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Salmonella enterica serovars Enteritidis and Typhimurium are the leading causative agents of salmonellosis
in the United States. S. Enteritidis is predominantly associated with contamination of shell eggs and egg
products, whereas S. Typhimurium is frequently linked to tainted poultry meats, fresh produce, and recently,
peanut-based products. Chlorine is an oxidative disinfectant commonly used in the food industry to sanitize the
surfaces of foods and food processing facilities (e.g., shell eggs and poultry meats). However, chlorine disin-
fection is not always effective, as some S. enterica strains may resist and survive the disinfection process. To
date, little is known about the underlying mechanisms of how S. enferica responds to chlorine-based oxidative
stress. In this study, we designed a custom bigenome microarray that consists of 385,000 60-mer oligonucle-
otide probes and targets 4,793 unique gene features in the genomes of S. Enteritidis strain PT4 and S.
Typhimurium strain LT2. We explored the transcriptomic responses of both strains to two different chlorine
treatments (130 ppm of chlorine for 30 min and 390 ppm of chlorine for 10 min) in brain heart infusion broth.
We identified 209 S. enferica core genes associated with Fe-S cluster assembly, cysteine biosynthesis, stress
response, ribosome formation, biofilm formation, and energy metabolism that were differentially expressed
(>1.5-fold; P < 0.05). In addition, we found that serovars Enteriditis and Typhimurium differed in the
responses of 33 stress-related genes and 19 virulence-associated genes to the chlorine stress. Findings from this
study suggest that the oxidative-stress response may render S. enterica resistant or susceptible to certain types
of environmental stresses, which in turn promotes the development of more effective hurdle interventions to
reduce the risk of S. enterica contamination in the food supply.

Salmonella enterica is the causative agent of salmonellosis,
the second most common bacterial food-borne illness in the
United States (11, 29, 45, 57). The reported incidence of sal-
monellosis is about 14 cases per 100,000 population, resulting
in approximately 30,000 confirmed cases annually in the
United States (11, 29, 57). Considering only 3% of the infec-
tions are reported nationwide, the U.S. Centers for Disease
Control and Prevention (CDC) has estimated that over 1.4
million cases of infection and 600 deaths related to salmonel-
losis may occur every year, accounting for about 31% of all
food-related deaths in the nation (11, 29, 57).

Among the >2,463 S. enterica serotypes that have been iden-
tified, we are most interested in two serotypes, S. enterica
serovar Typhimurium and S. enterica serovar Enteritidis, be-
cause they are the leading causes of food-borne enteric ill-
nesses in the United States (11, 29, 57). According to the CDC
Food-borne Disease Active Surveillance Network, S. Typhi-
murium and S. Enteritidis caused 22.1% and 17.7% of all
salmonellosis cases in 2001, respectively; in 2008, S. Enteritidis
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and S. Typhimurium accounted for 20.1% and 16.0% of all
Salmonella infections in the nation, respectively (12). Becker et
al. reported that the number of infections caused by S. Enter-
itidis between 1985 and 1999 more than tripled (4). A com-
parison of the preliminary surveillance data for 2005 with the
baseline data for 1996 to 1998 on the five most common Sal-
monella serotypes revealed that the estimated incidence of S.
Enteritidis alone increased 25%, which was in contrast to the
overall decrease of the Salmonella incidence in the nation (12).

It is notable that S. Enteritidis and S. Typhimurium seem to
be associated with different types of foods. For instance, shell
eggs and egg products account for 77% of S. Enteritidis infec-
tions (57). S. Enteritidis can contaminate shell eggs through
the transovarian route as a result of intestinal carriage by hens.
Entering the egg contents and staying alive in the albumen is a
unique ability of S. Enteritidis (22). In contrast, most other S.
enterica serotypes are found on the shell surface as a result of
fecal contamination; some may also contaminate the inside of
the egg as a consequence of shell damage or removal of egg
contents (29). S. Typhimurium, on the other hand, is a fre-
quent contaminant of poultry meats and drinking water. S.
Typhimurium has also been implicated in several multistate
food-borne outbreaks associated with peanut butters (11) and
fresh produce (13). However, S. Typhimurium has not been
linked to egg contamination, for unclear but intriguing reasons.

To reduce the total microbial load, including pathogens like
S. enterica that may be attached to the surfaces of foods and



5014 WANG ET AL.

food processing equipment, the food industry often uses so-
dium hypochlorite solutions (or chlorine) for disinfection pur-
poses. Chlorine may generate hydroxyl radicals via a Fenton-
type reaction, and these reactive oxidative species can disrupt
cellular structures and metabolic processes. Our recent study
of Escherichia coli O157:H7 showed that sublethal concentra-
tions of chlorine can trigger stress resistance mechanisms in
bacteria (66). However, it is not yet clear how S. Enteritidis or
S. Typhimurium responds to chlorine oxidation or how such a
response may compare to responses to other environmental or
host stresses, such as pH shifts, lack of oxygen, osmotic shock,
and starvation, during the establishment of infection (54). For
this reason, our aim in this study was to explore the transcrip-
tomic responses of fully sequenced strains S. Typhimurium
LT2 and S. Enteritidis PT4 under sublethal chlorine exposure.

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. enterica strains LT2 (ATCC 19585)
and PT4 (ATCC 13076) were obtained from the American Type Culture Col-
lection (Manassas, VA). For growth studies, a single colony of each strain was
inoculated into 10 ml brain heart infusion (BHI; Difco, Detroit, MI) broth, and
the cultures were incubated at 37°C with aeration for 18 h. The bacteria were
then harvested by centrifugation at 4,000 X g for 10 min at room temperature
and washed with 10 ml Butterfield phosphate buffer (BPB). The cell density was
adjusted in BPB by using a Spectronic 21 spectrophotometer to an optical density
at 600 nm (ODg) of 0.8. Dilutions of 1:100 were made in BHI broth without
and with sodium hypochlorite solution (13%; Acros Organics, NJ) added at
selected concentrations of 130, 260, and 390 ppm.

The Bioscreen C automatic microbiology growth curve analysis system was
used to monitor the growth of the diluted cultures. An aliquot of 2 pl of each
culture was loaded in five replicate wells of a Bioscreen C honeycomb plate, each
of which was preloaded with 200 ul BHI. The Bioscreen C instrument was
programmed to measure cell turbidity (ODg) every 10 min for a total of 18 h
at 37°C with 5 s of shaking prior to each measurement. For each experiment, BHI
broth without bacterial inoculum was used as a negative control. Growth curves
were generated using Microsoft Excel after importing the Bioscreen C cell
turbidity data. The lag phase (in hours) was defined as the time between the
initial inoculation and the time at which cell turbidity reached a value of 0.2. The
lag phase extension (in hours) was calculated as the lag phase of the strain grown
in BHI containing chlorine minus that without chlorine. All growth experiments
were performed in at least three independent trials for statistical analysis.

Bigenome DNA array design. The sequences and annotations for the LT2 and
PT4 genomes were obtained from GenBank under accession numbers
NC_003197 (45) and NC_011294 (12), respectively. Orthologous and strain-
specific genes were identified by whole-genome alignment using Nucmer (34).
Strain-specific genes were identified as those without an alignment covering at
least 90% of the gene length at greater than 90% nucleotide identity. A high-
density DNA array consisting of 385,000 oligonucleotide probes was designed to
target all predicted genes in the LT2 genome plus all PT4-specific genes, thus
covering all genes of both serotypes. Probes (60-mer each) were synthesized in
situ on the array by using a maskless array synthesizer (Roche NimbleGen,
Madison, WI). A total of 4,793 genes were targeted by this array, including 4,527
predicted genes in the LT2 genome and an additional 266 genes specific to the
PT4 genome. On average, each gene was targeted by 19 different probes. Each
probe was printed in four replicates at random locations on the array to avoid
positional bias of hybridization and image analysis. Unused features were filled
with randomly generated negative control probes with a comparable GC content
of 52%.

RNA isolation and DNA array hybridization. An aliquot of 1 ml overnight
culture of LT2 or PT4 was inoculated in 9 ml BHI broth and grown at 37°C for
4 h to reach carly exponential phase. Cells were washed with 0.1% buffered
peptone water at room temperature and incubated in 10 ml BHI broth supple-
mented with 30 wl sodium hypochlorite stock solution (13%) at 37°C for 10 min
(equivalent to 390 ppm) or 10 pl sodium hypochlorite stock solution (13%) at
37°C for 30 min (equivalent to 130 ppm). A 5-ml sample was then mixed with 10
ml RNAprotect (Qiagen, Valencia, CA), vortexed, incubated at room tempera-
ture for 5 min, and centrifuged at 3,220 X g for 15 min to precipitate the cells.
Cell pellets were resuspended in 200 pl lysis buffer (30 mM Tris-HCI, pH 8.0, 1
mM EDTA, 15 mg/ml lysozyme, 10 ul proteinase K). Total bacterial RNA was
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extracted using an RNeasy Midi kit (Qiagen) according to manufacturer’s in-
structions. The RNA quantity and integrity were analyzed using an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA).

Hybridization, staining, and processing of arrays were performed at Roche
NimbleGen (Madison, WI). Briefly, the cDNA was synthesized from the total
RNA pool by using the SuperScript double-stranded cDNA synthesis kit (In-
vitrogen). Hybridizations were carried out at 45°C for 16 h by using the Roche
NimbleGen hybridization system. After washing and drying, arrays were scanned
at a 5-pm resolution with a NimbleGen MS 200 microarray scanner. All exper-
iments were repeated three times on different days for statistical analysis.

DNA array data analysis. The acquisition and initial quantification of array
images were performed using the NimbleScan 2.5 software (Roche NimbleGen,
Madison, WI). Raw array data were normalized per chip and per gene and
filtered based on raw signal intensity and detection call. A Pearson correlation
coefficient (r value) was calculated to assess the reproducibility of duplicate array
data sets (via Free Statistics Software version 1.1.23-r3 [P. Wessa, Office for
Research Development and Education]). Subsequent data comparison was per-
formed using ArrayStar 3 (DNASTAR, Madison, WI). Briefly, normalized signal
intensities of S. enterica genes on replicate arrays were averaged, converted to
log, values, and compared between experiments using the F test (analysis of
variance [ANOVA]). The P values were adjusted to correct for false-positive
errors by using the Benjamini-Hochberg false discovery rate approach (5). Genes
with an expression fold change of =1.5 (P < 0.05) between a treatment and a
control were considered to be significant in this study. The hierarchical clustering
analysis was performed using the MultiExperiment Viewer module of the TM4
microarray software suite, version 4.5.1 (55).

Quantitative RT-PCR analysis. Twelve genes that showed significant up- or
downregulation (P < 0.05) in the microarray experiments were selected for
quantitative reverse transcription-PCR (qQRT-PCR) validation. Forward and re-
verse PCR primers (Table 1) were designed using Primer 3 software to produce
an amplicon size of approximately 150 to 200 bp for each gene. RNA samples
were extracted as described above and treated with DNase I (Invitrogen, Carls-
bad, CA) to eliminate genomic DNA contamination. qRT-PCR was performed
in a LightCycler 480 (Roche Applied Science, Indianapolis, IN) with cDNA
reverse transcribed from 1 ug of purified total RNA by using the Transcriptor
First Strand kit (Roche Applied Science) as previously described (66). The 16S
rRNA gene was used as an internal reference for data normalization. All exper-
iments included a minimum of at least three independent replicates for statistical
analysis.

Microarray data accession number. The microarray data from this study were
deposited in the NCBI Gene Expression Omnibus under accession number
GSE20701.

RESULTS AND DISCUSSION

Adaptive gene expression allows S. enterica to respond to a
wide variety of environmental and host stresses. Despite the
extensive studies on the stress response and pathogenesis of S.
enterica in the host, relatively little is known about the stress
response of S. enterica to chlorine, an oxidative reagent used by
the food industry to disinfect food surfaces and sanitize food
processing equipment. In this study, we focused our study on
examining the transcriptomic responses of two representative
S. enterica strains, LT2 and PT4, to chlorine-based stress. We
employed a newly designed bigenome DNA array that covered
all predicted genes in both LT2 and PT4 genomes and identi-
fied differentially expressed genes that potentially mediate the
stress response of S. enterica to chlorine oxidation.

Comparison of PT4 and LT2 genomes. For the bigenome
array design, we first compared the main chromosomes of S.
Typhimurium LT2 and S. Enteritidis PT4 in order to identify
core sequences (shared by both genomes) and strain-specific
sequences (present in one genome but absent in the other). We
found that strain-specific sequences comprised about 8% of
the 4.9-Mbp LT2 chromosome and about 5% of the 4.7-Mbp
PT4 chromosome. Of the remaining shared sequences, the two
chromosomes exhibited an average of 99% nucleotide identity.
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TABLE 1. Primer pairs used for qRT-PCR analysis

GenelD Gene name Protein annotation Ptl;gzﬁr Primer sequence
STM1572 nmpC Putative outer membrane porin precursor F 5'-CGA CCA GGA TCT GGT TGA GT-3'
R 5'-CTT TAG CCG CTT TGG TGA AG-3’
STM2543 nifS Cysteine desulfurase F 5'-ATC GCG AAA GAA GAG ATG GA-3'
R 5'-TCG CCG TTC AGG TAA ACT TC-3'
STM2542 nifU NifU-like protein F 5'-AAC GAC GAT AAC GTG GGA AG-3’
R 5'-GCA GCC GTA AGT CTT GAA GC-3’
STM2544 yfhP Putative iron-sulfur cluster regulatory protein F 5'-TTA CCT TAG GCG AGC TGG TG-3'
R 5'-GCG CGT AAT TTA ACG TCG AT-3'
STMO0823 ybiJ Putative periplasmic protein F 5'-TGC ATA AAA TCG GCG TAG TG-3'
R 5'-TGC CGC TCA TTT TGT CAT TA-3’
STM1214 yefR Putative outer membrane protein F 5'-ACG CCA GAA GGT CAA CAG AA-3'
R 5'-GGG CCG GTA ACA GAG GTA A-3'
STM2430 cysK O-Acetylserine sulfhydrolase A F 5'-CGC TAT TCA GAA AGC CGA AG-3’
R 5'-CAT CGG TGT CTT CCC AGA TT-3’
STM2338 pta Phosphate acetyltransferase F 5'-AGC CAC GTT GAA TCT CTG CT-3'
R 5'-AGA CCT TCA ACC AGC ACC AC-3'
STM3867 atpA ATP synthase subunit A F 5'-GGC GAC GTA TTC TAC CTC CA-3’
R 5'-CGG TTT TCC CTT TCA CTT CA-3’
STM1378 DpYkF Pyruvate kinase F 5'-ATG AAC GTG ATG CGT CTG AA-3’
R 5'-TAA TGG TGC GGA TTT CTG GT-3'
SEN2085D rfbS Paratose synthase F F:5'-TGGCTTAGCAAGGAAGAGGA-3'
R 5'-TGGCAGTGATGTTCCACAAT-3'
SEN2085C rfbE CDP-tyvelose-2-epimerase F F:5'-CAAAAGGTGCTGCAGATCAA-3’
R

5'-CAGCATGCAAAACATCCCTA-3'

“F, forward; R, reverse.

An alignment of the two chromosomes indicated a single large
(~900-kbp) inversion between the 1- and 2-Mbp marks, along
with small insertions and deletions scattered throughout the
chromosomal regions. With a cutoff of 90% nucleotide identity
over 90% of the gene length, totals of 399 and 266 strain-
specific genes were identified in the LT2 and PT4 chromo-
somes, respectively. The majority of the PT4-specific genes
were prophage-like elements, whereas 69% of the LT2-specific
genes encoded putative and hypothetical proteins (61).
Chlorine treatments. Fifty- to 200-ppm chlorine solutions
are commonly used by the industry for food surface disinfec-
tion (6). We conducted a growth study for both LT2 and PT4
strains challenged with low (130 ppm), medium (260 ppm), and
high (390 ppm) concentrations of chlorine in BHI broth. The
levels of resistance of LT2 and PT4 to different concentrations
of chlorine were compared based on the extension of the lag
phase under the chlorine stress (see Fig. S1 in the supplemen-
tal material). Strains grown in BHI broth supplemented with
130 ppm of chlorine showed a lag phase of approximately 4 h.
At 260 ppm, the lag phases of both LT2 and PT4 extended to
5to 6 h. At 390 ppm, both strains showed no growth in the first
18 h of incubation. These results suggested that 130 ppm of
chlorine in BHI broth imposed weak oxidative stress to S.
enterica whereas 390 ppm of chlorine in BHI broth inhibited
the growth of the bacterial cells. We realized that the organic
compounds in BHI broth can rapidly neutralize the free chlo-
rine (CIO™), as we have shown that the oxidation reduction
potential (ORP) of chlorine decreased 49% in BHI broth com-
pared to that in a water solution after 5 min (66). We treated
cells in BHI broth supplemented with 130 ppm of chlorine for
30 min and with 390 ppm of chlorine for 10 min prior to RNA
extraction; under these conditions, we characterized the tran-

scriptomic responses of LT2 and PT4 to weak and strong
oxidative stresses, respectively.

Global gene expression profiles under the chlorine treat-
ment. Before comparison of gene expression profiles, we first
evaluated the data reproducibility for the replicate experi-
ments on different days by using the pairwise linear correlation
analysis. The correlation coefficients (r) between two replicate
experiments ranged from 0.709 to 0.993, suggesting satisfactory
reproducibility of the arrays under all experimental conditions
(Table 2). Based on the fold changes relative to control exper-
iments without chlorine, we constructed circular maps (Fig. 1)
to show the global gene expression profiles of 4,423 genes in
the LT2 genome (43) and 4,206 genes in the PT4 genome (58)
under the two different chlorine treatments. Overall, under 130
ppm for 30-min chlorine treatment, 2,013 (45.4%) of the LT2
genes and 2,092 (49.7%) of the PT4 genes were upregulated

TABLE 2. Linear correlation coefficients between replicate
array experiments

Correlation coefficient”

Strain Treatment

Array 1 Array 1 Array 2
vs 2 vs 3 vs 3
S. Enteritidis PT4 Control 0.733 0.741 0.977

130 ppm, 30 min 0993  0.874  0.869
390 ppm, 10 min ~ 0.940  0.936  0.956
S. Typhimurium LT2  Control 0920 0929 0977
130 ppm, 30 min 0981  0.773  0.709
390 ppm, 10 min ~ 0.975  0.929 0912

“ Arrays 1, 2, and 3 were three independent biological replicates prepared and
hybridized on different days. Pairwise comparisons were made between each pair
of biological replicates to assess the reproducibility of array data.
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TABLE 3. Numbers of differentially expressed genes in LT2 and
PT4 under the chlorine treatments”

No. of differentially expressed genes

130 ppm, 30 min 390 ppm, 10 min

Expression type

S. S. S. S.
Typhimurium  Enteritidis ~ Typhimurium  Enteritidis
LT2 PT4 LT2 PT4
Upregulated 35 21 2 8
Downregulated 70 104 99 135

“ Differential expression characterized by =1.5-fold expression (P < 0.05).

(>1-fold) and 2,400 (54.3%) of the LT2 genes and 2,058
(48.9%) of the PT4 genes were downregulated (>1-fold). Un-
der 390 ppm for 10-min chlorine treatment, 2,707 (61.2%) of
the LT2 genes and 2,589 (61.6%) of the PT4 genes were up-
regulated (>1-fold) and 1,712 (38.7%) LT2 genes and 1,571
(37.4%) PT4 genes were downregulated (>1-fold). With a
cutoff of =1.5-fold (P < 0.05), 44 and 156 genes were found to
be significantly up- and downregulated, respectively, in at least
one of the S. enterica strains, representing about 2.2% of all
LT2 genes and about 3% of all PT4 genes (Table 3).

Table 4 lists some differentially expressed genes with func-
tional annotations. The upregulated genes were mostly related
to stress response, iron-sulfur (Fe-S) cluster formation, cys-
teine biosynthesis, and biofilm formation. The downregulated
genes were predominantly associated with general cellular me-
tabolism, ribosomal proteins, flagellum biosynthesis, and viru-
lence.

Transcriptomic response of the S. enferica core genes to
chlorine treatment. Strains PT4 and LT2 share 3,991 “core
genes” in their respective genomes (61). E. coli also shares
about 83% homologous genes with S. enterica subspecies I,
including genes associated with metabolism, transcription,
translation, cell motility, and signal transduction (2). To iden-
tify the common stress response mechanisms of Gram-negative
bacterial pathogens to chlorine-based oxidation, we first com-
pared the transcriptomic profiles of the core genes between the
two S. enterica strains and then with those in the invariant gene
pool between S. enterica and E. coli.

A group of genes commonly induced under the chlorine
treatments in both S. enterica and E. coli include those involved
in the Fe-S cluster biosynthesis (8). The assembly of Fe-S
clusters is a key step in the posttranslational maturation of
Fe-S proteins in Gram-negative bacteria. This process involves
two independent systems, the iron-sulfur cluster (ISC) and the
sulfur utilization factor (SUF). The ISC system plays a primary
role in Fe-S cluster biosynthesis, whereas the SUF system
serves as an accessory pathway (58). The iscRSUA-hscBA-fdx
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operon encoding the ISC system showed >2-fold upregulation
in both PT4 and LT2. The sufABCDSE operon encoding the
SUF system was upregulated in LT2 but not in PT4. Similarly,
the E. coli O157:H7 ISC and SUF operons were both upregu-
lated under the chlorine stress, but genes encoding the ISC
system exhibit a fold change greater than those of genes en-
coding the SUF system (66).

The majority of cysteine biosynthesis genes, including
¢ysCND, cysJIH, and cysZK, were upregulated >2-fold in both
PT4 and LT2 under the 130-ppm chlorine treatment, similar to
what we have observed in E. coli O157:H7 (66). This is likely
because cysteine residues play a role in bacterial oxidative
stress response by serving as indispensable components in the
Fe-S clusters and other oxidation-related proteins. For exam-
ple, one of the six cysteine residues (Cys-199) is critical for the
redox sensitivity of the transcriptional regulator OxyR (33). It
is notable that the cysteine biosynthesis operons were less
upregulated (1.2- to 1.5-fold) under the 390-ppm chlorine
treatment.

Reactive nitrogen species (RNS) function as powerful anti-
microbials in mammalian hosts, but bacteria have developed
certain mechanisms to survive under the nitrosative stress. This
process involves RNS-mediated protein modifications, includ-
ing the reversible binding of NO to multiple Fe-S clusters or
thiol groups (8). Six of the 10 previously identified nitrosative-
stress-sensitive protein-encoding genes (atpA, fabB, fabF,
gapA, gitD, and tuf) were differentially regulated under the
chlorine treatment (Fig. 2A), challenging some previous spec-
ulations that genes which respond to reactive oxygen are dis-
tinct from RNS response genes in Gram-negative bacteria (8).

We found that a number of genes involved in bacterial
biofilm formation were upregulated under chlorine oxidation.
For instance, ycfR, which encodes a multiple-stress resistance
protein and regulates biofilm formation by changing cell sur-
face hydrophobicity (67), was induced >2-fold in both PT4 and
LT2. Gene bssS (or yceP), which regulates E. coli biofilm
formation by controlling indole transportation (16), was also
upregulated. Deletion of bssS or ycfR can lead to increased
biofilm production in E. coli K-12 (16, 67), but the functions
of their homologs in S. enterica have not been reported. Cell
motility is intrinsically correlated to biofilm formation (28).
Deletion of bssS leads to the induction of flagellum biosyn-
thesis genes in E. coli K-12 (16). It is yet to be determined
how oxidative stress affects biofilm formation and cell mo-
tility in S. enterica. DksA inhibits the flagellar expression
during stationary phase or under starvation in E. coli (38).
We observed the upregulation of dksA in both PT4 and LT2
under chlorine oxidation, along with downregulation of fla-
gellum biosynthesis and assembly genes. The flagellar basal

FIG. 1. Circular maps that compare the global gene expression profiles of S. Typhimurium strain LT2 and S. Enteritidis strain PT4 under the
chlorine treatments. The innermost circle gives the genomic coordinates of the LT2 or PT4 chromosome. From the inside out, the second circle
shows all protein-encoding genes color coded based on clusters of orthologous groups (COGs) of proteins (see the color codes at the bottom). The
third and forth circles show the downregulated (blue) and upregulated (red) genes, respectively, under strong chlorine oxidation (390 ppm for 10
min). The fifth and sixth circles show the downregulated (blue) and upregulated (red) genes, respectively, under weak chlorine oxidation (130 ppm
for 30 min). All differentially expressed genes are color coded based on the fold change relative to the control experiment (see the color code on
the right side). Genes selected for quantitative RT-PCR are marked at the corresponding locations on the chromosome. The circular maps were

constructed using the GenomeViz 1.2 software.
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TABLE 4. Differentially expressed genes in LT2 and PT4 under the chlorine treatments®

Fold change

Function and gene Annotation 130 ppm, 30 min 390 ppm, 10 min
LT2 PT4 LT2 PT4
Fe-S cluster formation and cysteine
synthesis/transport protein
hscA Chaperone protein HscA 1.59 1.16 1.12 1.09
hscB Cochaperone HscB 1.56 1.25 1.23 1.26
iscA Iron-sulfur cluster assembly protein 2.07 1.84 1.17 1.20
iscRlyfhP DNA-binding transcriptional regulator IscR 3.45 3.45 1.61 1.39
fdx Electron carrier protein 1.81 1.39 1.19 1.10
sufE/ynhA Cysteine desulfuration protein SufE 1.16 1.06 1.04 -1.03
sufS Bifunctional cysteine desulfurase/selenocysteine lyase 1.06 —1.06 1.24 1.06
sufD Cysteine desulfurase activator complex subunit SufD 1.07 -1.02 1.25 1.11
sufC Cysteine desulfurase ATPase component 1.09 1.02 1.16 1.16
sufB Cysteine desulfurase activator complex subunit SufB 1.15 1.04 1.14 1.02
sufA Iron-sulfur cluster assembly scaffold protein 1.14 -1.05 1.24 1.13
yfhJ Hypothetical protein 1.61 1.34 1.16 1.16
nifS Cysteine desulfurase 331 3.04 1.26 1.57
nifU NifU-like protein 3.49 2.92 1.29 1.23
yfhP Putative iron-sulfur cluster regulatory protein 3.45 3.45 1.39 1.61
sbp Sulfate transport protein 1.47 1.81 -1.10 —1.11
cysC Adenylylsulfate kinase 1.93 1.56 1.35 1.20
cysN Sulfate adenylyltransferase subunit 1 2.28 2.90 1.25 1.45
cysD Sulfate adenylyltransferase subunit 2 2.09 2.99 1.18 1.44
cysH Phosphoadenosine phosphosulfate reductase 1.72 1.66 1.28 1.12
cysl Sulfite reductase subunit beta 2.05 2.06 1.14 1.32
cysJ Sulfite reductase subunit alpha 1.71 1.92 1.37 1.38
cysA Sulfate/thiosulfate transporter subunit 1.52 1.44 1.23 1.11
cysP Thiosulfate transport protein 2.69 2.31 1.58 1.37
cysK Cysteine synthase A 2.72 3.71 1.23 1.42
Phosphotransferase system
manX Mannose-specific enzyme 11AB —1.64 —2.71 —2.32 -3.36
manY Mannose-specific enzyme 11C —-1.72 —247 —2.01 —2.50
manZ Mannose-specific enzyme 11D —1.31 -1.76 —1.49 -1.83
ptsH Phosphohistidinoprotein-hexosephosphotransferase —1.56 —2.26 —2.35 —2.62
ptsl PEP-protein phosphotransferase” —1.47 -1.92 —2.11 =212
ptsG Glucose-specific IIBC component —1.52 -1.74 —1.52 -1.72
Cell envelope
ompF Outer membrane protein F precursor -1.25 -1.63 -1.32 -2.03
ompA Putative hydrogenase membrane component precurosr 1.65 1.33 —1.23 —1.45
nmpC Putative outer membrane porin precursor -3.19 —2.52 —3.56 —3.21
ompC Outer membrane protein C precursor —1.25 —1.69 —1.10 —1.41
fiiB Flagellin 1.07 1.02 -1.82 —1.65
flgB Flagellar basal body rod protein —1.57 —1.50 —1.74 —1.81
flgC Flagellar basal body rod protein —1.89 —1.81 —1.86 -1.75
flsD Flagellar basal body rod modification protein —1.87 -1.71 —1.78 —1.62
flsE Flagellar hook protein —1.66 -1.77 —1.86 —1.88
flgF Cell-proximal portion of basal body rod —1.54 —1.65 —1.52 -1.71
flsG Flagellar basal body rod protein —1.47 —1.68 —1.54 —1.58
fliA Flagellar biosynthesis sigma factor FliA —1.19 -1.53 —1.44 —1.48
fliR Flagellar biosynthesis protein —1.08 1.13 1.02 1.54
Nitrosative-stress-sensitive proteins
atpA ATP synthase subunit A —1.53 —2.09 —1.86 -2.20
fabB 3-Oxoacyl-(acyl carrier protein) synthase 2.08 1.19 1.01 -1.20
fabF 3-Oxoacyl-(acyl carrier protein) synthase —1.24 -1.93 —1.52 -1.91
gapA Glyceraldehyde-3-phosphate dehydrogenase -1.13 —1.41 —2.04 —2.01
tuf Elongation factor Tu —1.17 —1.39 —-1.72 —1.58
gltA Citrate synthase 1.55 1.49 1.27 1.26
Metabolic genes
atpD ATP synthase subunit B —1.36 -1.97 —1.39 -1.92
atpF ATP synthase subunit B —1.29 -1.76 —1.57 -1.95
atpG ATP synthase subunit C —1.46 —2.04 —1.63 -2.13
atpH ATP synthase subunit D —1.51 -2.16 —1.80 —2.38

Continued on following page
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TABLE 4—Continued

Fold change
Function and gene Annotation 130 ppm, 30 min 390 ppm, 10 min
LT2 PT4 LT2 PT4

lamB Maltoporin precursor —1.00 -2.31 —1.17 -2.13

malE Periplasmic maltose-binding protein 1.02 -1.59 -1.12 —1.51

malM Periplasmic protein precursor —1.88 —1.16 —1.81

malK Maltose transport protein/repressor -1.03 —2.04 -1.13 —1.86

malP Maltodextrin phosphorylase —1.04 -1.74 —1.05 —1.65

malQ 4-Alpha-glucanotransferase -1.02 -1.53 —1.05 —1.46

pta Phosphate acetyltransferase -1.72 —2.28 —1.67 —1.82
Regulatory genes

dksA DnaK suppressor protein 1.58 1.21 1.10 1.04

yfid Ribosome stabilization factor 2.04 1.58 1.14 1.02
Biofilm formation

bssS Biofilm formation regulatory protein BssS 1.57 1.37 1.07 1.04

yefR Putative outer membrane protein 2.76 2.30 1.44 1.54
Biosynthesis and degradation of

surface polysaccharides and
lipopolysaccharides

rfbH CDP-6-deoxy-D-xylo-4-hexulose-3-dehydrase —1.30 —1.45 —1.56 —1.68

rfbF Glucose-1-phosphate cytidylyltransferase —1.40 —1.46 -1.73 —1.69

rfbC dTDP-4,deoxyrhamnose-3,5-epimerase —1.18 -1.20 -1.52 —1.55

rfbA dTDP-glucose pyrophosphorylase —1.09 -1.13 —1.37 —1.52

rfal Lipopolysaccharide glucosyltransferase -1.10 -1.02 —1.26 —1.50

“ Differential expression characterized by =1.5-fold expression (P < 0.05).
® PEP, phosphoenolpyruvate.

body operon flgBCDEFG and flagellar biosynthesis factors
such as fliA and fijB were downregulated. Inhibition of the
synthesis and assembly of flagella, which are large macro-
molecular complexes of the bacterial cell, may serve as an
energy conservation strategy for S. enterica under stress. A
ribosome stabilization factor, yfi4, was induced under chlo-
rine treatments. The yfi4 gene is typically induced when
ribosomal structure changes drastically, leading to the for-
mation of inactive forms of the ribosome (63). Upregulation
of yfiA suggests that S. enterica may initiate stabilization
mechanisms to protect the ribosome from degradation and
to maintain cell function under oxidative stress.

The manXYZ operon, encoding a phosphotransferase sys-
tem (PTS) transporter, was downregulated >2-fold under
chlorine treatment in both S. enterica strains. The expression of
this operon in E. coli was found to enhance bacterial tolerance
to organic solvents (47). Meanwhile, genes encoding the PTS
in S. enterica, such as ptsG and ptsHI, were also significantly
downregulated. The PTS is necessary in the process of glyco-
lysis, an integral part of Salmonella infection in the host (7).
Downregulation of the PTSs may lead to a reduced pathogenic
potential. Besides the PTS, gapA4, which encodes the glyceral-
dehyde-3-phosphate dehydrogenase in the glycolysis pathway,
was also downregulated as a result of chlorine oxidation.

The chlorinated BHI broth has a neutral pH, approximately
7.0. We noticed that a small number of metabolic genes re-
sponsive to basic or acidic stresses showed downregulation.
This was expected, because the bacterial response to oxidative
stress may overlap with responses to acid or alkaline stress
(68). For example, a group of genes in the atp operon encoding

the F.,F, proton-translocating ATPase complex were down-
regulated. This complex is involved in the electron transport-
linked phosphorylation by importing protons during oxidative
respiration (43). The maltose regulons (lamB, malEKM, and
malPQ) that were found to be inhibited by acidic stress (14)
were repressed under chlorine treatment. This is possibly be-
cause chlorine-based oxidation can decrease the amount of
proton import as well as the metabolic rate. Several osmolar-
ity- and pH-regulated outer membrane porins, such as those
encoded by ompA, ompC, ompF, and nmpC were also down-
regulated under the chlorine treatments.

Differential regulation of strain-specific genes. Among the
266 PT4- and 399 LT2-specific genes, only four PT4-specific
genes and three LT2-specific genes were found to be differen-
tially regulated under the chlorine treatments (Table 5). Two
of the PT4-specific genes, SEN1135 and SEN1992, are pro-
phage-like elements, and both were upregulated under chlo-
rine oxidation. SEN1135 encodes a hok protein-like membrane
protein (61). This small polypeptide shares 87% amino acid
sequence homology with a cell toxin protein, Hok, in E. coli
K-12. Several hok homologs encode the peptides that mediate
plasmid maintenance by killing plasmid-free cells (50). Hok
peptides kill bacterial cells by depolarizing the cytoplasmic
membrane when it is electroporated into or synthesized in the
cytosol (49). It remains to be elucidated if the hok expression
triggered by oxidative stress is related to plasmid maintenance
in S. Enteritidis.

Two PT4-specific lipopolysaccharide (LPS) O chain genes,
rfbE and rfbS, were downregulated under the chlorine treat-
ment, similar to rfbH, rfbF, and the rfbABC operon shared by
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FIG. 2. Hierarchical cluster plots that show the gene expression patterns of 33 stress-related genes (A) and 19 virulence-associated genes
(B) in LT2 and PT4 under the weak (130 ppm) and strong (390 ppm) chlorine treatments. The pseudo-color bar indicates the relative fold

change.

LT2 and PT4. LPS is the major component of the outer mem-
brane of Gram-negative bacteria and a primary target by the
host innate immune system. The composition of LPS is impor-
tant for the survival of S. Enteritidis in avian macrophages
(27). Gene rfbH is required for S. Enteritidis to survive in egg
albumen (23), which also plays a role in the adaptive resistance
of S. Enteritidis biofilms to benzalkonium chloride (41). Mi-
zumoto et al. (46) suggested that LPS structure in S. Enteritidis
may contribute to the attachment to chicken vaginal explants.
Downregulation of LPS-associated genes may negatively im-
pact S. Enteritidis survival in eggs.

Three LT2-specific genes, STM2666, sir4, and yigG, were

downregulated under the 130-ppm chlorine treatment. STM2666
encodes a protein identical to the E. coli K-12 PheA leader pep-
tide. Gene pheA is conserved in both S. Enteritidis and S. Typhi-
murium and was shown to be responsive to oxidative stress in
Mycobacterium species (17). However, only LT2 has this leader
peptide gene located upstream of pheA. It remains to be deter-
mined if this leader peptide is essential for a functional PheA in
S. Typhimurium. LT2-specific gene sir4 belongs to the BarA/SirA
two-component regulatory system critical for bacterial biofilm
formation and virulence (60). SirA can activate the noncoding
small RNAs, such as c¢srB and ¢srC, and the fim operon to pro-
mote biofilm formation and inhibit the translation of flagellar
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TABLE 5. Differentially expressed genes specific to LT2 and PT4

Gene expression
fold change under

chlorine treatment

Strain and gene Protein annotation

130 ppm, 390 ppm,

30 min 10 min
PT4
SEN1135 Phage-encoded Hok-like 1.51 1.23
membrane protein
SEN1992  Hypothetical protein 1.80 1.86
rfbE CDP-tyvelose-2-epimerase —1.96 —-1.31
fbS Paratose synthase —1.95 —1.56
LT2
yigG Putative inner membrane protein —1.51 —1.07
sirA Invasol SirA 1.618 1.16
STM2666 Hypothetical protein —1.52 —1.06

proteins (59). Another LT2-specific gene, yigG, is located down-
stream of an oxidative-stress regulator corA4, but its function is not
known.

Other stress-related genes. Environmental stimuli can alter
the expression of bacterial stress-related genes. In turn, the
expression of stress-related genes may allow bacterial cells to
adapt to and survive better under chorine-based oxidation. In
this study, we identified a number of stress-related regulatory
genes that were induced by the chlorine stress. The expression
of central stress regulator rpoS was slightly upregulated 1.2-
fold in both strains. Gene pta, which encodes a phosphotrans-
ferase, was downregulated about 2-fold. Deletion of this gene
in E. coli was shown to activate the rpoS regulon (30). The
oxidative-stress regulator oxyR was induced 1.4-fold under the
130-ppm/30-min chlorine treatment but was not induced by
the 390-ppm/10-min treatment. Genes in the oxyR regulon,
such as ahpC, were upregulated 1.8-fold. Gene soxS, a compo-
nent of the oxidative-stress regulator operon soxRS, was slightly
repressed (1.2-fold) by the 130-ppm/30-min chlorine treatment.
The differential regulation of the oxyR and soxRS regulons sug-
gested that they respond differently to chlorine-based oxidation in
S. enterica. Most oxidoreductase-encoding genes, such as hmpA,
yghD, STM0564, and STM1675, were induced in both PT4 and
LT2. However, upregulation of several other oxidative-
stress-related genes, such as pstS, phoU, and recA, was ob-
served only in LT2.

The adaptive responses of E. coli and Salmonella to phos-
phate limitation are coordinated by the pho regulon (64, 65). In
this regulon, the PstSCAB2 transporter can sense phosphate
levels and communicate with the two-component signaling
protein PhoRB through PhoU (53). The pho regulon, includ-
ing phoU and pstS, was induced in both E. coli O157:H7 (66)
and LT2 under chlorine oxidation. However, the (pstSCAB),-
phoU operon did not respond to chlorine-based oxidative
stress in PT4. Similarly, another putative membrane protein
gene, yhcN, was upregulated only in LT2 and not in PT4. This
gene was recently found to be associated with oxidative- and
acid stress responses as well as biofilm formation in E. coli
(36). The multidrug resistance operon marRAB was induced
in both strains under the chlorine treatment. The induction
of marRAB was found to activate other stress resistance
genes through a single and uniquely configured marbox (42).

SALMONELLA STRESS RESPONSE TO CHLORINE 5021

Environmental stresses such as heat, oxidation, and extreme
pH can lead to the destabilization and unfolding of proteins in
microorganisms (26). Bacteria have developed two major strat-
egies to deal with protein unfolding and aggregation: molecu-
lar chaperones and general proteolysis (18). In this study,
genes encoding chaperones (dnaKJ, groESL, and hipG) were
significantly upregulated by the chlorine treatments in LT2 but
not in PT4, similar to protease-encoding genes AlsVU and lon.
An ATP-dependent protease gene, clpXP, was induced in LT2
but slightly repressed in PT4. The clpXP operon plays an im-
portant role in bacterial survival under osmotic or oxidative
stress and cold shock. The loss of clpX could also reduce
biofilm formation (21). It has been shown that c[pXP controls
the RpoS concentration in E. coli (4). The cold shock protein-
encoding gene cspE was downregulated only in PT4, and this
gene has also been found to be involved in the regulation of
RpoS (51). In contrast, clpB, which encodes a protein disag-
gregation chaperone (44), and hdeB, which encodes an acid
stress chaperone (40), were upregulated in both strains. Sev-
eral other stress-related genes, such as cueR (responsive to
copper toxicity) (52), zraP (regulating zinc tolerance) (37), and
fabB (mediating the nitrosative-stress response) (9), were in-
duced in LT2. Genes damX (involved in bile resistance) (39),
migl4 (related to antimicrobial peptide resistance) (56), and
hns (central metabolism and stress tolerance regulator) (19)
were repressed in PT4. In summary, many stress-related genes
were upregulated in LT2 but not in PT4, although the two
strains exhibited similar growth patterns under chlorine treat-
ments.

Virulence-related genes. Virulence genes are often clustered
in various pathogenicity islands in Salmonella chromosomes.
Salmonella pathogenicity island 1 (SPI1) enables the entry of
Salmonella into nonphagocytic cells by triggering invasion and
the penetration of gastrointestinal epithelium (25). We found
that about half of the genes in SPI1, including orgA, prg/iK,
iacP, sipABCD, spaQ, and invJICB, were downregulated in LT2
under the chlorine treatments (Fig. 2B). Similarly, we found
that the prg/IK operon of the type III secretion system was
downregulated in LT2. Gene prgK is involved in the formation
of the membrane-localized basal substructure of the complex
(31). Gene prgl forms the needle portion of the complex (32).
Chicken egg albumen contains various antimicrobial com-
pounds, such as ovotransferrin and lysozyme, and is inhibitory
for bacterial growth (3). Deletion of prg/ can lead to increased
susceptibility of S. Enteritidis to egg albumen (15).

Other downregulated virulence factors included sipB, sipC,
and sipD, which encode a protein translocase (35), sip4, which
encodes an SPI1 effector protein (10), invB, which encodes the
chaperone for sip4 (35), invC, which encodes a general
ATPase (1), invl, which is essential for the type III export
pathway (20), and inv/, which encodes a nonflagellar type III
secretion ATPase (48). All of these genes are essential for
Salmonella invasion in the host. Collectively, we speculate that
the oxidative stress may affect the biosynthesis and assembly of
the type III secretion system, which lead to reduced virulence
of LT2. In contrast, no significant change in the expression of
the above SPI virulence factors was observed in PT4 under the
same conditions. It is worth mentioning that the cydAB operon,
which encodes the cytochrome D oxidase that generates the
proton gradient across the cytoplasmic membrane (24), was
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FIG. 3. A bar graph that compares the gene expression fold changes identified by DNA microarrays and quantitative RT-PCR analysis. Six
upregulated genes and six downregulated genes were compared. The fold changes were converted into log, values for comparison. Standard
deviation error bars for each mean are presented. SE, S. Enteritidis PT4; ST, S. Typhimurium LT2; 30, the weak chlorine treatment (130 ppm for
30 min); 10, the strong chlorine treatment (390 ppm for 10 min); microarray, the fold change identified by microarray; RT-PCR, the fold change

identified by qRT-PCR.

downregulated 1.7-fold in LT2 but upregulated 1.5-fold in PT4.
Deletion of c¢ydA in S. Typhimurium and S. Gallinarum led to
significant attenuation in virulence for chickens (62). The po-
tential correlation of cydAB to the different host specificities of
S. Typhimurium and S. Enteritidis remains to be determined.

qRT-PCR validation of DNA microarray gene expression
results. Analysis of six upregulated genes and six downregu-
lated genes, including two PT4-specific genes, was used to
evaluate the DNA microarray expression data in this study. As
shown in Fig. 3, qRT-PCR data correlated well with the mi-
croarray expression data in identifying gene up- or downregu-
lation. For expression levels for the majority of the genes,
however, the fold changes detected by qRT-PCR were higher
than those detected by DNA microarray. This is not unusual,
since qRT-PCR is more sensitive than DNA microarray in
detecting gene expression fold changes. No expression was
detected for the two PT4-specific genes in LT2.

Concluding remarks. This is the first transcriptomic study
that compares the two major food-borne S. enterica serovars,
Typhimurium and Enteritidis, under chlorine-based oxidative
stress. Our data showed that S. Enteritidis and S. Typhimurium
respond to oxidative stress through coordinated regulation of a
variety of genes associated with stress response, gene regula-
tion, metabolism, and virulence. Similar to the case for E. coli
O157:H7 (66), genes involved in Fe-S cluster formation and
cysteine biosynthesis were most significantly upregulated in S.
enterica under chlorine stress. In contrast, genes involved in
LPS biosynthesis were downregulated in S. enterica. We found
that genes in SPI1, type III secretion systems, and the pho
regulon and genes involved in the heat shock response in LT2
and PT4 responded differently to the chlorine treatments. It
remains to be further elucidated if the difference in transcrip-
tional responses of these genes correlates to their respective
prevalence in contaminating different types of food vehicles,
through which these pathogens transmit to humans and con-
sequently cause infectious disease. Studies have also been un-
dertaken in our laboratories to compare the transcriptomic
responses of bacterial cells present in various food matrices or
attached to food and food contact surfaces under industrial
settings, as such studies may provide further insights into the

bacterial stress response pertinent to food contamination
events.
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