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Abstract

In the United States, serovar Kentucky has become one of the most frequently isolated Salmonella enterica
serovars from chickens. The reasons for this prevalence are not well understood. Phenotypic comparisons of
poultry Salmonella isolates belonging to various serovars demonstrated that serovar Kentucky isolates differed
from those of most other serovars in their response to acid. Microarray and qPCR analyses were performed with
aerated exponentially growing poultry isolates, Salmonella enterica serovar Kentucky 3795 and Enteritidis NalR,
exposed for 10 min to tryptic soy broth (TSB) adjusted to pH 4.5 with HCl and to pH 5.5 with HCl or acetic acid.
Data obtained by microarray analysis indicated that more genes were up- or down-regulated in strain Kentucky
3795 than in Enteritidis NalR under acidic conditions. Acid exposure in general caused up-regulation of energy
metabolism genes and down-regulation of protein synthesis genes, particularly of ribosomal protein genes. Both
strains appear to similarly utilize the lysine-based pH homeostasis system, as up-regulation of cadB was
observed under the acidic conditions. Expression of regulatory genes (rpoS, fur, phoPQ) known to be involved in
the acid response showed similar trends in both isolates. Differences between Kentucky 3795 and Enteritidis
NalR were observed with respect to the expression of the hdeB-like locus SEN1493 (potentially encoding a
chaperone important to acid response), and some differences in the expression of other genes such as those
involved in citrate utilization and motility were noted. It appears that the early stages of the transcriptional
response to acid by isolates Kentucky 3795 and Enteritidis NalR are similar, but differences exist in the scope and
in some facets of the response. Possibly, the quantitative differences observed might lead to differences in protein
levels that could explain the observed differences in the acid phenotype of serovar Kentucky and other Sal-
monella serovars.

Introduction

Salmonella enterica serovar Kentucky is the serovar
most frequently isolated from chickens and chicken

products in the United States (USDA, 2008; Berrang et al.,
2009; Lestari et al., 2009; Melendez et al., 2010). A combination
of factors may contribute to the prevalence, including resis-
tance to antibiotics and arsenic encountered in poultry envi-
ronments (Fricke et al., 2009; Joerger et al. 2009, 2010;
Melendez et al., 2010), and plasmids that share virulence fac-
tors with avian pathogenic Escherichia coli strains (Fricke et al.,

2009; Johnson et al., 2010). A study comparing physiological
and genetic traits of different serovars isolated from poultry
demonstrated that serovar Kentucky differed from most
others in its response to acid, in particular, acetic acid, and in
the absence of the cdtB, spvB, spvC, and pefA virulence genes
( Joerger et al., 2009). The differences in response to acid is
noteworthy since serovar Kentucky, like all other chicken-
colonizing isolates, has to confront acidic gastrointestinal
environments. A side-by-side comparison of exponentially
growing cells of the poultry isolates S. enterica serovar
Enteritidis NalR and serovar Kentucky 3795, which are the

1Department of Animal and Food Sciences, University of Delaware, Newark, Delaware.
2Bacterial Epidemiology and Antimicrobial Resistance Research Unit, U.S. Department of Agriculture, Agricultural Research Service,

Athens, Georgia.
3Department of Cancer Genetics, Vaccine Research Institute of San Diego, San Diego, California.
Mention of trade names or commercial products in this manuscript is solely for the purpose of providing specific information and does not

imply recommendation or endorsement by the U.S. Department of Agriculture.

FOODBORNE PATHOGENS AND DISEASE
Volume 9, Number 4, 2012
ª Mary Ann Liebert, Inc.
DOI: 10.1089/fpd.2011.0984

331



subject of the present study, demonstrated that both isolates
were killed within 40 min when exposed to HCl-induced pH
2.5; however, when first exposed to acetic acid-containing
medium, pH 5.5, Enteritidis NalR was up to 1000-times less
sensitive to HCl-induced pH 2.5 than Kentucky 3795 ( Joerger
et al., 2009). This observation suggested differences in the
acetic acid-induced acid tolerance response (ATR) of the two
isolates.

Growth of Kentucky 3795 and Enteritidis NalR in tryptic
soy broth (TSB) adjusted to pH 5.5 with acetic acid was
strongly inhibited compared to growth in the same medium
adjusted to pH 5.5 with HCl. However, this inhibition was less
pronounced for the Kentucky strain ( Joerger et al., 2009). The
current study was undertaken to examine differences in the
transcriptional response of Enteritidis NalR and Kentucky
3795 to exposure to TSB adjusted to pH 4.5 and 5.5 with HCl
and to pH 5.5 with acetic acid.

Methods

Culture and acid exposure of Salmonella isolates

Salmonella enterica isolates Enteritidis NalR and Kentucky
3795 ( Joerger et al., 2009) were grown in 15-mL tubes con-
taining 4 mL of TSB overnight at 37�C with shaking at 200 rpm.
The cultures were diluted 100-fold into pre-warmed (37�C)
TSB, and four 40-mL cultures were established in 250-mL flasks
for each serovar and shaken at 200 rpm for 2 h at 37�C.

For acid exposure, one culture of each isolate was removed
from the shaker, the pH, which was 6.8 at this time, was
quickly lowered to 4.5 with 6 N HCl while shaking, flasks
were returned to the shaker, and incubation was resumed.
The same process was carried out to obtain cultures adjusted
to pH 5.5 with HCl and glacial acetic acid. The two cultures
that did not receive any acid (controls) were similarly re-
moved from and returned to the shaker. After 10 min, aliquots
were quickly removed from the flasks for RNA isolation.

RNA isolation. Treatment of cells with RNA protect
(Qiagen, Valencia, CA), RNA isolation using the RNAeasy kit
(Qiagen), and on-column DNase treatment were done ac-
cording to protocols available from Qiagen. Purity and con-
centration of the RNA was determined on a NanoDrop� 2000
spectrophotometer (NanoDrop Products, Wilmington, DE).

Microarray analysis. The non-redundant multi-serotype
microarray contained 5,660 polymerase chain reaction (PCR)
products that cover at least 95% of all genes in the genomes of
the Salmonella serovars Typhimurium LT2 and SL1344, Typhi
CT18 and Ty2, Paratyphi A SARB42, and Enteritidis PT4
(Porwollik et al., 2001, 2003, 2005).

The cDNA probes were labeled with Cy3- and Cy5- dye-
linked dUTP by direct incorporation during reverse tran-
scription from total RNA to cDNA. Probes were purified us-
ing the QIAquick PCR purification kit (Qiagen). The cDNA
probes from acid-exposed cells (experiment) were compared
to cDNA probes from untreated cells (control) for each sero-
type. Each of these experiments was repeated at least three times
(biological replicates) with dye switching. Pre-hybridization,
hybridization, and post-hybridization processing was done as
described elsewhere (http://www.corning.com/Lifesciences/
technical_information/techDocs/gaps_ii_manual_protocol_5_02_
cls_gaps_005.pdf). Microarrays were scanned with a Scan-

Array Lite Laser scanner (PerkinElmer Life and Analytical
Sciences, Waltham, MA) using ScanArray Express 3.0 soft-
ware or with a GenePix 4100A (Molecular Devices, Sunny-
vale, CA) and GenePix Pro software as previously described
(Porwollik et al., 2001, 2003).

Signal intensities were quantified using QuantArray 3.0
software (Packard BioChip Technologies, Billerica, MA). Sta-
tistically relevant differential gene expression was calculated
using an eBayes moderated t-test (LIMMA) within the Web-
ArrayDB online microarray data analysis platform (Xia et al.,
2009). Array data have been submitted to NCBI GEO (under
accession number GSE26597).

qPCR (quantitative polymerase chain reaction)
analysis. RNA extraction was performed on three inde-
pendent cultures for each condition. Reverse transcription
was carried out using the SuperScript III First-Strand Synth-
esis Supermix (Invitrogen, Carlsbad, CA). The primers for
qPCR were determined using PrimerPlus software (Un-
tergasser et al., 2007) (see Suppl. Table S1; Supplementary
Material is available online at www.liebertonline.com/fpd).

qPCR was performed on triplicate samples of each cDNA.
The cDNA was diluted to 20 lg/lL, and 1 lL was used per
PCR reaction. Five microliters of 2 · SYBR� Green Master Mix
(Applied Biosystems, Foster City, CA), 0.1 lL each of 100 lM
of forward and reverse primer, and 3.8 lL of water were ad-
ded to the cDNA. Thermocycling was carried out with one
cycle at 50�C for 2 min and 95�C for 10 min, followed by 40
cycles of 95�C for 15 sec and 60�C for 1 min. The dissociation
curve of the final products was checked to ascertain the
presence of a single peak.

Selection of a gene for the normalization of qPCR
data. Among four candidate reference genes that showed no
changes in expression under acid conditions in the microarray
experiments (thrA, pepP, aceB, and dnaQ), thrA showed the
smallest standard deviation (data not shown) and was selected
as reference gene. The thrA qPCR results were assigned an
arbitrary value of 100. For normalization, the threshold values
for the thrA amplifications (CTthrA) were subtracted from the
corresponding threshold values of the samples amplified with
other primer pairs (CTexp). mRNA levels in arbitrary units (AU)
were calculated with the formula: AU = 100 * 2 (CTexp – CTthrA).

Statistical analysis

The resulting values for the three biological replicas were
averaged, and the standard error was calculated. Differences
between treatments were established using JMP�, Version 7
(SAS Institute Inc., Cary, NC).

Results and Discussion

Overview

The graphic comparison of log2-fold changes in gene ex-
pression of Kentucky 3795 and Enteritidis NalR is shown in
Suppl. Fig. S1, and Venn diagrams illustrating differentially
expressed loci are presented as Suppl. Fig. S2. Processes af-
fected by acid exposure are outlined in Figure 1. The numbers
of genes/loci on the microarrays with signals that signifi-
cantly ( p < 0.001) differed for RNA samples obtained from
cells exposed to neutral and those obtained from cells exposed
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to acid conditions are listed in Table 1. The numbers of genes/
loci that showed more than twofold changes in expression are
also tabulated. For all conditions, the number of sequences for
which changes occurred was higher for Kentucky 3795 than
for Enteritidis NalR. Supplementary Table S2 displays genes
that cleared the arbitrary threshold of highly significant
( p < 0.001) twofold or higher up- or down-regulation under
any of these conditions, and some additional genes of interest;
all genes discussed below are illustrated in this table. Results
of qPCR analyses performed to corroborate some of the array
results are listed in Suppl. Table S3, and a comparative plot is
presented as Suppl. Fig. S3.

The microarray data have the following limitations: (i) The
array was composed of sequences from the Salmonella ser-
ovars listed in Methods. Transcripts of genes present in
S. enterica Kentucky, but not in these serovars, are not detected
by this array. The currently available serovar Kentucky ge-
nome sequences indicate that Kentucky has 162 unique genes

not present on the microarray (data not shown). (ii) Total
RNA was isolated from exponentially growing cells. Sta-
tionary cells would likely not be transcriptionally very active,
and may already have modified the expression of acid-
responsive genes. (iii) Duration of acid exposure was 10 min,
and therefore transcriptional changes occurring after longer-
term exposure to acid remain unknown. (iv) Cultures were
shaken; thus, changes in gene expression specific to anaerobic
conditions are not detected. (v) Data on exposure to acetic acid
were only collected at pH 5.5 since a 10-min exposure to
medium adjusted to pH 4.5 with acetic acid proved lethal to
both isolates.

Acid response genes

The microarray study revealed only three genes (cadB,
clpA, fpr) that were up- and three genes (dinR, suhB, dacA) that
were down-regulated under all conditions in both strains.

FIG. 1. Number of genes/loci belonging to different functional categories (y-axis) up-regulated (positive numbers on x-axis)
and down-regulated (negative numbers on x-axis) in Salmonella enterica Enteritidis NalR (black bars) and Salmonella enterica
Kentucky 3795 (gray bars) in response to a 10-min exposure to tryptic soy broth (TSB) adjusted to pH 4.5 with HCl (A); pH 5.5
with HCl (B); and pH 5.5 with acetic acid (C).

Table 1. Number of Genes/Loci Up- or Down-Regulated ( p-Value 0.001) in Salmonella enterica

Enteritidis Nal
R

and Kentucky 3795 in Response to a 10-min Exposure to Acid

Number of sequences with signal ratios

Strain pH/acid > 0 > 2 < 0 < 0.5

Salmonella enterica Enteritidis NalR 4.5/HCl 59 14 186 35
Salmonella enterica Kentucky 3795 4.5/HCl 107 28 247 49
Salmonella enterica Enteritidis NalR 5.5/HCl 302 179 304 179
Salmonella enterica Kentucky 3795 5.5/HCl 495 323 517 367
Salmonella enterica Enteritidis NalR 5.5/Ac 218 97 385 148
Salmonella enterica Kentucky 3795 5.5/Ac 617 254 696 314
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While changes in the expression of cplA, fpr, dinR, and dacA
are likely a sign of general stress conditions, up-regulation of
cadB is an acid-specific stress response and underscores the
importance of the lysine decarboxylase/lysine-cadaverine
antiporter system for pH homeostasis (Park et al., 1996).
Expression changes of cadA, the gene located downstream
of cadB, paralleled those of cadB; the differences in scope
could be the result of mRNA degradation at the 3’ end and/
or of transcription termination within the cadBA operon.
Putative early termination may serve to modulate CadA
levels which negatively influence virulence and adhesion
to host cells in Shigella (Maurelli et al., 1998) and E. coli
O157:H7 (Vazquez-Juarez et al., 2008). CadBA expression is
controlled by cadC, whose transcription has been reported to
be acid-inducible in Salmonella (Lee et al., 2007); however,
under the conditions of this study, cadC expression did not
change.

Salmonella also harbors a system for pH homeostasis re-
quiring the presence of arginine. The genes adi and yjdE did
not show the same level of acid-induced expression as the
lysine-utilizing counterparts, likely because this pH homeo-
stasis system operates preferentially under anoxic conditions
(Kieboom and Abee, 2006).

In exponentially growing E. coli, asr is the most up-regu-
lated gene upon a shift to low pH (Suziedeliene et al., 1999)
and is required for growth at pH 4.5 and induction of the acid
tolerance response (Šeputiene et al., 2003). Inducibility of
STM1485, the asr homologue in S. enterica Typhimurium, by
pH 4–4.5 has been demonstrated (Šeputiene et al., 2004). The
sequenced S. enterica Enteritidis and Kentucky strains harbor
STM1485 homologues (SEN1564A and SeKA_0924, respec-
tively), and qPCR data indicated that both Enteritidis NalR

and Kentucky 3795 contained higher levels of STM1485-like
mRNA when exposed to pH 4.5 than cells growing at neutral
pH. Note that the asr sequence in the Kentucky CVM 29188
genome (SeKA_0924) differs from the Typhimurium LT2 or-
thologue (STM1485) by six amino acids, perhaps causing
some functional differences of the gene product.

The sequenced isolates Enteritidis P125109, and Kentucky
CDC 191 and CVM29188 harbor an hdeB-like gene (SEN1493,
SeKB_A1706, and SeKA_A1012, respectively). In E. coli, hdeB
is part of the hdeAB operon encoding chaperonins important
to survival at low pH (Kern et al., 2007). The microarray and
qPCR analyses showed up-regulation of SEN1493 in En-
teritidis under HCl- but not acetic acid–induced acidic con-
ditions; however, in Kentucky 3795, the hdeB-like gene
remained transcriptionally inactive under acidic conditions.

Regulatory genes

Microarray and qPCR data suggest that rpoS is up-regu-
lated similarly in both strains. Expression of rpoN, which has
been shown to negatively regulate acid resistance in E. coli
O157:H7 (Riordan et al., 2010), was down-regulated in the
presence of acetic acid. The qPCR data demonstrated that
mRNA levels of this gene were down-regulated in the pres-
ence of acid in general. The microarray analysis showed acid-
induced down-regulation of fis, a regulatory gene whose
product enhances transcription of SPI1 and SPI2 virulence
genes and of motility genes in Typhimurium (Kelly et al.,
2004). The marAR genes encode proteins involved in regula-
tion of genes responding to chemical stress, and in E. coli,

marA is also involved in repression of the acid-resistance
genes hdeAB (Ruiz et al., 2008). The marA gene was up-regu-
lated in both strains in response to pH 5.5 generated by HCl,
but, curiously, not acetic acid.

Energy metabolism

With some exceptions, energy metabolism gene expression
in response to acid followed similar trends in both strains.
Most TCA cycle genes were up-regulated, perhaps to satisfy a
need for ATP in times of stress, and/or a need for certain
intermediates such as citric acid, a compound proposed to be
involved in acid resistance (Foster and Hall, 1991; Foster,
1995). Perhaps in response to increased amounts of NADPH
generated in a more active tricarboxylic acid cycle and the
need to provide NADP + to maintain the cycle (Sauer et al.,
2004), udhA encoding an energy-independent transhy-
drogenase was up-regulated.

The electron transport chain-encoding genes nuoEF-
GIJKLMN and cyoACDE were only up-regulated in Kentucky
3795, and the same pattern was found during qPCR analysis of
cyoA. Expression of ubiAC, encoding proteins involved in the
synthesis of quinones which function as mediators of electron
transport between proteins were also up-regulated in the
presence of acetate in the Kentucky strain. A number of energy
metabolism, electron transport, proton-motive ATPase, and
hydrogen metabolism genes (hybABCD and hypDEFO) were
down-regulated in both isolates at pH 5.5 induced by HCl, but
not by acetic acid. One operon, citCDEFXGT, was down-reg-
ulated in the Kentucky strain and essentially unaffected in the
Enteritidis strain at pH 5.5. The qPCR analysis showed lower
levels of citD and citF mRNA under acidic conditions in both
strains, but significant down-regulation only for Kentucky
3795. It is possible that down-regulation of citrate utilization
genes is meant to conserve citrate in the cells and/or not to
divert citrate from the citric acid cycle.

Iron and copper transport and metabolism

In general, a trend towards increased expression of genes
involved in iron transport and metabolisms was noticeable
under acidic conditions. FepA, fes, ftnB, and feoB, but not feoA,
were up-regulated in both strains under all acid conditions.
Possibly the up-regulation of such genes is necessary to sup-
ply iron-sulfur cofactors to the respiratory enzymes synthe-
sized perhaps in increased amounts under acidic conditions.
Up-regulation of suf genes, particularly sufB encoding part of
a complex for assembly and transfer of FeS clusters to other
proteins (Outten et al., 2003), also indicates an increased need
for such clusters or their maintenance under acidic conditions.
Up-regulation of moa and mob genes required for synthesis of
molybdenum cofactors that are part of some respiratory en-
zymes suggests an increased need for this type of cofactor.

Among the most highly up-regulated genes under acidic
conditions for both strains was ybaR (copA) encoding a puta-
tive copper-transporting ATPase that transports Cu(I) from
the cytoplasm to the periplasm (Espariz et al., 2007). Since
iron-sulfur clusters are targets of copper toxicity (Macomber
and Imlay, 2009) up-regulation of ybaR might support efforts
to increase or maintain iron-sulfur clusters. The copper oxi-
dase gene, cueO (cuiD, yacK, SEN0173) required for systemic
virulence (Achard et al., 2010) was up-regulated more than
twofold only at pH 5.5 induced by HCl.
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Cell envelope/motility

Most of the genes involved in envelope synthesis and
function showed a decrease in expression in both isolates.
The exceptions were lpxO, encoding a dioxygenase involved
in lipid synthesis, some osm genes, and tolC. Microarray
analysis indicated a general increase in fim gene expression
in the presence of acetic acid in Enteritidis NalR, but down-
regulation in Kentucky 3795; however, the qPCR analysis
showed lower levels of fimC and fimD mRNA in both strains.
Paralleling results obtained with Typhimurium (Adams
et al., 2001), motility genes were mostly down-regulated in
both strains after acid exposure. The qPCR data confirmed
significant down-regulation of flgD and fliG in Kentucky
3795 but not Enteritidis NalR.

Stress-related genes

Up-regulation of clpA encoding the protein translocase
component of the ClpAP complex that functions in the deg-
radation of denatured proteins (Hoskins et al., 1998) under all
conditions suggests that both strains deal with misfolded and
aggregated proteins upon exposure to acid. It is not clear why
expression of clpP, encoding the proteolytic component of the
complex, was not similarly increased. Genes encoding pro-
teins assisting in protein folding generally responded to the
acid treatments similarly; the exception was locus SEN1800,
corresponding to STM1251 from Typhimurium, encoding a
putative chaperone. This gene was up-regulated more than
fourfold in Kentucky 3795, but unchanged in Enteritidis NalR

in response to acetic acid.

DNA and protein synthesis

Under HCl-induced acid conditions, both strains down-
regulated rps and rpl genes. In contrast, yfiA encoding a
ribosomal stabilization factor (Ueta et al., 2005) was sig-
nificantly up-regulated. This gene was also up-regulated
upon exposure of Typhimurium and Enteritidis to chlorine
(Wang et al., 2010). Acid conditions caused widespread
down-regulation of DNA metabolic genes and of genes re-
quired for the synthesis of DNA and RNA building blocks
( purBEGHKM and pyrCDFGH).

Amino acid/peptide metabolism and transport

Both strains reacted similarly to acid with respect to amino
acid metabolism. Most noteworthy is the down-regulation of
nine cys genes at HCl-induced pH 5.5. The l-serine dehydratase
(l-serine deaminase 2) and the putative serine transporter
genes, sdaBC, were also down-regulated. The polyamine syn-
thesis genes, speDE, were down-regulated in both isolates as
was the spermidine-preferential uptake system encoded by
potABCD. Di- and oligopeptide transporter genes (dppA, op-
pAD, yjdL) were generally up-regulated by both strains at HCl-
induced pH 5.5; at ph 5.5, induced by acetic acid, the opp genes
were down-regulated.

Pathogenicity

Transcription of only a few genes in this category changed
more than twofold upon a 10-min exposure to acid. The si-
tABCD operon of SPI-1 encodes a manganese uptake system
also capable of iron transport (Kehres et al., 2002). Microarray

data showed general up-regulation of this operon in re-
sponse to acid. Microarray data indicated up-regulation of
sip genes in Enteritidis NalR in the presence of acetic acid and
no change in expression in Kentucky 3795; however, the
qPCR analysis did not show the same trend. The expression
of avrA, needed to modulate the effect of other SPI-1-en-
coded effector proteins on signaling pathways of host cells
(Du and Galan, 2009), was increased about fourfold in En-
teritidis NalR after exposure to HCl-induced pH 5.5. In ad-
dition, in Pathogenicity Island 3, the membrane protein-
encoding gene, cigR, was up-regulated under all acid con-
ditions, while slsA increased more than twofold only for the
Kentucky strain. Expression of pipA located on SPI-5 was
increased twofold in Kentucky 3795, and expression of the
pipB homolog, pipB2 (SEN2624) which encodes a protein
required for recruitment of kinesin-1 to the membrane of the
Salmonella-containing vacuole (Henry et al., 2006), was up-
regulated in both isolates.

Summary

Overall, short-term exposure to acid elicited similar global
transcriptional responses in Salmonella Enteritidis NalR and
Kentucky 3795. The observed differences in growth and sur-
vival in acidic media of the two isolates ( Joerger et al., 2009)
are therefore based on post-translational differences and/or
the cumulative effects of perhaps small transcriptional dif-
ferences that may be difficult to verify by microarray and
qPCR analysis.

It has been suggested that the presence of the E. coli-
derived ColV plasmid in Kentucky could impact the ser-
ovar’s acid response phenotype ( Johnson et al., 2010);
however, like more than a quarter of Kentucky isolates,
strain 3795 appears not to harbor this plasmid (data not
shown). It is also possible that more obvious transcriptional
differences only appear after exposures longer than 10 min.
Time-course and proteomic studies would likely help eluci-
date the molecular basis of the differences in the acid response
of serovar Kentucky isolates.
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