the infective processd acentral metabolism, as well as
glycerophospholipid and quorum sensing pathwayg. (BB and 2B). Within these
pathways, we found that the genglpA and kgtP, which are involved in the central
metabolism of bacteria, were positively and negdyivegulated by SlyA, respectively.
Moreover, thepagC gene that encodes a membrane protein involveddtehal virulence
is positively regulated by SlyA. We chose thesee¢ghgenes to validate the RNA-seq
analysis, and performed a relative quantificatibalbgenes under oxidative stress induced
by NaOCI.

The glpA gene encodes the anaerobic glycerol-3-phosphéigdd®yenase subunit

A, which is involved in glycerophospholipid metaisoh. glpA expression levels were
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significantly decreased in thslyA strain under all evaluated conditions, demonsigati
~0.6-fold suppression compared to WT in the absehstess, and a ~0.5-fold suppression
in the presence of NaOCI (Fig. 3E). This is comsistwith RNA-seq analysis results,
where, in the presence of NaOGIpA expression in WT showed a ldgld-change of 3.6
compared to the mutant, suggesting tiipA is upregulated by SlyA.

The last gene involved in central metabolisnkgsP, which encodes the alpha-
ketoglutarate transporter. Its expression was sogmitly higher in the mutant than the WT
under this condition (two-fold increase; Fig. 3Fhe RNA-seq analysis showed a -2.7;log
fold-change in WT compared to tislyA in NaOCI treatment. These results suggest that
kgtP is downregulated by SlyA under evaluated cond#ion

Finally, relativepagC gene expression showed a significant decreas8.8tfeld in
ASyA in this condition, suggesting that SIyA positivelgulatespagC expression (Fig.
3G). In the RNA-seq analysipagC showed changes after NaOCI treatment, with a log
fold-change of 2.6 in WT compared to the mutantpf@ementary Table 3). These results
are consistent with the regulation shown by SlyArevious research [27].

Overall for HO, and NaOCI, we observed significant differences garad to
control, and these differences may be becauseedéffinity with which SlyA is bound to
the potential promoter regions of the targets {sdew). Additionally, gPCR measures the
relative expression of the specific genes so theiseity is greater for detecting changes.

To demonstrate that these effects resulted fronelatidn ofslyA, we performed
assays with a strain that has #igA gene episomal vectoAgyA/pBR:slyA). The results

showed that the behaviour in this strain was smidahe WT in all conditions. However,
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kgtP andpagC gene expression showed a slight increase in dartbNaOCI, respectively

(Fig. 3F and 3G).

3.4 Influence of SyA in bacterial physiology

Although there was no transcriptomic analysis gfASUnder the study conditions,
the SIyA regulon has been extensively studied aedotserved certain similarities with
previous research, showing different SlyA-regulagedes involved in virulence, multidrug
resistance, outer membrane proteins, system ofctwgponents, and metabolism. Within
the virulence coincident genes, we determined phg€ is positively regulated by SIyA,
which is consistent with previous reports [7, 13]. 1However, proteomic studies of
Salmonella under oxidative stress induced byQd [32] revealed an important inhibition in
the expression of proteins belonging to SPI-1. Tiniduded OrgA (STM14_3469), which
is involved in promoting cell invasion, the SopBfeetor protein, which was negatively
regulated under }¥D, stress, and the HilA regulatory protein, which amsistent with the
results obtained. For genes involved in multidregjstance, we found two gengdhJ and
ydhl (STM14_1740; STM14_1741), which are transcribededjent toslyA and are
negatively regulated by SlyA. Additionally, tmearA gene that codes for a transcriptional
regulator involved in multiple resistance to amitis was shown to be regulated
negatively, which is consistent with results ob¢girby Navarre [7]. The participation of
SlyA in the regulation of outer membrane permegbhias been widely described, and it
positively regulates different porins such as Om@@)pF, OmpD, and NmpC [6, 7, 33].
These studies are in agreement with our resultgégreenmpC (STM14_1898) is regulated
by SlyA. We also determined that the gene codesOimpN porin, which is also down-

regulated, suggesting that SlyA contributes to iembrane permeability balance. SlyA
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involvement in two-component system (TCS) regutatias been previously discussed,
suggesting that SlyA regulates the locussAB, a TCS that is responsible for controlling
genes present in SPI-2 [7, 34]. SIyA can also attighoP and other genes controlled by
the PhoPQ TCS, and we revealed different loci agdl by SlyA, includingomrA and
rstA, which both belong to a TCS that is involved isiseance to antimicrobial peptides
and stress, respectively [13]. Thus, our resulggest a different target for the NarX / NarL
TCS includingnard (STM14_2130),narH (STM14_2131),narG (STM14_2132), and
narK (STM14_2134), which are positively regulated by/SIWe also found two genes
that encode response regulators that are regubgt&lyA yhjB (STM14_4338) andreB
(STM14_5509), which are involved in citrate fernamn and phosphate metabolism,
respectively. Additional SIyA target genes that evefentified are involved in amino sugar
and nucleotide sugar metabolism suchnasK (STM14_4027),nanE (STM14_4028),
nanT (STM14_4029), andanA (STM14_4030), and operon members that are resdensib
for obtaining energy from sialic acid. This is drpcular importance because the amino
sugars, apart from possessing a structural compamehe formation of peptidoglycan in
bacteria, are an important source of carbon amdgah. Our results are consistent with a
previous analysis by Spory [33] in which the protéms analysis showed induction of

NanA and NanE proteins by SlyA.

3.5 Direct binding to promoter regions of metabolism and virulence genes

To determine whether SlyA regulatesgpD, sopE2, hilA fruk, glpA, kgtP, andpagC
genesin vivo, the promoter activity of each gene was evaluatadg the vector pGLO in
WT and AslyA strains under conditions of oxidative stress. PBAD promoter was

cleaved, and thgfp reporter activity was placed under the controlled promoter of the
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respective gene to be evaluated (Fig. 4l). Addéllyn we aimed to demonstrate direct
binding of SIyA to each promoter. To achieve thwg, first performed amn silico search
using the consensus sequence 5-TTWGBAWTBWAA-3=B, Gor T; W=Aor T) to
identify potential binding sites for the proteiry&lin each promoter region. The potential
binding sites of SlyA are listed in the Table 3.[6he direct interaction of SlyA with the
promoters was assessed by testing DNA-proteinaoten in an EMSA. For the analysis
of each gene, a polynucleotide fragment of apprakety 300 bp, which included the SIyA
binding sites of the relevant promoter regions, wasubated with increasing
concentrations of purified SlyA protein. A 120 lmppgment of theompX promoter region
was used as a negative control (Fig. 411).

Under thesopD and sopE2 promoter, reporter activity showed slight sigraft
differences betweeAslyA and WT in the presence ohbB,, while the activity was less in
the mutant than in WT. This is consistent with ¢®CR analysis where the variation of
this transcript in this condition was mildly incesal. These differences with RNA-seq
analysis may be a result of one SlyA binding sitethe promoter regiosopD. DNA-
protein interaction was also observed at a SlyAceatration of 6.06 nM (Fig. 4A). For
sopE2, DNA-protein binding occurred at a SlyA conceritratof 12.12 nM, indicating the
weakest interaction of these promoters (Fig. 4Bjdér thehil A promoter, reporter activity
in AslyA was increased under oxidative stress (Fig. 4C)Apkbtein interaction was
observed at a SlyA concentration of 3.03 nM (FiG).4These results suggest that SlyA
negatively regulatesilA.

Reporter activity under thiguK promoter in all conditions was significantly lower

in the AslyA strain compared to WT. In the EMSA, tfreK promoter interacted with the
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507 SlyA protein at a concentration 3.03 nM. SlyA, thesems to upregulafeukK expression
508 by directly binding to the promoter region (Fig. 4nder theglpA promoter, reporter
509 activity was slightly lower under oxidative streissthe mutant than in the WT strain.
510 EMSA results showed an interaction between tipA promoter and SlyA at a
511 concentration of 3.03 nM (Fig. 4E). These resuliggest that SIyA upregulates tgpA
512 gene. The&kgtP promoter activity was higher iislyA than in WT under all conditions, but
513 this difference was more significant under controhditions than under oxidative stress.
514  SlyA interaction with the promoter region kdtP starts at 3.03 nM SlyA (Fig. 4F). SIyA
515 thus seems to downregulakgtP expression by direct binding to the promoter ragio
516  Finally, under thgpagC promoter, reporter activity in control condition svaignificantly
517 lower in theAdyA strain compared to WT, and in response to NaQ, dctivity was
518 slightly lower in AslyA than the WT strain. SlyA interaction with the prater region of
519 pagC occurred at a SlyA concentration of 9.09 nM (F5), suggesting that SIyA
520 positively and directly regulatgmgC expression, which is similar to previous findir@s
521  13,14].

522

523 3.6 Metabolism and virulence are regulated by SyA

524 To effectively evaluate whether SlyA was involvedthe regulation of metabolic
525 pathways and virulence, we performed different b@mical assays using various pathways
526 that are affected in the oxidative stress conditifirst, we evaluated total thiol
527 quantification (Fig. 5A) because we found that Spy@sitively regulates a putative cysteine
528 synthase (STM14_0542). Under control conditiongltthiols were found to amount to 40
529 mmol/g in both strains. Under,B, stress, there was a significant decrease in reduced

530 thiols (RSH) inAslyA compared to WT, where total thiols were increamed0 mmol/g.
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These results are consistent with the RNA-seq arsalwhere the absence of SlyA should
decrease the amount of cysteines available fot thimation. Under NaOCI stress, thiol
levels decreased to approximately 38 mmol/g in lsithins, possibly because the main
damaging effect of NaOCI is chlorination. Thesaulisssuggest that SlyA is important for
maintaining the thiol oxidation rate in the present HO..

To determinate if central metabolism is regulated SlyA, we measured the
pyruvate and NAD in the strains study. Consistent with KEGG databigormation,
where the pyruvate pathway is negatively reguldtedlyA under HO, conditions, the
amount of pyruvate kinase was significantly highreAslyA under this condition. Under
NaOCI treatment conditions, the amount of pyrudatase was also significantly higher
compared to WT, although to a lesser degree thaerur,O, conditions (Fig. 5B). The
pyruvate pathway is inhibited by SlyA, and there &vo important pathways that could be
compensating and potentiating bacterial centralabwism. These are the glycolysis
pathway and the pentose phosphate pathway, wheclpasitively regulated by SIlyA. To
effectively determine whether central metabolisrmguced by SlyA, we measured NAD
in both strains under all conditions, and we obseérthat inAslyA, NAD" levels were
significantly lower in control and #, conditions (Fig. 5C), suggesting that SIyA
positively regulates central metabolism.

We next focused on the role that SlyA plays in niating Salmonella virulence
traits. The ability of strains to bind Congo redrfr the culture medium correlates well with
virulence properties because of the presence gbexltl secretion system [24,35]. Under
both control and kD, conditions, Congo red binding was not significardijferent in

AslyA and WT. This was in contrast to NaOCl-inducedsstye/here the Congo red binding
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activity was significantly higher iAslyA than WT (Fig. 5D). These results are consistent
with the RNA-seq analysis, in which the expresdexels of certain genes that are part of
the type-lll secretion system were negatively ratgd by SlyA. To determine if SIyA
effectively regulates these genes, we measuredciiph levels of bacteriabopD and
sopE2 (STm14028s,AslyA and AslyA/pBR:slyA strains) that were recovered from
macrophages 1 and 3 h post-infection. Our restltsved that at 3 h post-infection only,
sopD and sopE2 were negatively regulated by SlyA (Fig. 5E), witlslyA expression
increased two- and five-times, respectively. Thesellts are conclusive because Nsy/A
strain entered fewer to macrophages than the Wainst(Supplementary Fig. 2).
Additionally, the AslyA/pBR:slyA strain results showed that at 1 h post-infectiibre
transcript-level behaviour is similar to other Bitsa but 3 h post-infection, the
ASlyA/pBR:slyA strain was similar to WT strain, suggesting thatASregulates these
genes under infectious conditions.

Finally, we measured the percentage of biofilnmfation and the importance of
SIyA in this process. Bacterial biofilm is involvad cellular communication processes and
offers protection from adverse environmental caodg, such as oxidative stress, thereby
contributing to a successful host colonisation [38]e found that biofilm formation
percentages were increasedAslyA, reaching statistical significance under condgiari
oxidative stress (Fig. 5F). These results are stersi with the RNA-seq analysis because
both experimental approaches point towards a d&tgu of outer membrane proteins in
the presence of both ,B, and NaOCI (Supplementary Tables 2 and 3), androute
membrane proteins seem to be mostly negatively latg by SlyA. Thus, biofilm
formation would increase as a compensatory mecmatosprotect the bacteria against

oxidative stress.
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3.7 SyAisrequired for an efficient response to H,O, and NaOCI

To determine whether SlyA is required for the resgoto HO, and NaOCI, we
evaluated protein carbonylation and membrane [yeicbxidation as indicators of oxidative
damage. Treatment with,8, and NaOCI did not increase carbonylation leveltheaWT,
whereas in thaslyA strain, carbonylation levels increased by 50%hegresence of 1D,
and by 80% in the presence of NaOCI (Fig. 6A).

Lipid peroxidation levels, expressed as pmol TBARsOf protein, were increased
10-fold in WT bacteria exposed to oxidative coradis compared to control conditions. In
the AdlyA strain, lipid peroxidation was increased approxeha30 times after exposure to
oxidative stress compared to untreated controls$,iaereased three times compared to WT
under the same conditions (Fig. 6B). These regutisate a significantly increased level of
oxidative damage in thAslyA strain after treatment with 8, and NaOCI, compared to
WT under the same conditions.

Following these indicators of increased oxidatiaendge imAslyA compared to WT
after treatment with b0, and NaOCI, we measured total ROS levels. The sigiyificant
increase in ROS levels was observed inAHgA strain under exposure to NaOCI, where
ROS levels were approximately double those of W§.(6C). ROS levels do not increase
after treatment with pD,, which suggests that bacterial defence mechanegasnst
oxidative stress include the activation of reguldmyR, which is involved in bD,
tolerance. Consequently, there would be no incremas#gracellular ROS [4]. ROS analysis
results confirm the RNA-seq analysis results, wiilsbwed that in the presence of NaOCI,

SIlyA upregulates genes involved in the pentose giette pathway, including a putative
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601 transketolase and a putative sugar kinase. Inateasévity of this pathway, which

602 enhances reducing power, would protect bacterimspROS.



28

603 4. Discussion

604 The toxic compounds #, and NaOCI have diverse effects on macromolecules
605 [5,37], and when ROS concentrations increase abasal levels, bacteria are damaged in
606 several ways. To evaluate the requirement for Styfespond to ROS i8. Typhimurium,
607 we assessed oxidative damage indicators, such atsirprcarbonylation and membrane
608 lipid-peroxidation, which were found to be increése theAslyA strain in the presence of
609 3 mM NaOCI (Fig. 6A and 6B), causing increasing R@&:Is. However, in the presence
610 of 1 mM HO,, the OxyR regulon exerts its detoxification funati as described previously
611 (Fig. 6C). Basal levels of both damage markerstatel ROS are similar to those of the
612  WT strain under non-stressed conditions, whichaaigis that SIyA is specifically required
613 for the response to ROS, but not for the mainteaaridasal conditions. Additionally, we
614 determined total thiol levels undep®h oxidative stress, and found a decrease imghgA
615 strain compared to WT (Fig. 5A). Moreover, the RNég transcriptomic analysis showed
616 that SIyA positively regulates a putative cystegymthase that is expressed afteiOF
617 treatment. Thus, in the absence of this regul#tal levels diminish.

618 Additionally, we determined from whole transcriptiomanalysis that the gene
619 encoding the 1-phosphofrucktokinageuK) is positively regulated by SlyA. To be used,
620 fructose must enter the cell through the mannosegese (ManXYZ) [38], which is also
621  positively regulated by SlyA. Together, the upregoin of these genes would favour
622 glucose formation and entry into the cell. Divegenes coding for enzymes involved
623 mainly in the productive phase of glycolysis aresoalpositively regulated by SIlyA
624  (Supplementary Tables, Fig. 3D and 4B).Typhimurium, thus, promotes the glycolytic
625 pathway in response to,8,. This is consistent with a previous report by Rual. [39],

626  which found that irk. coli, O, treatment induces ATP gaining-phase enzymes. énease
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in glycolysis would lead to a rise in NADH levelshich would in turn contribute to the
response to pD, through its antioxidant properties. NADH antioxitlgoroperties were
suggested to play a role in ROS resistanc8almonella, and in ATP generation through
glycolysis. Enhanced ATP generation would allowtbaa to perform processes such as
the conversion of NADH to NADPH via NAD kinase, di#ag to a more efficient response
to ROS [40]. Our results suggest that SlyA conteButo metabolism regulation by
accumulation of NAD under oxidative stress (Fig. 5C), which is comsistith previous
results.

In S Typhimurium, it has been established that SlyA otatks SPI-2 expression
via its regulation of the kinase sensor SsrA, whgmvolved in SPI-2 expression through
binding to the promoter region [8]. Because of study conditions, we did not observe
genes belonging to SPI-2, which are expressed ynaimder low Mg? or acidic conditions.
However, we found thgdgT (STM14_1760) gene that encodes a nucleotide-likeem, a
negative regulator that represses SPI-2 transenddl], and that is negatively regulated
by SlyA under HO, conditions. Additionally, SIyA can reverse the ilition of the
negative regulator H-NS, which acts on differenhege [13,14]. This suggests that SIlyA
regulates SPI-2 through both SsrA activation andibition of its negative regulator.
Results from transcriptome analysis indicate tHgA Segatively regulates SPI-1 genes,
which is consistent with a report by Colgan [42here SPI-1 gene expression increased in
absence aflyA. Thus, it is possible that through a signal entenad in the intestine, SIyA
might modulate its response to toxic compoundsh sicH202 or OCl repressing genes
involved in the cellular invasionrivF, hilA 'y spaR) and effector proteinsgpD y sopE2)
that are required for eukaryotic cell invasion [48} This is consistent with previous

reports on HilA, a global regulator required for I8P gene expression [46, 47].
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Additionally, HilA can bind to specific sequencesthe promoter oinvF, a transcriptional
regulator, which is necessary for the expressioa sdib-group of genes related to invasion
[48]. Previous research showed that an increabdAnexpression causes a survival defect,
suggesting the harmful effects of not repressin1S&uring invasion [49]. In summary,
the expression of genes encoding effector and ionaglated proteins is significantly
increased in thaslyA strain (Fig. 3), suggesting negative regulatiorBbyA. We can infer
that this negative regulation is a consequencdy# Binding to thehil A promoter region
(Fig. 4C), which affects the expression of all Hildgulated genes in a downstream
cascade. Additionally, cytotoxicity in macrophagesnduced by SPI-1 TTSS [50], which
changes the activation state of macrophages, aerk tls, therefore, a decrease in
salmonella virulence, where SlyA could play a kejerin the infective process by
repressing the expression of effector proteinsrggig to the TTSS. Finally, our Congo
red binding assays provided an indirect measurdT8®S activity and it was slightly
increased iMslyA strains compared to WT, indicating the presenc@T@S and a likely
link to the strain’s virulence properties (Fig. 50O)he transcription levels adopD and
sopE2 under infection conditions also showed a remakkabtrease 3 h post-infection
(Fig. 5D), and these effects were observable eveenwheAsyA strain was less invasive
(Supplementary Fig, 2), suggesting that SIyA negatiregulates these genes.

Finally, we evaluated biofilm formation as an imaot part of bacterial
metabolism and a protection against a hostile envilent inside the host. We found that
the csgD gene that encodes one of the master regulatordvad/on biofilm formation,
CsgD [51], which is negatively regulated by SlyAden NaOCI stress. These results are
consistent with results showing that biofilm forioatis increased in thaslyA under all

conditions evaluated (Fig. 5F). Additionally, thepecity for biofilm formation by
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Salmonella spp. depends on the surface and the resistandeedatment, and lower
concentrations of chloride (50 ppm) were foundadiglly inactivate biofilm formation. At
100 ppm chloride, no formation was detected [52].

In conclusion, SlyA can regulate different metabopathways, from central
metabolism to oxidative stress defence throughatitvation of alternative pathways, and
thereby enhancing bacterial reduction potentialesEndata reveal the mechanisms by
which SIlyA might modulate the course & Typhimurium infection. Our findings
contribute to an improved understandindsalfimonella physiology in response to oxidative

stress that is encountered during the host immefende.
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Legendsto figures

Figure 1. Functional classification of the differentially expressed genes in the
Salmonella Typhimurium AslyA as compared to the WT in response to H,O, and
NaOCI. The bars represent the percentage of genes betpngieach group that were
altered in the mutant strain exposedjoH,O, 1 mM andB) NaOCI 3 mM. The pathways
have been defined by KEGG data baS#nfonella enterica serovar Typhimurium 14028s
KEGG) using the data of a RNA-seq of the mutantséarch each pathway and the
percentage was calculated using the total of gérasvas altered in the mutant strain. The
red bars represent all the genes that has a negagulation by SlyA and the blue bars a
positive regulation by SlyA. The percentage of gerepresents the total number of genes

differentially expressed in the RNA-seq assay.

Figure 2. Comparative transcriptomic patterns between S. Typhimurium WT and
ASIyA strainsin response to ROS. Transcripts whose expression levels differed betwe
S Typhimurium WT and transcription factor SlyA mutastrains after 20 min treatment
with A) 1 mM H,O, andB) 3 mM NaOCI. For each gene, the log2 of the foldrde of

expression is shown (FDRO.1), according to the heat-scale in the bottghtrcorner.

Figure 3. Validation of RNA-seq results by qRT-PCR of strains STm 14028s, AslyA

and AslyA/pBR::slyA exposed to H,O, or NaOCI. Panels show expression levels of the
mutant and complemented strains relative to the WTresponse to ¥, (1 mM) or
NaOCI (3 mM), ofA) sopD, B) sopE2, C) hilA, D) fruK, E) glpA, F) kgtP andG) pagC.

All data were normalized againttlB. Values represent the average of five independent

experiments £ SD (*p < 0.05, **p < 0.01, **p < @Q).
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Figure 4. Direct regulation of sopD, sopEZ2, hilA, fruK, glpA, kgtP and pagC genes by
SlyA in response to ROS. Panell, promoter reporter activity in response tgdd (1 mM)
or NaOCI (3 mM); panell, electrophoretic mobility shift assay (EMSA) aipD, sopE2,
hilA, fruK, glpA, kgtP andpagC promoter regions after incubation with increasingoant
of SlyA (all fragments were 300 bp in length an@i2z® bp fragment of thempX promoter
was used as a negative control). Results are simowhsopD, B) sopE2, C) hilA, D) fruk,
E) glpA, F) kgtP and G) pagC. Values represent the average of five independent

experiments + SD (*p < 0.05, **p < 0.01, ***p < @Q).

Figure 5. Validation of metabolic pathways regulated by SlyA in response to H,0, (1
mM) and NaOCI (3 mM). A) Total thiols formatiorB) Pyruvate kinase activit¢) NAD*
levels D) Congo red binding assdy) Relative expression aopD and sopE2 genes in
STm14028sAslyA and AslyA/pBR:SlyA strains recovered from macrophages at 1 and 3 h
post-infection.F) Percentage of biofilm formation iSalmonella strains STm14028s and
AslyA exposed to kD, and NaOCI. Metabolic activity in the WT strain wagen as 100%.
Values represent the average of seven independpstiments + SD (*p < 0.05, **p <

0.01, **p < 0.001).

Figure6. Indicator s of oxidative damagein S. Typhimurium strains STm 14028s and
AslyA exposed to H,O, (1 mM) and NaOCI (3 mM). A) Carbonyl levels (DNPH
method),B) lipid peroxidation levels (TBARS method), a@{ intracellular ROS levels in

STm14028s anddlyA strains, all after 20 min exposure te®4 (1 mM) and NaOCI (3
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mM). Values represent the average of three indepdrekperiments + SD (*p < 0.05, **p

<0.01, ***

Supplementary figure 1. Comparative transcriptomic patternsSfTyphimurium WT A
andB) andASyA (C) strains under different conditions. Transcriptthvaltered expression
levels in the presence ok@, (A and C) or NaOCI (B) versus control conditionsSi
Typhimurium WT anddyA mutant strains. For each gene, the log2 of thetdbhnge of

expression is shown (FDRO0.1), according to the heat-scale in the bottayhtrcorner.

Supplementary figure 2. Relative of infections of mutant and complementedVT

strains harvested 1 and 3 h post-infection from Réd.7 (***p<0.001).



Table 1. Bacterial strain used in this study

Strain Relevant characteristic Source
14028s Wild type strairfalmonella enterica | Facilitated by
serovar Typhimurium. Dr. G. Mora
ATCC
14028s/pGLO 14028s transformed with empty vectbhis work

pGLO expressing green fluorescent

protein (GFP).

14028s/pGLO::RuK

14028s transformed with vector pGLQ his work

carrying fruk gene promoter upstream

of the reporter gene.

14028s/pGLO::BopD

14028s transformed with vector pGLQhis work

carryingsopD gene promoter upstream

of the reporter gene.

14028s/pGLO::BIpA

14028s transformed with vector pGLQ his work

carryingglpA gene promoter upstream

of the reporter gene.

14028s/pGLO::RgtP

14028s transformed with vector pGLQ his work

carryingkgtP gene promoter upstream

of the reporter gene.

14028s/pGLO::BopE2

14028s transformed with vector pGLQ his work

carrying sopE2 gene  promoter

upstream of the reporter gene.




14028s/pGLO::RIA

14028s transformed with vector pGL

carrying hilA gene promoter upstream

of the reporter gene.

Qhis work

14028s/pGLO::pagC

14028s transformed with vector pGL

carryingpagC gene promoter upstream

of the reporter gene.

Qhis work

ASlyA

slyA::aph

C. Saavedra

ASlyA/pBR:slyA

AslyA transformed withihe vector
pBR322 carrying the slyA gene

C. Saavedra

ASlyA/pGLO

AdlyA transformed with empty vectc
pGLO expressing green fluoresce

protein (GFP).

DIThis work

2Nt

ASlyA/pGLO::AHruK

AdlyA transformed with vector pGL(

carrying fruk gene promoter upstream

of the reporter gene.

DThis work

ASlyA/pGLO::PsopD

ASlyA transformed with vector pGL(

carryingsopD gene promoter upstream

of the reporter gene.

DThis work

ASlyA/pGLO::RylpA

ASlyA transformed with vector pGL(

carryingglpA gene promoter upstream

of the reporter gene.

DThis work

ASlyA/pGLO::FkgtP

AdlyA transformed with vector pGL(

carrying kgtP gene promoter upstream

of the reporter gene.

DThis work




ASlyA/pGLO::PsopE2

AdlyA transformed with vector pGLQThis work

carrying sopE2 gene  promote

upstream of the reporter gene.

r

ASlyA/pGLO::FhilA

ASlyA transformed with vector pGLOThis work

carrying hilA gene promoter upstream

of the reporter gene.

ASlyA/pGLO::FagC

ASlyA transformed with vector pGL(

carryingpagC gene promoter upstream

of the reporter gene.

DThis work

Topl0

F- mcrA A(mrr-hsdRMS-mcrBC
¢80lacZAM15 AlacX74 nupG recAl
araD139 A(ara-leu)7697  galEl

galK16 rpsL(StrR) endAl-.

Invitrogen

Ol

BL21(DE3)

F— ompT gal dcm lon hsdSB(rB- mE
MDE3]Jlacl lacUV5-T7 gene 1 ind

sam7 nin5])).

3-nvitrogen

1

BL21(DE3)/pETslyA

BL21(DE3) transformed with the pET
TOPO101SIyA vector carrying thg&

TyphimuriumslyA gene.

"-This work




Table 2. Primersused in this study

Gene Forward primer 53’ Reverse primer 5>3’
pGLO- | GCACCGGTCTGACGCAAGCTGAAA| CGCGCTAGCCATTCTCCTGCT
fruK GA GAATTGAAACG
pGLO- | GCACCGGTTGCCTTCTGCATAAAC | CGCGCTAGCCATGCTTAAAGT
sopD CAA GACTGGCATAA

pPpGLO- | GCACCGGTATTGTAGCCTCCGTGG | CGCGCTAGCCATTGTTTTTCC
glpA C TCACAGTTCG

pGLO- | GCACCGGTAATACACGGGGTAATG | CGCGCTAGCCATACTGTTCTC
kgtP ATCC CTTGTTGCCA

pGLO- | GCACCGGTACGCAGTAGTTGAATT | CGCGCTAGCCATGGTAGTTCT
SOpE2 GAAG CCTTTTAGATA

pGLO- | GCACCGGTAATCACAGTTAGTTAT | CGCGCTAGCCATTCTCTTACA
hilA AACAATA GGGTGAAAAGT

pGLO- | GCACCGGTGCGTGAGAAAAATTAG | CGCGCTAGCCATCTACTTATT
pagC CATTC ATTTACGGTGTGTT

pGLO_ | GTAGTGATGAATCTCTCCTG CCTTCACCCTCTCCACTGAC
cheq

PET_ CACCATGAAATTGGAATCGCCACT | ATCGTGAGAGTGCAATTCCA
slyA

gRT- AACGCTTTGTTAACGACTCC TCACGGCTACTATCAAAGAT
fruK

gRT- GATGGACGCTTCTCAGAC TACTCATAGATTCTATCACTG




sopD C

gRT- CAATATGTTGGATGCCAGAG TTCGCCAGTGAGATGGTT
glpA

gRT- TATGAGTGAAGTTGCGCTTG AATCACAACGACCAGCAATG
kgtP

gRT- TTTTCATCGTGGGAACGCTT AATATGGCTTCGCATGTCTG
SOpE2

gRT- GTGAAGGGATTATCGCAGTA CGTAATTGATCCATGAGCTC
hilA

gRT- CGAGGGGTAAATGTGAAATA ACCGTACTTCACCTCAAACT
pagC

gRT- ACTATGCGCCAGCTGAAGAT TCGCTTTCCGCCAGTTCTTT

talB




Table 3. Candidate SlyA binding sites from promoter region of genes evaluated

Sequences shown are those with the greatest similar the determined consensus

sequence 5'-TTWGBAWTBWAA-3' (B=C,Gor T; W = AD) [6].

Promoter Possible Binding Site Location relative to start codon
Region
psopD TTATCTGTTTAA 93 pb upstream aopD
PSOpE2 TTATAAATATCA 96 pb upstream aopE2
ATAGTTATCTAA 13 pb upstream aopE2
phil A TTAGTTATAACA 225 pb upstream d¢filA
TTAGTACTAAGA 83 pb upstream dfilA
TTAGTTATTATA 33 pb upstream dfilA
pfruK TTTGATAACTCA 60 pb upstream dfuK
TTTCAATTCAGC 14 pb upstream dfuK
pglpA TTATGCGCGAAA 60 pb upstream afipA
TTTGTATGGCTA 31 pb upstream ajipA
pkgtP TTAGCAAACAAA 85 pb upstream okgtP
ppagC TTAGCATTCAAA 219 pb upstream qdagC
CTTCGGTAGTAA 152 pb upstream qdagC
CTAGTATTAAGG 7 pb upstream gagC




ACCEPTED MANUSCRIPT

A)

% genes regulated by SIyA in response to HO,

Cysteine and methionine metabolism
Naphthalene degradation

Inositol phosphate metabolism
Pantothenate and CoA biosynthesis
Galactose metabolism

Tyrosine metabolism

Glycolisis / Gluconeogenesis.

Pyrimidine metabolism

Fatty acid degradation

Chloroalkane and chloroalkene degradation
Degradation of aromatic compounds
Pentose phosphate pathway
Phosphotransferase system (PTS)
Ascorbate and adarate metabolism
Fructose and mannose metabolism
Ribosome

Pyruvate metabolism

Glycine, serine and threonine metabolism
Sulfur metabolism

Purine metabolism

Valine, leucine and isoleucine biosynthesis
Butancate metabolism

Salmonella nfection

Two-component system

Biosynthesis of amino acids

Microbial metabolism in diverse enviroments
Nitrogen metabolism

Carbon metabolism

ABC transporters.

Bacterial invasion of epithelial cells
Avgiine biosynthesis

Biosynthesis of secondary metabolites
Biosynthesis of antibiotics

Bacterial secretion system

Porphyrin and chlorophyll metabolism
Propanoate metabolism

1« Positive regulation
i Negative regulation

W% 15% 10%

B
E
E
g

15% 0% 2%

B)

% genes regulated by SlyA in response to NaOCl

Sulfur metabolism

Salmonella infection

Pyrimidine metabolism

Lysine degradation

Carbon metabolism

Pentose and glucuronate interconversions

Galactose metabolism

Pentose phosphate pathway

Glycerophospholipid metabolism

Ascorbate and aldarate metabolism

Fructose and mannose metabolism

Two-component system

Amino sugar and nucleotide sugar metabolism

Nitrogen metabolism

Phosphotransferase system (PTS)

Microbial metabolism in diverse enviroments

Phenylalanine, tyrosine and tryptophan biosynthesis
Cysteine and methionine metabolism e regstion
Cationic antimicrobial peptide (CAMP) resistance  Negatv reguation

Biosynthesis of antibiotics

Biosynthesis of secondary metabolites

Metabolic pathways

Biosynthesis of amino acids

% 0% 8% 6% 4% 2% Ok 2% 4% 6% 8% 10% 1% 1% 16% 18%




>

Peroxide

Wild-type vs Mutant

STM14_0293
STM14_0542
STM14_3258
fruF
STM14_4794
STM14_5021
STM14_4967
STM14_4100
STM14_4686
fruK
STM14_1469
STM14_3178
STM14_5580
sgaU

yhal

samB
STM14_5581
yhaN

fruA

lexA

yhiQ

adhE

trbH

sgakE

dinG
STM14_3256
STM14_5624
STM14_2981
cdd

acpS
STM14_5442
creB
STM14_5319
STM14_3522
deoC

finO

STM14_0196
dgoK
STM14_3500
pliC

narW

sicP
STM14_2222
sopD

ompN
STM14_2227
STM14_1507
SopE2
STM14_4415
STM14_5122
STM14_2111
STM14_1494

Joar

orgC

orgA

iacP

invF

ydgT

paduC

cbiD
STM14_5045
invA
STM14_2387
STM14_2359
hilA
STM14_1092
spaR

dmsB
STM14_2247
STM14_1613
spaP
STM14_1790
cbiC
STM14_5355
STM14_5186
pudB

pduA

tdcB

ydeZ
STM14_1612
STM14_5360
cbiF
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