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Stress Response of Salmonella enterica Serovar Typhimurium to
Acidified Nitrite
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The antimicrobial action of the curing agent sodium nitrite (NaNO,), which is added as a preservative to raw meat products,
depends on its conversion to nitric oxide and other reactive nitrogen species under acidic conditions. In this study, we used RNA
sequencing to analyze the acidified-NaNO, shock and adaptive responses of Salmonella enterica serovar Typhimurium, a fre-
quent contaminant in raw meat, considering parameters relevant for the production of raw-cured sausages. Upon a 10-min ex-
posure to 150 mg/liter NaNO, in LB (pH 5.5) acidified with lactic acid, genes involved in nitrosative-stress protection, together
with several other stress-related genes, were induced. In contrast, genes involved in translation, transcription, replication, and
motility were downregulated. The induction of stress tolerance and the reduction of cell proliferation obviously promote sur-
vival under harsh acidified-NaNO, stress. The subsequent adaptive response was characterized by upregulation of NsrR-regu-
lated genes and iron uptake systems and by downregulation of genes involved in anaerobic respiratory pathways. Strikingly,
amino acid decarboxylase systems, which contribute to acid tolerance, displayed increased transcript levels in response to acidi-
fied NaNO,. The induction of systems known to be involved in acid resistance indicates a nitrite-mediated increase in the level of
acid stress. Deletion of cadA, which encodes lysine decarboxylase, resulted in increased sensitivity to acidified NaNO,. Intracel-
lular pH measurements using a pH-sensitive green fluorescent protein (GFP) variant showed that the cytoplasmic pH of S. Ty-
phimurium in LB medium (pH 5.5) is decreased upon the addition of NaNO,. This study provides the first evidence that intracel-

lular acidification is an additional antibacterial mode of action of acidified NaNO,.

ontyphoidal Salmonella gastroenteritis, with an estimated

93.8 million cases worldwide each year, is a major health bur-
den (1). In the vast majority of these cases (an estimated 80.3
million), the organism is food borne (1). Salmonella bacteria nat-
urally reside in the intestinal tracts of animals, which explains their
high prevalence in animal produce, especially in meat (2). Pigand
bovine meats, which are traditionally used in the production of
raw fermented sausages in Germany (3), are often associated with
Salmonella enterica subsp. enterica serovar Typhimurium (2). To
prevent or control the growth of Salmonella and other pathogenic
bacteria in foodstuffs, different measures, such as acidification,
low temperatures, and food additives, are combined in the man-
ufacturing process, a concept known as hurdle technology (4). An
important hurdle during the production of raw fermented sau-
sages is the curing agent sodium nitrite (NaNO,), which is espe-
cially critical at the early stages of ripening (5). According to Eu-
ropean Union legislation (directive 2006/52/EC), 150 mg NaNO,
per kg meat is the maximum ingoing amount permitted in cured
meat products (6). Under the mildly acidic conditions (pH ~5.5)
prevalent in raw meat and influenced by additives such as ascor-
bate and salt, NO, " is converted to diverse reactive nitrogen spe-
cies (RNS), such as nitrous acid (HNO,), dinitrogen trioxide
(N,05), and, most importantly, nitric oxide (NO) (7, 8). NO, in
turn, modifies pigments and proteins in the meat, leading to the
typical color and flavor of cured meat products, and further acts as
a scavenger of lipid- or protein-derived radicals (8, 9). Moreover,
NO and its congeners exhibit antimicrobial activity. RNS are also
crucial players in the host’s immune response to Salmonella infec-
tion (reviewed by Henard and Vdzquez-Torres [10]). NO has been
shown to modify multiple cellular targets and interferes with cru-
cial metabolic processes, including key enzymes of the tricarbox-
ylic acid cycle (11), DNA (12), respiration (13), and the acid tol-
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erance response (14). To avoid the deleterious effects of NO, S.
Typhimurium is able to detoxify NO aerobically or anaerobi-
cally via the flavohemoglobin HmpA (15), the flavorubredoxin
NorV (16), and the periplasmic cytochrome ¢ nitrite reductase
NrfA (17). Moreover, genes under the control of the NO-re-
sponsive regulator NsrR have been suggested to be active in
nitrosative-stress protection (18). Whereas several studies us-
ing different sources of nitrosative stress, including acidified
nitrite and S-nitrosoglutathione (GSNO), have been per-
formed to study the stress response in Escherichia coli (19-22),
only a few transcriptional studies (11, 14), all of which used NO
delivered by donor compounds, have been conducted for S. Ty-
phimurium. However, in food matrices such as NaNO,-cured raw
sausages, a variety of reactive intermediates apart from NO are
produced upon acidification of NO, ~ (8) and might additionally
influence the growth of Salmonella. Nitrous acid (HNO,), for ex-
ample, has been suggested to be an important player in the anti-
fungal action of acidified nitrite by causing intracellular acidifica-
tion (23). It is not known whether this mechanism is also active in
bacteria. Furthermore, weak organic acids, such as lactic acid, ac-
count for the mildly acidic pH in meat, in contrast to the strong
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Description” Source or reference
Strains
WT Salmonella enterica subsp. enterica serovar Typhimurium 14028; wild-type strain DSM 19587
WT pBR322 WT strain carrying empty plasmid pBR322 This study
AcadA pBR322 Strain with in-frame deletion of the WT STM14_3138 DNA sequence encoding This study
amino acids 7 to 703 of CadA (AcadA), carrying empty plasmid pBR322
AcadA-comp AcadA strain carrying complementation plasmid pBR322-cadA This study
WT pEGFP WT strain carrying pEGFP for intracellular pH measurements This study
Plasmids
pBR322 pMBI replicon cloning vector; Amp" Tet" 24
pBR322-cadA Complementation plasmid containing the cadA coding sequence under the This study

control of its native promoter, P_,;5,; Amp"

pEGFP EGFP expression vector; Amp”

Clontech, Germany

“ Amp*, ampicillin resistance; Tet", tetracycline resistance.

inorganic acid HCl in the stomach. The type of acidulant might
also influence the reactivity of NO, ~ and thereby that of the tran-
scriptome, but no studies using NO, ~ acidified by lactic acid have
been conducted.

In this study, we performed RNA sequencing (RNA-seq) of S.
Typhimurium treated with 150 mg/liter NaNO, acidified with
lactic acid at an ambient temperature of 24°C in order to gain
insight into both the shock and adaptive responses of this patho-
gen to acidified-nitrite stress under conditions relevant for food
processing. Moreover, we identified the lysine decarboxylase
CadA as an important player in the acidified-nitrite stress toler-
ance of S. Typhimurium, and we provide evidence that intracel-
lular acidification may constitute an additional antibacterial mode
of action of acidified nitrite.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are summarized in Table 1. Bacterial cells
were routinely grown in LB broth (Lennox) (neutral LB; pH ~7) or agar
(1.5%, wt/vol) (Oxoid, Wesel, Germany). To test the impact of acidified
sodium nitrite (NaNO,) on S. Typhimurium, LB broth adjusted to pH 5.5
with lactic acid (90%; Merck, Darmstadt, Germany) (LB [pH 5.5]) prior
to autoclaving was used. If necessary, the following antibiotics were add-
ed: ampicillin at 150 pg/ml (USB, Cleveland, OH, USA); tetracycline at
17.5 wg/ml (Sigma-Aldrich, Taufkirchen, Germany). All strains were
stored at —80°C in LB broth containing 20% glycerol.

Construction and complementation of a cadA deletion mutant. The
cadA in-frame deletion mutant (AcadA strain) was constructed in the
genetic background of S. Typhimurium 14028 (the wild-type [WT]

TABLE 2 Oligonucleotides used for DNA manipulations”

strain) using the lambda Red recombinase method (25) as described pre-
viously (26). The specific oligonucleotides used for the construction of the
AcadA strain, del_cadA_F, del_cadA_R, test_cadA_F, and test_cadA_R,
are listed in Table 2. For the complementation of the AcadA mutant, a
PCR product corresponding to the coding sequence of cadA under the
control of its own promoter was introduced at the HindIII and BamHI
cloning sites of pBR322. Since cadA is the second gene of the cad BA
operon, it was fused to its promoter via an artificially generated 84-bp
“scar” sequence of pKD4 that usually remains after FLP-mediated ex-
cision of the antibiotic cassette (25). This cloning procedure is based
on a previously described system of complementation of the AcadA
mutation (27). This was done by 3" overhangs on primers C_cadA_B
and C_cadA_C corresponding to the scar sequence. Briefly, the cadBA
promoter region and the cadA coding sequence were amplified using
primer combinations C_cadA_A/C_cadA_B and C_cadA_C/C_
cadA_D (Table 2), respectively. The PCR products were ligated via a
natural Xbal restriction site in the “scar” sequence, and the corre-
sponding fragment was amplified using primers C_cadA_A and C_
cadA_D. The product was cloned into vector pBR322, resulting in the
complementation vector pBR322-cadA. Finally, for the construction
of the complementation mutant (AcadA-comp), pBR322-cadA was
introduced into S. Typhimurium AcadA. As controls, plasmid pBR322
was transformed into the AcadA as well as the WT strain, resulting in
the AcadA pBR322 and WT pBR322 strains, respectively.

Growth analysis using Bioscreen C. [ vitro growth analysis of bacte-
rial strains in a Bioscreen C system was performed by following the pro-
tocol for aerobic cultures as described previously (26). The time needed to
reach an optical density at 600 nm (ODg,) of 0.6, corresponding to the
half-maximum ODy,, was used as the parameter for displaying growth
differences. Mean values and standard deviations were calculated from

Primer Sequence (5'-3")"

del_cadA_F CGGGAGGGGCCCACTTTACCAGGAACAAGACTATGAACGTTATTGCTATC Cgtgtaggctggagctgcttc
del_cadA_R CTTCCCTTTGGTACTTATTTCGTATTTTCTTTCAGCACCTTAACGGTGTAcatatgaatatcctcctta
test_cadA_F CTTCGAACTCTCCGGCAC

test_cadA_R GTAAGGCACGCATGCCGT

C_cadA_A (HindIII)*
C_cadA_B (Xbal)
C_cadA_C (Xbal)
C_cadA_D (BamHI)®

AATAAGCTTATTTAACGCTGAACCATGAC
ttctctagaaagtataggaacttcgaagcagctccagectacacGTTCATTTCTCCTGAGCTGT
ctttctagagaataggaacttcggaataggaactaaggaggatattcatatg CCGCTAACTCCTTTTTCTCA
AATGGATCCCGCCACGATGTAAAAAATCG

“ The oligonucleotides were purchased from Eurofins MWG Operon (Ebersberg, Germany).

b Priming sites for, or sequence parts corresponding to, pKD4 are in lowercase. Restriction enzyme sites are underlined.
¢ The primer sequence binding to the S. Typhimurium 14028 genome is taken from reference (27).
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the results of three independent biological experiments, each including
technical duplicates.

Screening of a S. Typhimurium insertion mutant library for pheno-
types sensitive to acidified NaNO,. A S. Typhimurium insertion mutant
library was screened for phenotypes sensitive to acidified nitrite. This
random library was constructed by Knuth et al. (28) and was generously
provided by Thilo M. Fuchs. The library comprises insertion mutants
derived from homologous recombination of the temperature-sensitive
vector pIDM1, containing small chromosomal fragments, with the re-
spective chromosomal site at a nonpermissive temperature (37°C). For
the purpose of screening, growth curves of single insertion mutants in LB
(pH 5.5) without NaNO, or with 150 mg/liter NaNO, at 37°C were re-
corded and analyzed in a Bioscreen C system. In mutants showing a ni-
trite-sensitive phenotype, the site of insertion was determined via ampli-
fication and partial sequencing of the chromosomal fragments cloned into
pIDM1.

Cell harvesting and RNA extraction. A shaken (160 rpm) overnight
culture in LB broth was diluted 1:100 in fresh LB broth (pH 5.5) and was
grown at 24°C with shaking (160 rpm). Growth was monitored by mea-
suring the ODyg, (Ultrospec 2000 UV/visible spectrophotometer; Phar-
macia Biotech, Freiburg, Germany). To analyze the shock response to
acidified nitrite, a 150-ml culture in a 500-ml baffled flask at an ODy, of
0.80 to 0.85 was split into two 50-ml cultures in 200-ml nonbaffled flasks.
NaNO, at 150 mg/liter was added to one of these cultures, while the other
was left untreated to serve as a control. After further incubation for 10 min
at 24°C with shaking (160 rpm), cells from both cultures were harvested
(see Fig. S1A in the supplemental material). To analyze the adaptive re-
sponse to acidified nitrite, a 50-ml reference culture and a 50-ml culture to
which 150 mg/liter NaNO, was added at an ODg, of 0.80 to 0.85 were
grown in 200-ml nonbaffled flasks until they reached an ODy, of 1.50 =
0.05 (see Fig. S1B in the supplemental material). After centrifugation (8
min, 4,186 X g, room temperature), the supernatant was discarded, and
the pellets were snap-frozen in liquid nitrogen and were stored at —80°C.

For RNA isolation, the pellets were resuspended in TRI reagent (Sig-
ma-Aldrich). Total RNA was extracted using TRI reagent and the RNeasy
minikit (Qiagen, Hilden, Germany) as described previously (26).

Transcriptome library preparation and SOLiD sequencing. For
RNA-seq, 90 pg of TRI reagent-extracted RNA was subjected to the col-
umn-based purification steps of the RNeasy minikit without prior DNase
digestion. Also, the on-column DNase treatment was omitted. 16S rRNA
and 23S rRNA were then removed from 5 pg total RNA using the
MICROBExpress kit (Ambion, Life Technologies, Darmstadt, Germany).
In addition to the capture oligonucleotide mixture supplied with the kit,
two additional oligonucleotides targeting fragments of the S. Typhimu-
rium 23S rRNA (5'-xCCTCGGGGTACTTAGATGTTTCA-3' and 5'-xG
TCGGTTCGGTCCTCCAGTTAGT-3' [where x represents the sequence
needed for hybridization to Oligo MagBeads]) were added (2 pl of a 10
M mixture, corresponding to 20 pmol of each probe), and annealing was
performed for 30 min. The mRNA-enriched sample was then treated with
the Turbo DNA-free kit (Ambion) to remove residual DNA and was con-
centrated by ethanol precipitation. The sequencing library was con-
structed with the SOLiD Total RNA-Seq kit and the SOLID transcriptome
multiplexing kit (Applied Biosystems, Foster City, CA, USA) as described
previously (29), but cDNA was purified and was size-selected by two
rounds of bead capture using the Agencourt AMPure XP reagent (Beck-
man Coulter, Krefeld, Germany) according to the SOLiD manual. The
size distribution and yield of the purified libraries were assessed on an
Agilent 2100 Bioanalyzer system with a DNA 1000 or High Sensitivity
DNA chip kit (Agilent Technologies, Santa Clara, CA, USA) and with a
Qubit 2.0 fluorometer and the Qubit dsDNA HS assay kit (Life Technol-
ogies, Darmstadt, Germany). SOLiD system templated bead preparation
and sequencing on the 5500x] SOLiD system were conducted by CeGaT
GmbH (Tibingen, Germany). Samples for the adaptive and shock re-
sponses were sequenced in independent runs. Differentially bar-coded
libraries derived from acidified-NaNO,-treated and control samples were
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pooled and were sequenced on three (shock response) or six (adaptive
response) lanes of one SOLID slide, along with four additional libraries
that do not fall within the scope of this study. For each library, the SOLiD
output files (.csfasta, .qual) from the different lanes were merged into
single files for further analysis.

Analysis of SOLID sequencing data. Data-processing steps to convert
SOLID output files to sorted, indexed BAM files containing reads map-
ping to the reference genome of S. Typhimurium 14028 (NCBI RefSeq
numbers NC_016856.1 [chromosome] and NC_016855.1 [plasmid])
were performed as described previously (29). The number of reads over-
lapping a gene on the same strand (counts) was calculated in Artemis
(version 15.0.0) (30) based on the GenBank file of the reference genome.
To assess the impact of acidified nitrite on global transcription in S. Ty-
phimurium, counts of all protein-coding genes according to RefSeq .ptt
files downloaded from the NCBI FTP database (ftp://ftp.ncbi.nlm.nih.gov
/genomes/Bacteria/ [accessed 14 January 2014]) were subjected to differ-
ential gene expression analysis using the Bioconductor (31) package
edgeR (32). Genes with <10 counts per million (cpm) under both the
acidified-nitrite treatment and the control (without nitrite) conditions
were filtered, and library sizes were recomputed before TMM (trimmed
mean of M-values) normalization (33) was applied to account for com-
positional differences between the libraries. A common dispersion value
of 0.1 was used, as suggested for genetically identical model organisms in
the edgeR user’s guide (revised version, 4 May 2012). Differential expres-
sion analysis was performed using the exact test function. The false dis-
covery rate (FDR) was controlled using the Benjamini-Hochberg (BH)
method (34) in edgeR. Genes with log, fold changes (FC) of >1 in either
direction and BH-corrected P values of <0.05 were assigned to COGs
(clusters of orthologous groups) according to the .ptt file of S. Typhimu-
rium strain LT2 (NC_003197).

qPCR. First-strand cDNA synthesis using the qScript cDNA SuperMix
(Quanta BioSciences, Gaithersburg, MD) and quantitative real-time PCR
(qPCR) assays using the PerfeCTa SYBR green FastMix (Quanta Bio-
Sciences) were performed as described previously (26). Gene-specific
primers are listed in Table S1 in the supplemental material. For each
growth condition, cDNAs synthesized from total RNA extracted from
four independent cultures were analyzed. The comparative threshold cy-
cle (C;) method implemented in the relative expression software tool
(REST) (35) was used to evaluate relative changes in the transcript levels
of NaNO,-treated versus control cultures. ampD or 16S rRNA was used as
a nonregulated endogenous normalization control.

Measurement of pH; changes. A pH-sensitive green fluorescent pro-
tein (GFP) variant (enhanced GFP [EGFP]) was used as an indicator (36)
to monitor changes in the intracellular pH (pH;) of S. Typhimurium
exposed to acidified NaNO,. A shaken overnight culture of the WT
pEGFP strain grown for 17 h in LB broth supplemented with 150 pwg/ml
ampicillin at 24°C was collected (8 min, 4,186 X g, room temperature)
and was washed first with 1 volume and then with 0.5 volume phosphate-
buffered saline (PBS), pH 7.4. The ODy,, was then adjusted to approxi-
mately 10 in PBS, pH 7.4, and the cell suspension was stored on ice. The
suspension was diluted in sample buffer to an OD, of 1.0 and was incu-
bated for 5 min at room temperature before fluorescence was measured in
a PerkinElmer (Waltham, MA, USA) LS-50B luminescence spectropho-
tometer. Emission spectra resulted from averaging the spectra from five
subsequent scans recorded from 500 to 580 nm with excitation at 490 nm
(slit, 3.5 to 4.0 nm; scan speed, 1,000 nm/min). To analyze the impact of
NaNO, addition on the intracellular pH in dependence on the pH of the
growth medium, the fluorescence of the WT pEGFP strain in LB (pH 5.5)
or neutral LB broth was measured before and immediately after the addi-
tion of 150 mg/liter NaNO,. To verify that a decrease in fluorescence
intensity was due to NaNO, rather than to mere photobleaching of EGFP
due to repeated measurement of the same sample, a second sample, to
which H,O was added instead of NaNO,, was measured. The experiment
was performed three times independently.
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FIG 1 Overview of the differentially regulated genes according to their functional categories. Genes significantly upregulated or downregulated under conditions
of acidified-NaNO, shock (filled bars) or adaptation (shaded bars) in WT S. Typhimurium were grouped according to the NCBI COGs (clusters of orthologous
groups). Each bar represents the percentage of genes with increased or decreased transcription in a given category relative to the total number of up- or
downregulated genes among all COG categories (corresponding to 100%) under the respective condition. Since one gene can be classified into more than one
COG class, the total number of COG assignments is greater than the number of differentially expressed genes, and relative percentages refer to the former.

RNA-seq data accession number. RNA-seq data have been deposited
in NCBI’s Gene Expression Omnibus (37) and are accessible through
GEO series accession number GSE57238.

RESULTS

Shock and adaptive responses of S. Typhimurium to acidified
NaNO,. To analyze the response of S. Typhimurium to NaNO,
acidified by lactic acid, transcriptional profiling of WT S. Typhi-
murium in LB (pH 5.5) treated with 150 mg/liter NaNO, was
performed via RNA-seq with two different experimental setups.
In the first setup, the transcriptome of S. Typhimurium was ana-
lyzed as early as 10 min after the addition of 150 mg/liter NaNO,
(referred to below as the shock response). In the second setup, S.
Typhimurium was grown further, to an ODy, of 1.5, and there-
fore endured acidified NaNO, stress for a longer period (1.5 to 2
h), which allowed us to study its adaptive response. Differentially
expressed genes were assessed by comparison with untreated ref-
erence cultures in the same growth medium. The up- and down-
regulated genes were grouped according to their COGs classes and
are listed in Tables S2 (genes upregulated in the shock response),
S3 (genes downregulated in the shock response), S4 (genes up-
regulated in the adaptive response), and S5 (genes downregulated
in the adaptive response) in the supplemental material.
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In total, 5,416 genes are annotated as protein coding on the S.
Typhimurium chromosome and virulence plasmid. Filtering of
genes with <10 cpm resulted in 3,095 (57.1%) genes expressed for
the experimental setup of the shock response and 3,080 (56.9%)
genes expressed for the experimental setup of the adaptive re-
sponse, which were then subjected to differential gene expression
analysis.

After a 10-min shock with acidified NaNO,, 102 genes (3.3%)
were found to be upregulated, while 199 genes (6.4%) were down-
regulated, in WT S. Typhimurium. The adaptive response was
characterized by increased transcription of 55 genes (1.8%) and
decreased transcription of 53 genes (1.7%). These genes were
functionally classified according to COGs (clusters of orthologous
groups) (Fig. 1).

More than one-third of the genes upregulated upon a 10-min
acidified-NaNO, shock are poorly characterized. Either they are
characterized as genes encoding proteins with a general function
based on predictions only or as proteins with an unknown func-
tion (11%) or they are not assigned to any functional category
(27%). Not surprisingly, genes under the control of the dedicated
NO sensors NorR (norVW) (38) and NsrR (STM14_2185, hmpA,
ytfE, ygbA, hcp, yeaR-yoaG) (18) were most strongly induced in
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the presence of acidified NaNO,. These genes are distributed
among diverse COGs. Besides these specific nitrosative-stress re-
sponse regulons, several other genes with reported roles in protec-
tion against diverse stresses were also found to be upregulated.
Among these, two amino acid decarboxylases and associated
amino acid/polyamine antiporters for lysine (cadA, cadB) and ar-
ginine (adi, yjdE) exhibited the greatest transcriptional changes.
Both amino acid decarboxylase systems have established roles in
acid resistance (27, 39). Less strongly induced genes include ogt
and dps, which are involved in DNA repair and protection, respec-
tively (40, 41). Two genes, yfiA and yhbH, whose proteins mediate
the inactivation of ribosomes in stationary phase (42) also showed
elevated transcript levels.

Most of the downregulated genes belong to the functional cat-
egory of information storage and processing, which comprises
transcription, translation, and replication, processes essential for
cell proliferation. The majority of these genes are involved in
translation, ribosomal structure, and biogenesis. Thus, genes en-
coding 30S (e.g., rpsU, rpsH) and 50S (e.g., rplU, rpIM) ribosomal
subunits, translation initiation (infA) and termination (prfC) fac-
tors, tRNA (e.g., queA, pheS, argS, trmU, trmD, yhdG)- and rRNA
(e.g., yciL, yfcB, rimM, rsmC)-modifying enzymes, and RNases
(rph, rnpA) showed decreased transcript levels. Furthermore,
genes coding for ATP-dependent RNA helicases (dbpA, deaD,
rhlE) and GTPases (engA, era, obgE), which are involved in ribo-
some maturation at least in E. coli (43), were downregulated. Be-
sides overall transcriptional decreases for genes related to transla-
tion, lower transcript abundances were observed for genes
involved in transcription and in replication, recombination, and
repair, such as rpoA (encoding DNA-directed RNA polymerase
subunit alpha), gyrA (DNA gyrase subunit A), fis (DNA-binding
protein Fis), and priB (primosomal replication protein N). Along
with these, many genes required for nucleotide transport and me-
tabolism were repressed. Several genes in the biosynthetic path-
ways for purines and pyrimidines were affected, and transcript
levels of genes encoding transporters of uracil (uraA) and cytosine
(codB) were reduced. Furthermore, the expression of several genes
involved in flagellar biosynthesis (e.g., flgA, flgB, flgH, flhBA, fliE,
fliFG), and thereby in cell motility, was also decreased. Notewor-
thy within the functional category of amino acid transport and
metabolism is the downregulation of genes involved in the uptake
(potAB, potC) or biosynthesis (speC, speD) of putrescine or sper-
midine.

When S. Typhimurium is allowed to adapt to acidified NaNO,
for a longer period, more than 60% of the upregulated genes have
metabolic functions. The gene displaying the greatest fold change
was hdeB, whose function is unknown and which is annotated as
an acid resistance protein. Comparably to the genes involved in
the shock response, genes involved in nitrosative-stress protection
under the control of NsrR (hmpA, STM14_2185, ygbA, hep, yeaR-
y0aG) displayed increased transcription. Interestingly, under pro-
longed acidified-NaNO, stress, the upregulated amino acid decar-
boxylase systems were those for ornithine (speF-potE) and
arginine (adi, yjdE). The transcription of STM14_5358, STM14_
5360, and STM14_5361, which have recently been shown to en-
code a functional arginine deiminase (ADI) pathway in S. Typhi-
murium (44), was also increased; these genes belong to the amino
acid transport and metabolism category. The largest group of up-
regulated genes comprises iron uptake and transport genes,
mainly in the functional categories of inorganic-ion transport and
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metabolism and secondary-metabolite biosynthesis, transport,
and catabolism. These include genes for the synthesis of the iron-
siderophore enterobactin (entCEBA, entF), the uptake of ferrous
iron (feoAB-yhgG) or siderophore-bound ferric iron (fhuADB,
fepA, fepB, fepC, tonB, exbD), and the release of iron from bacte-
rioferritin or siderophores (bfd, fhuF). Most of the downregulated
genes grouped into the energy production and conversion or in-
organic-ion transport and metabolism subcategory (both in the
metabolism category) or belonged to the posttranslational-mod-
ification, protein turnover, and chaperones subcategory (under
cellular processes and signaling). Strikingly, most of the gene
products are involved in anaerobic respiratory pathways. Thus,
genes coding for subunits of terminal reductase complexes for
dimethyl sulfoxide (DMSO) (dmsAB and two other loci putatively
encoding subunits), tetrathionate (#trBCA), nitrate (narHJI,
napFDAGHBC), and nitrite (nrfA, nrfE) were downregulated.
Moreover, some genes involved in the formation or maturation of
hydrogenases (hypBDE) were downregulated. In conclusion, with
the observed upregulation of iron import systems, transcript lev-
els of the gene coding for the iron storage protein ftn were de-
creased. Another downregulated gene shown to be iron responsive
(45) was yhbU, along with its downstream gene yhbV, both coding
for putative proteases.

Validation of RNA-seq data via qPCR. To validate the acidi-
fied-NaNO,-induced transcriptional changes, qQPCR was per-
formed on four biological replicates per growth condition. Genes
representative of functional categories or pathways that show a
differential regulation by acidified NaNO, were selected for vali-
dation. For the shock response to acidified NaNO,, the relative
transcription of six genes with increased transcript abundances
(adi, cadA, hdeB, hmpA, norV, yfiA) and seven genes with de-
creased transcript abundances (fliF, potB, purB, pyrE, rnpA, rplM,
rpsH) was analyzed. For the adaptive response, a subset of 11 dif-
ferentially transcribed genes, including 7 upregulated (adi, fhuA,
feoB, hdeB, hmpA, speF, STM14_5361) and 4 downregulated
(nrfA, STM14_5179, ttrC, yhbU) genes, was chosen. The qPCR
results showed a high correlation with the RNA-seq data for both
treatments (coefficient of determination [R?], 0.92 for the shock
response [Fig. 2A] and 0.96 for the adaptive response [Fig. 2B]),
supporting the validity and reproducibility of the RNA-seq data.

Impaired growth of a mutant lacking the lysine decarboxyl-
ase CadA under acidified-NaNO, stress. In addition to the global
transcription analysis, we screened a S. Typhimurium insertion
mutant library (28) for phenotypes sensitive to 150 mg/liter
NaNO, in LB (pH 5.5) in order to identify candidate genes whose
products might be important for withstanding acidified-nitrite
stress. Interestingly, disruption of the cadA gene resulted in a
strong growth delay of the integrant in the presence of acidified
NaNO, (data not shown). cadA encodes an inducible lysine decar-
boxylase and constitutes an operon together with the upstream
gene cadB, which codes for a lysine/cadaverine antiporter (46).
Strikingly, cadA and cadB were found by RNA-seq analysis to be
strongly induced upon acidified-NaNO, shock (log, FC, 4.17 and
4.81, respectively) (see Table S2 in the supplemental material),
and cadA upregulation was verified by qPCR (log, FC, 4.71) (Fig.
2A). Analysis of the growth of a cadA in-frame deletion mutant
(AcadA pBR322), the WT pBR322 strain, and the respective in
trans complementation mutant (AcadA-comp) confirmed that
the phenotype observed was indeed due to lack of cadA (Fig. 3).
Whereas the growth curves for the WT pBR322, AcadA pBR322,
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FIG 2 gPCR validation of RNA-seq data for selected differentially expressed
genes. The relative transcription of genes found to be differentially regulated in
the RNA-seq analysis of the shock response (A) or the adaptive response (B) of
S. Typhimurium to acidified NaNO, was examined by qPCR. 16S rRNA (A) or
ampD (B) was used as a reference gene. Mean log, fold changes (FC) in the
transcription of genes in four independent qPCR experiments were plotted
against the respective log, FC determined by RNA-seq. The coefficient of de-
termination (R?) was calculated in Microsoft Excel.

and AcadA-comp strains in LB (pH 5.5) plus 150 mg/liter ampi-
cillin without NaNO, are quite similar, the AcadA pBR322 mutant
displayed an increasing growth delay with increasing concentra-
tions of NaNO, (50, 100, and 150 mg/liter).

Influence of NaNO, on the pH; of S. Typhimurium at an
acidic pH. Based on the transcriptional data, we speculated that
acidified nitrite activated the transcription of the cadBA operon by
somehow lowering the intracellular pH (pH;). The influence of
NaNO, on the pH; of S. Typhimurium in relation to the pH of the
medium was analyzed. For pH; measurements, the WT pEGFP
strain, which constitutively expresses the pH-sensitive GFP deriv-
ative EGFP from a plasmid (see Materials and Methods), was used.
The spectral intensity of EGFP decreases with lowered pHs, ren-
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dering it suitable for the noninvasive measurement of pH; changes
(42). Fluorescence emission scans (from 500 to 580 nm) of the WT
pEGEFP strain in LB (pH 5.5) or neutral LB broth were recorded
before and directly after the addition of 150 mg/liter NaNO,.
Without added NaNO,, the fluorescence spectra of the WT
pEGFP strain at the two medium pH values were similar, with the
expected peak at about 510 nm, but the intensity was slightly lower
at pH 5.5 (Fig. 4A) than at the neutral pH (Fig. 4B). However, the
addition of NaNO, to LB (pH 5.5) resulted in a marked decrease in
fluorescence intensity around the EGFP emission peak, whereas it
had no influence at the neutral pH. The addition of the same
volume of H,O as a control did not alter the fluorescence spectra
at either pH. Furthermore, the addition of 150 mg/liter NaNO,
did not change the external pH of the medium (data not shown).
These data indicate that NaNO,, when added to LB broth acidified
to pH 5.5 with lactic acid, elicits a decrease in the pH; of S. Typhi-
murium.

DISCUSSION

The curing agent NaNO, is added as a preservative to control the
growth of pathogenic microorganisms in raw meat products (7).
The antimicrobial action depends on the conversion of NaNO, to
NO and related reactive nitrogen species (7) under the mildly
acidic conditions in the meat, which are due to lactic acid. In this
study, we analyzed the shock and adaptive responses of S. Typhi-
murium, a pathogen that is often associated with contaminated
raw meat products, to NaNO, acidified by lactic acid at an ambi-
ent temperature of 24°C. We sought to identify critical determi-
nants in the protective response of this organism and to gain fur-
ther insight into the antimicrobial action of NaNO, under
conditions relevant for food.

The NsrR regulon, implicated in nitrosative-stress protection
(18), was found to be strongly induced in both the immediate and
the continuous response to acidified-NaNO, stress. This finding is
consistent with previous studies of S. Typhimurium using NO
donor compounds (11, 14) and underlines the importance of NO
arising from acidified NaNO, and inactivating NsrR, thereby re-
lieving the transcriptional repression of target genes (47), includ-
ing the gene encoding the NO-detoxifying protein HmpA (18). In
contrast, transcriptional activation of norV, encoding the NO-
reducing flavorubredoxin (16), was observed after 10 min but not
after prolonged exposure. This might be due to oscillations in
norV mRNA levels under aerobic conditions, as reported previ-
ously for E. coli (20). Besides this direct response to nitrosative
stress, several other stress-related genes were induced, including
acid resistance genes (cadBA, adi, yjdE [48]) and genes related to
DNA damage (ogt [40], dps [41]). The shock response was further
characterized by downregulation of the translational machinery
and of genes involved in transcription and replication, which
comprise crucial physiological processes. This trend was also ob-
served in previous studies investigating the NO stress response of
S. Typhimurium (11, 14) and might be a nonspecific consequence
of the reduced growth rate following the addition of 150 mg/liter
NaNO, (see Fig. S1 in the supplemental material). Obviously, in-
ducing stress tolerance and reducing cell growth promotes the
survival of S. Typhimurium subjected to harsh acidified-NaNO,
stress.

The transcriptional changes observed in the adaptive response
mainly affect genes involved in iron homeostasis and anaerobic
respiration. The decreased transcription of the latter group of
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FIG 3 Impact of acidified NaNO, on the growth of S. Typhimurium WT pBR322, the AcadA pBR322 mutant, and the complemented strain (AcadA-comp). (A)

Representative growth curves (recorded in a Bioscreen C system at 24°C) of S. T
squares), and the AcadA-comp strain (shaded triangles) in LB (pH 5.5) plus 1

yphimurium WT pBR322 (filled diamonds), the AcadA pBR322 mutant (shaded
50 mg/liter ampicillin in the absence or presence of NaNO, at 50 mg/liter, 100

mg/liter, or 150 mg/liter. (B) Time required for each strain to reach an ODy, of 0.6 (half-maximum ODy,) plotted against the NaNO, concentration. The data
are means and standard deviations for three independent experiments including duplicates.

genes is consistent with the findings of previous studies investigat-
ing the response to NO stress in S. Typhimurium (11) and also in
E. coli, though under anaerobic conditions (19, 21). Differential
regulation was ascribed mainly to inactivation of the regulator
FNR, which regulates many genes in response to oxygen availabil-
ity (49, 50), and whose iron-sulfur cluster is nitrosylated by NO
(51). We speculate that under the higher culture density we inves-
tigated (ODgqy, 1.5) for the adaptive response than for the shock
response, cells might have experienced some oxygen shortage that
was sufficient to result in an effect of NO on FNR regulation, as
noted by Richardson et al. (11). The other large group of genes
found to be deregulated under prolonged acidified-NaNO, expo-
sure consisted of iron-responsive genes, which are subjected to
regulation by Fur (ferric uptake regulator) (45, 52). Under iron-
replete conditions, dimeric Fe*-bound Fur binds to consensus
DNA sequences and represses the transcription of iron uptake
systems (53). Upon nitrosylation, Fe-Fur loses its DNA-binding
activity (54), resulting in the derepression of target genes involved
in iron acquisition, as observed in our RNA-seq data, as well as in
other studies (11, 20, 21). The transcriptional changes observed
might therefore be merely a coincidental consequence of the in-
activation of FNR and Fur by NO arising from acidified NaNO,.
In contrast, derepression of NsrR-regulated genes may provide a
physiological benefit by alleviating the nitrosative stress on the
cells.

An unexpected finding was the upregulation of inducible
amino acid decarboxylases and the respective amino acid/poly-
amine antiporters, which are crucial constituents of the acid stress
response in enteropathogenic bacteria (48). Whereas the decar-
boxylation systems for lysine (cadA, cadB) and ornithine (speF,
potE) were induced in response to acidified-NaNO, shock and
continuous stress, respectively, the arginine decarboxylase system
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(adi, yjdE) was upregulated under both conditions. The amino
acid decarboxylases are known to be induced by low pHs (48), and
each was shown to confer more or less acid resistance under dif-
ferent conditions in S. Typhimurium (27, 39). Since increased
transcription of inducible amino acid decarboxylases has never
been observed in bacteria exposed to NO at a neutral pH, this
response is presumably specific to acidified-NaNO, stress. The
physiological role of CadA in protection against acidified-NaNO,
stress is supported by the impaired growth of the AcadA pBR322
deletion mutant in the presence of NaNO,. Interestingly, the
CadA protein levels of a Salmonella strain missing the three major
upregulated proteins (HmpA, YtfE, Hcp) were found to be ele-
vated under RNS stress in mice (55). In uropathogenic E. coli
(UPEC), the lysine decarboxylase system has been demonstrated
to be involved in protection against nitrosative stress elicited by
acidified NaNO, (56). Mutations in either cadC (encoding the
transcriptional activator), cadA, or cadB resulted in increased sen-
sitivity to acidified NaNO, (56). There are several possible mech-
anisms by which CadA might contribute to nitrosative-stress pro-
tection. First, the polyamine cadaverine is produced upon the
decarboxylation of lysine. Bower and Mulvey (56) found that ex-
ogenous supplementation with cadaverine or other polyamines
rescued the growth of the cadaverine-deficient deletion mutants,
arguing that polyamines are the mediators of the protective effect.
Besides this protection provided by cadaverine, the end product of
lysine decarboxylation, our data indicate that the pH-homeostatic
function of the lysine decarboxylase system itself (46) might ac-
count for protection against acidified-NaNQO, stress. Decarboxyl-
ation of lysine to the polyamine cadaverine consumes an intracel-
lular proton, and the basic cadaverine is subsequently exported in
exchange for extracellular lysine via the antiporter (46). Both re-
actions contribute to pH homeostasis and local buffering of the
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FIG 4 Effect of acidified NaNO, on the intracellular pH of S. Typhimurium. Shown are fluorescence emission spectra of the WT pEGFP strain in LB (pH 5.5)
(A) or neutral LB (B) before (ctrl) and immediately after the addition of 150 mg/liter NaNO, (left) or H,O (right). Representative spectra for three independent

experiments are shown.

extracellular medium. However, this would imply that acidified
NaNO, would somehow perturb the intracellular pH of S. Typhi-
murium in the first place. Indeed, measurement of the pH; in S.
Typhimurium via a pH-sensitive GFP derivative indicated intra-
cellular acidification upon the addition of 150 mg/liter NaNO, to
a mildly acidic LB medium, but not to a neutral medium. The
imposition of intracellular acid stress on bacteria might provide
an additional mechanism for the inhibitory action of acidified
nitrite, which has been reported for yeasts previously (23). The
effector of intracellular acidification might be nitrous acid
(HNO,), which is supposed to form upon the acidification of
NO, . As a weak acid, HNO, might diffuse across the membrane
and dissociate in the neutral cytoplasm, thereby releasing a proton
(57). Lysine decarboxylase might provide a mechanism for neu-
tralizing these protons. Furthermore, pH buffering of the sur-
rounding environment might decrease the rate of formation of
NO and RNS from NO, ", thereby contributing indirectly to ni-
trosative-stress protection by diminishing the growth-inhibitory
effects of these species.

In conclusion, we showed that the lysine decarboxylase CadA
plays an important role in protecting S. Typhimurium against
acidified-NaNO,-mediated stress. Furthermore, to our knowl-
edge, this study provides the first evidence that intracellular acid-
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ification might additionally contribute to the antibacterial action
of acidified NaNO, in foodstuffs.
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