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ARTICLE INFO ABSTRACT
Article history: Serovars of Salmonella enterica are frequent agents of foodborne disease worldwide. They are capable of growing
Received 4 April 2011 and surviving in numerous natural, commercial and host environs where they must be able to sense and respond

Accepted 29 June 2011 appropriately to the variety of environmental cues encountered. Many of these environments produce stresses to

the cell in the form of nutrient limitation/starvation, acid/base, high/low temperatures, high/low osmolarity,
desiccation, and exposure to antimicrobial peptides, bile salts and oxidizing agents. The response generated to a
Sigma factors particular stress can provide a stress-specific resistance or a more general cross-resistance to a variety of
Two-component systems deleterious conditions. Stress responses in Salmonella are controlled by an assortment of regulators - such as
Salmonella alternative sigma factors (e.g., °, of, and o''), phospho-relay-based two component systems (e.g., BaeRS, CpxRA,
Stress resistance OmpR-EnvZ, PhoPQ, PmrAB (BasRS), and RcsBCD) and transcriptional regulators (e.g., SoxS/SoxR, OxyR, Fur,
RamA, RamR, MarA and MarR) - in response to environmental signal(s). Ultimately, these regulators result in the
increased and/or decreased expression of sets of genes both unique to the specific stress response and
overlapping with other stress responses. These stress responses generate a resistance that allows these
enteropathogens to survive and persist in a variety of natural (e.g., soil and water systems), food processing and
handling, and host environments. Thus, these stress responses and survival strategies can have a profound impact
on the epidemiology and pathogenesis of these medically and economically important bacteria.
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1. Introduction

Optimal growth conditions of plentiful nutrients and perfect growth
temperature, pH, oxygen levels and solute levels are achieved only by
microorganisms that are grown in the research laboratory. Under these
conditions, these microbes will grow at their maximum growth rate or
generation time. However, variation in any of these parameters, much
above or below these optimums, will perturb the maximum growth rate
and, therefore, represents a stress to the microbial cell. Because growth
and survival under stressful conditions is the norm, the responses and
survival of bacteria and other microbes during exposure to environ-
mental stresses has become an important area of study in microbiology.

In order to survive sudden, potentially lethal, changes in the
environments that they encounter, bacteria must be able to sense and
respond rapidly and appropriately to a vast array of stresses. This is
particularly vital for foodborne microbial pathogens that can encounter
potentially life-threatening conditions in virtually every environment
they may find themselves including: natural (e.g., soil, water systems),
commercial (e.g, slaughter houses, food processing plants) and host (e.g.,
animals, humans) settings (Winfield & Groisman, 2003). Responses to
these conditions not only impact growth and survival but can also
influence virulence and resistance to multiple antimicrobics (Altier,
2005; Clements, Ericksson, Tezcan-Merdol, Hinton, & Rhen, 2001; Dodd,
Richards, & Aldsworth, 2007; Grant et al., 2009; Kenyon & Spector, 2011;
McMahon, McDowell, & Blair, 2007; McMahon, Xu, Moore, Blair, &
McDowell, 2007; McMeechan et al., 2007; Rowley, Spector, Kormanec, &
Roberts, 2006). Few microorganisms are as capable of coping with the
range of stresses present in natural, commercial and host microenviron-
ments as Salmonella enterica serovars (Cabello, Hormaeche, Mastroeni, &
Bonina, 1993; D’ Aoust, Maurer, & Bailey, 2001; Kenyon & Spector, 2011;
Rychlik & Barrow, 2005; Stocker & Makela, 1986).

Serovars of S. enterica are some of the most common agents of
foodborne illness in the world. Members of this genus are capable of
colonizing and causing disease in both animals (e.g, poultry, cattle,
swine, rodents) and humans. Some serovars like S. Typhimurium (the
best studied) and S. Enteriditis infect a broad range of animal and human
hosts, while others, such as S. Typhi are restricted to specific hosts

(Stevens, Humphrey, & Maskell, 2009). As a group, Salmonella are skilled
at adapting to, growing and/or surviving in a diverse range of stressful
environments including: extracellular pHs down to 3.99 and up to 9.5,
salt concentrations up to 4% w v~ ! NaCl and temperatures as high as
54 °Corlowas2 °C (D’ Aoust et al.,2001). Thus, these stresses can have a
significant effect on the survival of salmonellae during food processing,
preparation and storage as well as its passage through the host
organism.

Salmonella serovars, upon evacuating from the host, generally, enter
an aquatic environment (e.g., municipal water/sewage systems or field
run-offs) that can initially be relatively rich in nutrients but can rapidly
become nutrient-depleted as a result of dilution. This rapid departure
from more optimal conditions can also result in the bacteria
encountering temperature downshifts, declining osmolarity and vari-
ability in pH. Over time, the bacteria may enter a dormancy or viable-
but-nonculturable (VBNC) state, in which they can subsist for prolonged
periods of time (Foster & Spector, 1995; Roszak, Grimes, & Colwell,
1984; Turpin, Maycroft, Rowlands, & Wellington, 1993). Additionally,
the bacteria can undergo predation by certain protozoa/amoeba in
which they can persist (Barker & Brown, 1994). Both animals and
humans will typically become infected with salmonellae following
ingestion of contaminated food or water. For humans, important sources
of Salmonella serovars can include: contaminated or infected beef, pork,
eggs, poultry, fruits, vegetables or derivatives/by-products of these
foods, e.g., peanut butter.

Salmonella serovars, being foodborne pathogens, must resist or
evade multiple levels of defenses during pathogenesis within a host.
Upon entering a host via ingestion of contaminated food or water, it first
encounters the acidic pH of the stomach. Survivors entering the
intestines must deal with reduced oxygen, bile salts, antimicrobial
peptides, weak acids (metabolic products of resident microbial flora),
increased osmolarity, and competition with resident microorganisms
for nutrients and space (Rychlik & Barrow, 2005). Serovars able to adapt
and survive these conditions typically colonize and invade the host
intestinal mucosa through M cells by promoting their own endocytosis,
winding up in a vacuole lacking in nutrients. Subsequent release into the
intestinal submucosa is followed by phagocytosis by resident
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macrophages allowing the bacteria to escape host humoral defenses.
Within the macrophage, the salmonellae reside within phagosomes or
possibly phagolysosomes, which present many dangers to the invading
bacteria (e.g., acidification, nutrient limitation, reactive oxygen and
nitrogen species generation, and exposure to various antimicrobial
peptides (e.g., defensins). Spread of Salmonella serovars, beyond the
intestines or associated lymphoid tissue is dependent on the host and/or
the host's immunocompetence (Clements et al., 2001; Finlay & Falkow,
1989).

This review attempts to summarize the responses and strategies
employed by Salmonella serovars (primarily S. Typhimurium which is
the most extensively studied serovar) to prevail over the vast array of
stresses encountered during their life cycles. Table 1 summarizes the
roles of known regulatory networks — discussed in this review - in the
responses that Salmonella serovars elicit to various stresses.

2. Stress responses and survival strategies
2.1. Starvation stress

A common stress encountered by bacteria, in general, is starvation
for an essential nutrient, e.g,, carbon (C), phosphate (P), and/or nitrogen
(N) sources (Harder & Dijkhuizen, 1983; Koch, 1971; Spector, 1998). As
a result of their life cycle, salmonellae often suffer periods of nutrient
starvation as they voyage through different natural, commercial, and
host microenvironments they encounter (Abshire & Neidhardt, 1993;
Dodd et al., 2007; Fang et al.,, 1992; Grant et al., 2009; Humphreys,
Stevenson, Bacon, Weinhardt, & Roberts, 1999; Koch, 1971; Roszak et al.,
1984; Rychlik & Barrow, 2005; Spector, 1998; Testerman et al., 2002;
Turpin et al., 1993; Winfield & Groisman, 2003). Unlike endospore-
forming bacteria, Salmonella and other enterobacteria depend upon
different types of “programmed” physiologic responses for survival
during periods of nutrient starvation, that are functionally analogous to
sporulation but do not technically result in a structurally distinct
“differentiated” cell form (i.e., an endospore).

When S. Typhimurium is starved for a carbon-energy (C) source it
undergoes global genetic and physiologic changes referred to as the
starvation-stress response (SSR) (Kenyon, Sayers, Humphreys, Roberts,
& Spector, 2002; Spector, 1990; Spector, 1998; Spector, Aliabadi,
Gonzalez, & Foster, 1986; Spector & Foster, 1993; Spector, Park, Tirgari,

Gonzalez, & Foster, 1988). Although the SSR and the stationary-phase
(or general resistance) response can overlap in many ways there are
important differences. For example, during the SSR the bacteria are
specifically being starved for a C source, e.g., glucose; while the
limiting/stress condition(s) that generates stationary-phase cells is
not clearly defined and typically involve multiple simultaneous stresses
(Spector, 1998; Spector et al., 1986, 1988; Spector & Foster, 1993). In
addition, cells referred to as stationary-phase cells are typically grown
overnight in a rich medium (e.g, LB medium) to relatively high cell
densities, whereas C-starved cultures are typically grown to and starved
at ~100-fold lower cell densities (Fang, Krause, Roudier, Fierer, &
Guiney, 1991; Foster, 1991; Foster & Hall, 1990; Humphreys et al., 2003,
1999; McLeod & Spector, 1996; Testerman et al,, 2002). These differ-
ences have significant effects on overall cell metabolism and survival.
Interestingly, phosphate (P) or nitrogen (N) source starvation will also
trigger a starvation-stress response in S. Typhimurium, but these are not
as effective or broad as the response elicited by C-starvation (Foster &
Spector, 1986; McLeod & Spector, 1996; Spector et al., 1988; M. Spector,
unpublished data).

Carbon-starved S. Typhimurium, and other enterobacteria, cells are
structurally and metabolically very different from actively growing,
non-starved cells (Huisman, Seigele, Zambrano, & Kolter, 1996; Spector,
1998). The SSR can be thought of as a series of (overlapping) phases
analogous to but not as defined as the stages of sporulation (Spector,
1998; Spector & Foster, 1993; Stephenson & Lewis, 2005). During the
initial hours of C-starvation the primary goal of the cell is to avoid
starvation by up-regulating alternative C source utilization and
transport systems. As C-starvation continues, avoidance yields to
more extensive metabolic changes that yield a smaller, hardier, and
more physiologically efficient cell, compared with actively growing
cells. The overall result of eliciting the SSR is the global “reprogramming”
of cellular metabolism. This includes the production of: (i) new or
higher affinity substrate transport and utilization systems (in the
absence of substrate) for the scavenging of nutrients from the
environment if they become available, (ii) enzymes for the “cannibal-
ization” or turnover of unneeded cellular components, e.g., RNA and
proteins from ribosomes as well as lipids and peptidoglycan from the
cell envelope, (iii) enzymes for the more efficient and complete
metabolism of (unusual) C-sources, (iv) proteins that cause chromo-
some condensation protecting it from damage, (v) enzymes that modify

Table 1
Regulatory proteins/systems playing roles in stress resistance in Salmonella enterica serovars.
Regulator(s) Stress®
C-starvation Acid Oxidative Heat Envelope AP Bile Multi-drug Osmotic Dessication Iron
ot v v
o’ o v v v v v
of v v v v v v
AdiY v
BaeRS 4 I I
CpxRA g d I
cAMP-CRP g
CsgD g
DksA I I
Fur d I'd I'd
LexA I d
MarA 4 I
OmpR-EnvZ d d
PhoPQ I I ()
PmrAB Id d
OxyR e I
RamRA I’d I
ResBCD I d Id
RecA d Id
SoxRS 4 I I
SlyA I I

2 See text for further explanation of the role of the regulator in the response to the specified stress.
b~ Indicates that the regulator plays a role in resistance to indicated stress; a blank indicates that the regulator either has no role or has not been reported to have a role in

Salmonella.
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inner membrane, peptidoglycan and outer membrane components [e.g.,
the types and amounts of fatty acids in membrane lipids or the
lipopolysaccharide (LPS) of the outer membrane], and (vi) enzymes to
prevent or repair cellular damage as a result of environmental stresses
(Almirén, Link, Furlong, & Kolter, 1992; Dougherty & Pucci, 1994;
Druilhet & Sobek, 1984; El-Khani & Stretton, 1981; Hengge-Aronis,
1999; Huisman et al., 1996; Humphreys et al., 2003; Kenyon et al., 2007;
Kenyon, Humphreys, Roberts, & Spector, 2010; Kenyon, Thomas,
Johnson, Pallen, & Spector, 2005; Matin, 2009; Skovierova et al., 2006;
Spector, 1998; Spector & Cubitt, 1992; Spector, DiRusso, et al., 1999;
Spector, Garcia del Portillo, et al., 1999). Microarray analyses comparing
C-starved S. Typhimurium to growing/non-starved cells indicates that
there are approximately 160, 500 and 1300 open reading frames (ORFs)
exhibiting at least 10-, 5- and 2-fold induction, respectively, in response
to C-starvation (M. Antonio, S. Lucchini, R. Chaudhuri, A. Thompson, J.
Hinton, M. Spector & M. Pallen, unpublished data). The majority (~70%)
of the genes exhibiting induction are either known or proposed to
function somehow in carbon-, nitrogen- or phosphate-source utilization
and transport, energy generation and respiration, regulation and/or
stress protection. About 20% of the up-regulated genes have unknown or
putative functions (several are unique to Salmonella serovars), and
about 5% represent known or proposed virulence genes (including
several fimbriae and pathogenicity island gene clusters).

The function of the SSR in S. Typhimurium, and other enterobac-
teria, is to generate resistance to the damaging effects of long-term
C-starvation (starvation-survival) and a variety of other environmental
stresses [a.k.a., C-starvation-inducible (CSI) cross-resistance or general
resistance]. Several genes have been identified as members of the SSR
stimulon in S. Typhimurium using a variety of different approaches
(Hengge-Aronis, 1999; Huisman et al., 1996; Ibanez-Ruiz, Robbe-Saule,
Hermant, Labrude, & Norel, 2000; Kenyon et al., 2002; Kenyon et al.,
2007; Matin, 2009; O'Neal et al, 1994; Seymour, Mishra, Khan, &
Spector, 1996; Spector et al., 1986; Spector et al., 1988; Spector & Cubitt,
1992; Spector, DiRusso, et al., 1999; Spector & Foster, 1993; Spector,
Garcia del Portillo, et al., 1999).

2.1.1. Global regulation of the SSR — overview

In S. Typhimurium, the SSR is regulated at the global level by at least
two signal molecules; cyclic 3’,5’-adenosine monophosphate (cAMP)
with its receptor protein (CRP) and guanosine 5’-(tri or) diphosphate-3’-
diphosphate [(p)ppGpp]; and, at least two sigma factors including o® and
of (Fang, Chen, Guiney, & Xu, 1996; Ibanez-Ruiz et al., 2000; Kenyon et al.,
2002; Matin, 2009; McMeechan et al., 2007; O'Neal et al., 1994; Rowley et
al,, 2006; Skovierova et al., 2006; Spector, 1990; Spector, DiRusso, et al,,
1999; Spector, Garcia del Portillo, et al., 1999; Testerman et al., 2002).

The intracellular levels of cAMP and (p)ppGpp both increase early
during the SSR. The level of cAMP increases by activating and/or up-
regulating the expression of adenylate cyclase (cyaA gene), as well as CRP
(crp gene), in response to decreased glucose uptake as extracellular
glucose levels drop (Gorke & Stiilke, 2008). Increased formation of the
cAMP-CRP complex then goes on to activate or repress the expression of
various genes in response to declining glucose levels. Many of these are
genes involved in the transport and utilization of alternative carbon-
energy sources, as discussed below. Interestingly, cAMP-CRP is found to
repress several SSR loci during exponential growth conditions (e.g., high
glucose levels); this repression is overcome in C-starved cells even though
cAMP-CRP levels are rising (Spector, 1990, 1998; Spector et al., 1988).

The levels of (p)ppGpp can rapidly rise by increasing the activity of (p)
ppGpp synthetase I (relA gene) or the bi-functional (p)ppGpp synthetase
Il/guanosine-3’,5’-bis pyrophosphate 3’-pyrophosphohydrolase (spoT
gene), respectively (Potrykus & Cashel, 2008). This primarily results
from effects on protein synthesis resulting from declining carbon-energy
source availability, which slow or block ribosome movement along the
mRNA. The role of (p)ppGpp in bacterial stress physiology has become
more clear over the last few years. (p)ppGpp has been shown to bind to
RNA polymerase (RNAP) altering the transcription from several pro-

moters, e.g, ribosomal RNA genes, during the stringent response. In
addition, a small protein DksA (DnaK suppressor) also plays a role in the
stringent response in E. coli (Sharma & Chatterji, 2010). One of the roles
that (p)ppGpp and DksA (along with the anti-0”° factor Rsd and a 6S
RNA) are proposed to have is to modulate 67° activity which ultimately
leads to increased RNAP binding with alternative sigma factors, e.g. 0> and
oF, in starved/stationary phase cells (Sharma & Chatterji, 2010). Although,
this has not been reported for Salmonella, a similar scenario is likely.
Indeed, both (p)ppGpp and DksA are reported to regulate C-starvation/
stationary-phase gene expression (Henard, Bourret, Song, & Vazquez-
Torres, 2010; Spector, 1998). Furthermore, Webb, Moreno, Wilmes-
Riesenberg, Curtiss, and Foster (1999) reported that DksA plays a role in
regulating 0° levels during acid stress by controlling translation of the
rpoS mRNA.

The levels and activity of 0° increase by a very complex combination
of transcriptional, translational and proteolytic controls that depend on
the conditions encountered (Hengge-Aronis, 1999, 2002; Hengge, 2008;
Navarro Llorens, Tormo, & Martinez-Garcia, 2010; Fig. 1). There are
some key differences between E. coli and Salmonella in terms of the
control of rpoS expression. For example, the regulatory small RNA
(sRNA) molecules DsrA and RprA have diminished roles in the
translational regulation of rpoS in Salmonella and the H-NS paralog
StpA indirectly promotes o° proteolysis by repressing the anti-adaptor
protein iraM (rssC) gene in mid- and late-exponential phase cells, both
in apparent contrast to E. coli (Jones, Goodwill, & Thomas Elliott, 2006;
Lucchini, McDermott, Thompson, & Hinton, 2009).

The levels and activity of of are controlled by a sequential system
of membrane (i.e., regulated intra-membrane proteolysis or RIP) and
cytoplasmic (i.e., CIpXP proteasome) proteolytic events as well as
autoregulation of rpoE-rseABC operon transcription (Rowley et al.,
2006; Ades, 2008; Fig. 2). A proposed mechanism for activation of o*
during C-starvation likely involves the global increase in carbohydrate
uptake systems along with the remodeling of the bacterial envelope.
In this model, the periplasm is “flooded” with proteins, which
overwhelms the levels of periplasmic proteases/chaperones/pepti-
dyl-prolyl isomerases (PPlases) and increases the levels of misfolded
proteins. This is supported by the finding that shifts from glucose to
certain alternative C-sources result in oF activation. Of the several C-
sources tested, only those whose utilization involved a periplasmic
and/or outer membrane protein component (e.g., maltose, citrate, and
succinate) resulted in sustained oF activation (Kenyon et al., 2005).
Furthermore, overexpression of LamB from a plasmid resulted in ot
activation even though it lacks the Y-x-F peptide shown to activate
the DegS protease triggering the RIP cascade (Kenyon et al., 2005).
Furthermore, LamB overexpression appears to promote o® activation
by indirectly increasing OMP (e.g., OmpC) misfolding (W.J. Kenyon,
A. Frank, K. Raveendran, & M.P. Spector, unpublished data).

The relative levels of o° rise early during the SSR peaking at around
5 h of C-starvation before declining to lower steady-state levels in 24-48 h
C-starved cells. In comparison, oF levels peak at around 48-72 h of
C-starvation (Fig. 3). The accumulation of of and o° in the SSR correlates
with increased expression of 0F- and 0°>-dependent promoter activity
(Kenyon et al,, 2002; W.J. Kenyon & M.P. Spector, unpublished data).
S. Typhimurium strains lacking the ability to make ppGpp (relA spoT
double mutants), 0° (rpoS mutants) or oF (rpoE mutants) are all unable
to generate a maximal SSR (Kenyon et al., 2002; O'Neal et al., 1994;
Spector, 1990; Spector & Cubitt, 1992; Spector et al., 1988; M.P. Spector,
unpublished data). Interestingly, strains lacking CRP (crp mutants)
generally exhibit increased stress resistance during exponential-phase
growth, perhaps a result of the fact that cAMP-CRP functions as a
exponential-phase repressor for many SSR loci (M.P. Spector, unpub-
lished data).

2.1.2. Scavenging and utilization of alternative carbon-energy sources
One category of genes identified includes known or putative transport
and/or catabolic utilization systems for alternative or unusual C-sources.
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Among these are several known and uncharacterized Enzyme I- and
Enzyme II-like components of phosphoenolpyruvate (PEP): carbohydrate
phosphotransferase systems (PTS), MFS-family transporters, and
periplasmic-binding protein/ABC transporter systems for an array of
generally uncommon sugars (e.g, fuculose, xylulose), sugar alcohols
(e.g., galactitol, glucitol, sorbitol, xylitol), and amino-sugars (e.g., N-acetyl-
glucosamine, N-acetyl-galactosamine, N-acetyl-mannosamine) and
other C-compounds (e.g., glucarate, galactarate). In addition, known or
putative genes for the metabolism of alternative C-sources - such as
ethanolamine (eut genes), propanediol (pdu genes), and aldehydes
including glycolaldehyde and lactaldehyde (e.g., aldB, aldehyde dehydro-
genase) - have also been identified (Spector, 1998; Tsoy, Ravcheev, &
Mushegian, 2009; Xu & Johnson, 1995; Walter, Ailion, & Roth, 1997;
R. Khan & M. Spector, unpublished data). What is interesting is that these
transport and/or utilization systems are being induced in the absence of
exogenous (supplied) substrates. Thus, at least, some of these gene
products likely play a role in C-starvation avoidance by scavenging for
potential alternative carbon-energy sources should they become
available (Spector, 1998; M. Antonio, S. Lucchini, R. Chaudhuri, A.
Thompson, ]. Hinton, M. Spector, & M. Pallen, unpublished data). Worthy
of note is that the genes for propanediol utilization are also expressed
under in vivo-mimicking conditions and are proposed to be involved in S.

Typhimurium pathogenesis (Adkins et al., 2006; Heithoff et al., 1999;
Sonck et al., 2009).

Additional genes shown to be CSI and involved in utilization of
alternative C-sources are the fad genes. The fad gene products
function in the degradation of fatty acids of a variety of chain lengths.
The expression of the fadA, fadB, fadD and fadl genes were all increased
in C-starved cells relative to non-starved cells according to microarray
analysis (M. Antonio, S. Lucchini, R. Chaudhuri, A. Thompson, ]. Hinton,
M. Spector & M. Pallen, unpublished data). The fadF (or more
accurately fadE; Campbell & Cronan, 2002) gene, encoding a fatty
acyl-CoA dehydrogenase (ACDH) required for the degradation of a
broad range of fatty acid chain length molecules, is induced within the
first few hours C-starvation. The fadE gene is negatively-regulated by
FadR in log-phase cells and positively-regulated by cAMP:CRP and
ppGpp, but not 0%, in C-starved cells. Results with fadF(E) null mutants
indicate that early and continued fatty acid degradation is essential for
long-term C-starvation survival (Spector, DiRusso, et al., 1999). The fad
gene up-regulation correlates with a relative decrease in long-chain
monosaturated fatty acids and reduction in cell size during starvation
(El-Khani & Stretton, 1981; Huisman et al., 1996). This suggests that
phospholipids from the cell's membranes are taken up and used as
carbon-energy sources to mount and sustain the SSR. Interestingly, the



460 M.P. Spector, W.J. Kenyon / Food Research International 45 (2012) 455-481

STRESS

(e.g,. Heat-shock, Cold-shock, Oxidative stress,

NON-INDUCING CONDITIONS

Tl nms -

il

AREY o~

—

Periplasm

-y PREREET!
ppyssss 8885588

C-starvation/Stationary-phase, OMP overexpression)

A\ 72727
O

Cytoplasm
SspB 5) ”
RNAPED <& ‘43,’4, SspB
(6)
ClpX
ClpP of-regulated genes ClpX
(e.qg., rpoErseABC, CloP
htrA, surA, fkpA, skp, P
dsbC, ecfA-M, IpxP, "0
rpoH, and others) o . e RseA peptides

Fig. 2. Overview of of activation/expression by regulated intramembrane proteolysis (RIP) and transcriptionl autoregulation in Escherichia coli and Salmonella (Ades, 2008;
MacRitchie, Buelow, Price, & Raivio, 2008; Rowley et al., 2006). Under non-inducing conditions (left side) (i.e., the absence of misfolded proteins) the PDZ domain of DegS and RseB
inhibit DegS cleavage of RseA at its periplasmic cleavage site. When exposed to stresses that lead to the accumulation of misfolded proteins in the periplasm (right side), the DegS-
PDZ domain binds to the exposed carboxy-terminal peptide (Y-x-F) of certain misfolded outer membrane proteins (OMPs; e.g., OmpC). This binding plus the release of RseB from the
periplasmic domain of RseA activates DegS protease activity leading to RseA cleavage at the periplasmic site (1). Relief of the DegS, RseA, and RseP-PDZ domain inhibition results in
RseP protease activation, which cleaves RseA at the cytoplasmic cleavage site (2). This releases the o®-RseA inhibitory complex into the cytoplasm (3), which then binds to SspB,
directing this complex to ClpXP for degradation (4). Proteolysis of the RseA fragment leads to oF release (5) allowing it to bind with core RNA polymerase (RNAP) and transcribe o®-
dependent genes (6). The genes listed are examples of regulon members; see the corresponding text for additional genes and explanations. j=, indicates a negative effect on targeted

step; <+, indicates a positive effect on targeted step.

fadE gene is induced inside cultured MDCK epithelial cells but is not
required for S. Typhimurium virulence in the mouse virulence model
(Spector, DiRusso, et al., 1999).

The dadAB genes compose an operon and are needed for the utiliza-
tion of L-/p-alanine and some other p-amino acids (e.g., p-asparagine,
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Fig. 3. Western blot hybridization showing accumulation of ¢° (top panel) and of
(bottom panel) in exponential-phase (EP) cells and cells glucose (C)-starved for up to
72 hours.

(WJ. Kenyon & M.P. Spector, unpublished data).

p-phenylalanine, and p-methionine) as sole C-sources; dadA encodes a
p-amino acid dehydrogenase and dadB encodes one (i.e., catabolic) of two
alanine racemases (McFall & Newman, 1996). The previously character-
ized (P- and) C-starvation inducible stiB locus (Seymour et al., 1996;
Spector et al.,, 1988; Spector & Cubitt, 1992) turns out to be the dadAB
operon (M. Pallen & M. Spector, unpublished data). A dadAB double
mutant is defective in the utilization of L-alanine, p-alanine and p-alanyl-
p-alanine as sole C-sources; however, a dadA *dadB mutant is defective
only in the utilization of r-alanine. Both dadA-lac and dadB-lac
fusions where induced by L-alanine and C-starvation but not p-alanine
or p-alanyl-p-alanine (N. Verneuil & M. Spector, unpublished data). A
possible reason for the induction of dadAB by L-alanine and C-starvation is
the utilization of L-alanine from protein degradation and p-alanine from
peptidoglycan degradation, respectively, as C-sources. This is supported
by the fact that the dadAB operon is required for long-term C-starvation
survival. Surprisingly, the dadAB operon was also needed for adaptive
H,0,-inducible H,0, resistance (independent of OxyR) but not CSI cross-
resistance to H,0, (Seymour et al,, 1996). The dadAB operon does not
requires o> for its induction during C-starvation and is negatively
regulated by cAMP receptor protein (CRP) but apparently independent
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of cAMP during exponential-phase growth (O'Neal et al., 1994; Spector &
Cubitt, 1992). These findings suggest that the ability to metabolize L-
alanine/p-alanine (and/or possibly other p-amino acids) is an essential
component of the SSR, especially with respect to long-term C-starvation
survival. The sources of these substrates during C-starvation are likely
either from the environment (possibly released from lysed/dead bacteria
or other organisms) or the degradation of the bacteria's own peptidogly-
can and/or proteins.

2.1.3. Expression of alternative (anaerobic) respiration systems
Nystrém, Larsson, and Gustafsson (1996) proposed that C-starved
cells growing aerobically exhibit physiologic characteristics of cells
shifted to anaerobic conditions. Based upon the defective C-starvation
survival phenotype of an E. coli arcA mutant, they proposed that
C-starvation survival requires: (a) reduction in electron donor produc-
tion, (b) diminished aerobic respiratory enzyme activity - thus,
decreased reactive O, species generation limiting potential macromo-
lecular damage - and (c) control of the rate of energy source utilization
(Nystrém et al,, 1996). The proposed similarities between C-starved
and anaerobically-growing cells including the documented reduction in
aerobic respiratory enzymes in C-starved cells and expression of
alternative respiratory enzymes that use alternative terminal electron
acceptors (e.g, fumarate, nitrate and nitrite) to produce utilizable
energy during anaerobiosis, suggest that the utilization of alternative
respiratory systems may be important in C-starved cells. However,
the expression of alternative respiratory enzyme systems typically
requires the particular electron acceptor to be present in the absence
of oxygen (Gennis & Stewart, 1996). Nonetheless, the importance of
alternative respiratory systems in (aerobically grown) C-starved cells
is supported by the finding that previously described stiA mutations
are in the narZ gene. The narZ gene is the second gene of the
narUZYWV operon encoding a nitrite extruder/nitrate transporter
protein (NarU) and a second, so-called cryptic, nitrate reductase NR-Z
(Clegg, Jiam, & Cole, 2006; Spector, Garcia del Portillo, et al., 1999). NR-Z
is nitrate-unresponsive and anaerobiosis-repressed. In addition to
being C-starvation-inducible, the narUZYWV operon is P- and N-source
starvation-inducible. Furthermore, narUZYWV expression is o°-
dependent during starvation, CAMP-CRP repressed during exponential
aerobic growth, FNR-repressed during anaerobic growth and partially
repressed by reduced-form of OxyR (OxyR;eq) during exponential aerobic
growth (Gennis & Stewart, 1996; O'Neal et al., 1994; Seymour et al., 1996;
Spector, 1990; Spector et al., 1988; Spector & Cubitt, 1992; Spector, Garcia
del Portillo, et al, 1999). Thus, ¢° accumulation in C-starved cells
overcomes the cAMP-CRP repression and aerobic growth relieves
the FNR-repression allowing for increased expression of narUZYWV.
Furthermore, when exponential cells growing aerobically are adapted
with sub-inhibitory levels of H,0,, narUZYWV becomes partially
derepressed as OxyR.q becomes oxidized. In agreement with its com-
plex regulation by known stress regulators, NR-Z is essential for long-term
C-starvation survival, CSI cross-resistance to high temperature and acid
pH as well as H,0,-inducible adaptive H,0, resistance (Seymour et al.,
1996; Spector & Cubitt, 1992; Spector, Garcia del Portillo, et al., 1999).
Clegg et al. (2006) showed that in E. coli NarU accumulates in C-starved
and chemostat-slow growing cells (with or without nitrate) and provides
a selective advantage in the absence of the nitrate-inducible anaerobiosis-
inducible NarK nitrate transporter to cells during slow-growth and
starvation conditions. However, their studies were carried out in
the presence of (albeit limiting) nitrate concentrations. The role of NR-Z
in C-starved cells and H,0,-adapted cells is not clear. Based on the
phenotypes associated with null mutations, it appears to involve more
than its function as a nitrate reductase, since no exogenous nitrate is
provided under the conditions of these studies (Seymour et al., 1996;
Spector & Cubitt, 1992; Spector, Garcia del Portillo, et al., 1999). This raises
the possibility that NR-Z may be important for the defense against “aging”
as proposed by Nystrom et al. (1996). Interestingly, narZ is induced
approximately twenty-fold within MDCK cells and a narZ null mutant is

attenuated about ten-fold in the BALB/c mouse model (Spector, Garcia del
Portillo, et al., 1999).

According to microarray analyses, several other alternative respira-
tion systems are up-regulated in aerobically grown C-starved cells
(M. Antonio, S. Lucchini, R. Chaudhuri, A. Thompson, . Hinton, M. Spector,
& M. Pallen, unpublished data). Again, the increased expression of these
systems occurs independently of their substrates/electron acceptors.
These include: (a) a known (dmsABC) and three putative (STM1499-
1496; STM2530-2528; STM4305-4307) anaerobic dimethyl sulfoxide
(DMSO) reductases, (b) a tetrathionate reductase (ttrAB; ttrSR TCS), (c) a
nitrate-inducible formate dehydrogenase (fdnIHG), (d) hydrogenase 1
complex/cytochrome oxidase (STM1786-1793), (e) hydrogenase 3
complex (hydN hycABCDEFGHI) — part of the formate-hydrogen lyase
complex, (f) a periplasmic nitrate reductase (napFDAGHBC), (g) a nitrite
reductase (nirBD), (h) a (formate-dependent) nitrite reductase
(nrfABCDG), (i) an anaerobic sulfide reductase (asrABC), and (j) a
trimethylamine N-oxide (TMAO) reductase (torCAD).

2.1.4. Modification of cell envelope structures

Another locus identified as a C-starvation-inducible SSR locus is stiC
(O'Neal et al,, 1994; Seymour et al., 1996; Spector, 1990; Spector et al.,
1988; Spector & Cubitt, 1992). The stiC locus was found to encode the
two gene operon yohC pbpG (Kenyon et al., 2007). The yohC gene
encodes a 195 amino acid protein with an N-terminal cytoplasmic
domain containing six histidine residues (multiple histidine residues is a
conserved motif among the YohC orthologues in the «y-proteobacteria)
and five predicted transmembrane domains supporting its proposed
function as an inner membrane transport protein. An E. coli yohC mutant
fails to reduce selenate to selenium but is able to reduce selenite to
elemental selenium; thus, YohC was proposed to be involved in selenate
transport (Bébien et al., 2002). However, S. Typhimurium yohC mutants
are not defective in the reduction of either selenate or selenite to
elemental selenium suggesting a divergent function for YohC or
compensatory functions that compensate for the lack of YohC in
selenate transport (Kenyon et al., 2007). The pbpG gene encodes the
periplasmic pp-endopeptidase penicillin-binding protein (PBP) 7/8
(Henderson, Dombrosky, & Young, 1994; Henderson, Templin, &
Young, 1995; Romeis & Holtje, 1994). The yohC pbpG operon is not
only C-starvation-inducible but is P and N-starvation induced as well.
Its expression is o>-dependent, positively regulated by ppGpp, and
cAMP-CRP repressed during exponential-phase growth (O'Neal et al.,
1994; Seymour et al., 1996; Spector & Cubitt, 1992). Kenyon et al. (2007)
later showed that strains lacking yohC and unable to induce pbpG during
the first five hours of C-starvation are defective in CSI cross-resistance to
H,0, and 55 °C. In comparison, strains lacking yohC but able to induce
pbpG in five-hour C-starved cells exhibit wild type CSI cross-resistance
to H,0, and 55 °C. Interestingly, CSI levels of pbpG are not essential for
resistance to these stresses in cells C-starved for twenty-four hours.
Mutants unable to induce pbpG during the first few hours of C-starvation
are also defective in C-starvation survival (Kenyon et al., 2007; Spector &
Cubitt, 1992). This indicates that YohC is not required for the SSR but CSI
levels of pbpG are required for the SSR in five hour, but not twenty-four
hour, C-starved cells. The need for PBP 7 early during the SSR may reflect
its proposed functions in peptidoglycan remodeling and/or changes in
cell shape (Meberg, Paulson, Priyadarshini, & Young, 2004; Romeis &
Holtje, 1994) since both these events occur early during C-starvation.
Additionally, based upon the profile of B-lactam antimicrobics (those
able to lyse non-growing cells) that bind to it, PBP 7 is proposed to have a
role in inhibiting autolysis of non-growing E. coli cells by helping to
produce an autolysis-resistant peptidoglycan (Tuomanen & Schwartz,
1987). A logical conclusion from this is that induced levels of PBP 7 are
required to generate an appropriately structured peptidoglycan that
affords the cell resistance (perhaps by inhibiting autolysis) to the
effects of C-starvation and oxidizing agents or high temperature early
during C-starvation. An interesting addition to this story is that the yohC
pbpG operon is induced more than 12-fold within MDCK epithelial cells;
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although, this does not correspond to an overt reduction in virulence in
the BALB/c mouse model (Kenyon et al., 2007).

Another putative C-starvation-inducible gene whose protein prod-
uct modifies structures in the cell envelope is the IpxP (ddg) gene. In
E. coli, this gene encodes a cold-shock inducible palmitoleoyl transferase
that adds a palmitoleoyl fatty acyl group to the lipid A of LPS. The
addition of palmitoleoyl acyl groups to lipid A is thought to increase the
fluidity of the outer membrane (Carty, Sreekumar, & Raetz, 1999). The
IpxP gene is also regulated by of in E. coli (Rezuchova, Miticka,
Homerova, Roberts, & Kormanec, 2003). The Salmonella IpxP homolog
exhibits significant induction in C-starved cells based upon microarray
analyses (M. Antonio, S. Lucchini, R. Chaudhuri, A. Thompson, J. Hinton,
M. Spector, & M. Pallen, unpublished data). However, preliminary
results indicate that a [pxP null mutant was not significantly defective
in the SSR compared to wild type cells (L. Pham and M.P. Spector,
unpublished data).

2.2. Acid stress

Acid tolerance or resistance is a common and important environ-
mental stress encountered by Salmonella serovars. The development of
acid tolerance/resistance in S. enterica is very complex and highly
influenced by stage of growth (e.g, exponential-phase versus stationary-
phase), growth temperature, the mode of environmental acidification
(e.g., the presence of organic or fatty acids versus inorganic acids) and/or
the presence of certain amino acids (e.g., arginine, lysine) (Alvarez-
Ordofiez, Fernandez, Bernardo & Lopez, 2010a, 2010b; Audia, Webb, &
Foster, 2001; Karatzas et al., 2008; Kieboom & Abee, 2006; Kwon & Ricke,
1998; Xu, Lee, & Ahn, 2008).

Acid resistance is especially important for foodborne pathogens that
must survive the acidic pH of the stomach - which can drop to around
pH 2 under fasting conditions - before entering and colonizing the small
intestines or colon (Berk, de Jonge, Zwietering, Abee, & Kieboom, 2005;
Lin, Lee, Frey, Slonczewski, & Foster, 1995). For facultative intracellular
pathogens like S. Typhimurium, acidification of the phago-lysosome
creates another obstacle to survival in the host (Oh et al., 1996;
Rathman, Sjaastad, & Falkow, 1996). Resistance to stomach acidity
significantly effects the infectious dose of pathogens in food, e.g, the
infectious doses of Vibrio cholerae, non-Typhi Salmonella, and Shigella
flexneri are approximately 10°, 10° and 10? bacteria, respectively. Not
surprisingly, this correlates strongly to the relative acid sensitivities of
these bacteria with V. cholerae being very acid sensitive, S. flexneri being
strongly acid resistant and Salmonella falling somewhere in between
(Audia et al., 2001; Lin et al., 1995).

Acid stress is also frequently encountered naturally in many foods,
such as fruit juices; or, as a result of the use of weak organic acids or
short-chain (volatile) fatty acids (SCFA; e.g., acetic acid, citric acid,
propionic acids) as food preservatives (Alvarez-Ordéiiez et al., 2010a;
Alvarez-Ordéiiez, Fernandez, Bernardo, & Lopez, 2009; Baik, Bearson,
Dunbar, & Foster, 1996; Cherrington, Hinton, Mead, & Chopra, 1991; Jay,
Loessner, & Golden, 2005; Kwon & Ricke, 1998). Thus, the ability to
sense, respond and adapt to an acidified environment is key to
the epidemiology and virulence of foodborne pathogens such as
S. enterica.

Salmonella serovars are neutralophilic bacteria that have evolved
multiple tolerance or resistance mechanisms to promote their survival
during exposures to the normally lethal pHs of 3.0 or 2.5; these are
generally referred to as acid tolerance responses (ATRs) and acid
resistance (AR) mechanisms, respectively. Which system(s) plays the
dominant role(s) depends on: (a) the phase of growth of the cells when
the ATR is elicited [log-phase (LP) ATR versus stationary-phase (SP)
ATR]; and/or (b) whether certain amino acids are present during
exposure to the acidic pH of 2.5 (arginine- or lysine-dependent AR
systems); and/or (c) whether acidification of the environment results
from inorganic or organic acids (Alvarez-Ordéfiez et al., 2010a, 2010b;
Audia et al., 2001; Park, Bearson, Bang, Bang, & Foster, 1996).

2.2.1. Log-phase acid tolerance responses (ATR)

The LP ATR is elicited by exposing exponential-phase cells to a
moderate (non-lethal) external pH (pHex) of 4.5-5.8 for, at least, one
hour. Adaptation at pHex 5.8 induces a pH homeostasis system, which
functions to maintain an internal pH (pHj,) that allows for the
maintenance of cell viability when the external pH falls to 3.0 (Foster
& Hall, 1991). Lowering the adapting pHex to 4.5 induces the expression
of some fifty acid shock proteins (ASPs) (Audia et al., 2001; Foster, 1991,
1993, 1999; Foster & Hall, 1990; Foster & Moreno, 1999). Both of these
adaptation processes allow for the survival of cells when subsequently
exposed to the lethal pHex of 3.0 compared to unadapted cells that go
from pH 7.5-7.7 directly into pH 3.0 media. Induction of the LP ATR not
only results in increased acid resistance but it also imparts cross-
resistance to other stresses, e.g., oxidative stress, DNA damage, shifts to
high or cold temperature, or high osmolarity (Foster & Hall, 1990; Lee,
Lin, Hall, Bearson, & Foster, 1995; Leyer & Johnson, 1993; Xu et al.,2008).

The LP ATR in S. Typhimurium exhibits regulation by several
regulatory proteins including: o°, Fur, and PhoP (Audia et al.,, 2001;
Bearson, Benjamin, Swords, & Foster, 1996; Bearson, Wilson, & Foster,
1998; Foster, 1999; Hall & Foster, 1996; Lee et al,, 1995; Park et al.,
1998). The rapid acidification of exponential-phase cultures significant-
ly increases o levels in the cell largely because of increased translation
of rpoS mRNA (Audia & Foster, 2003; Fig. 1). Under these conditions, >
levels are also controlled by inhibiting its proteolysis by the ClpXP
proteasome, which is regulated by an atypical response regulator MviA
(a.k.a.,RssB or SprE; Fig. 1). Strains lacking MviA exhibit increased levels
of o° in exponential-phase due to protein stabilization with concomitant
increases in 0>-dependent gene expression and acid resistance (Bearson
et al,, 1996). At least ten of the fifty ASPs induced during the LP ATR are
o°-dependent including OsmY (a putative periplasmic protein of
unknown function) and SodClI (a periplasmic Cu?>*/Zn?*-superoxide
dismutase) (Fang et al., 1999). Both OsmY and SodClI are also induced
during the SSR; and, therefore, may play a role in acid pH resistance
generated during the LP ATR and SSR in S. enterica.

The fur gene product is a negative regulator of genes functioning in
the assimilation or uptake of exogenous iron. As a result, Fur controls the
intracellular levels of iron and, therefore, its potential role in oxidative
damage to cytoplasmic macromolecules, e.g., DNA and proteins (Lee &
Helmann, 2007; Touati et al.,, 2000; Zheng et al., 1999). Foster and Hall
(Foster & Hall, 1992; Hall & Foster, 1996) reported that fur mutants are
defective in generating a LP ATR and that Fur positively regulates,
directly or indirectly, several ASPs in an iron-independent manner.
These researchers (Hall & Foster, 1996) later demonstrated that Fur
separately senses iron and H* ion (i.e., acid pH) levels through histidine
residues located in separate domains of the protein.

This same research group also demonstrated that PhoP, the response
regulator component in a two-component regulatory system (TCS) with
the sensor-kinase PhoQ, is an ASP. They further demonstrated that
PhoPQ is yet another regulator in the LP ATR controlling the acidic
expression of both PhoP and PhoQ and, at least, three other ASPs
(Bearson et al., 1998). PhoQ is inactivated by extracellular Mg?" ions
and, thus, can be activated under low Mg?" ion concentrations,
autophosphorylating itself and transphosphorylating the PhoP response
regulator, which in turn directly or indirectly regulates multiple sets of
genes involved in Mg?™" homeostasis and virulence (Lucas & Lee, 2000;
Prost & Miller, 2008; Soncini et al, 1996). The phoPQ operon is
also induced by moderate acid pH even under high Mg2™ ion
concentrations (Bearson et al., 1998; Fig. 4). This suggests that PhoQ
might sense acidic pH via the effect of H* ions on the conformation of the
Mg?" ion-binding site, which in turn activates its histidine kinase
activity and the ultimate phosphorylation of PhoP. The importance of
PhoP-regulated gene expression in macrophage phago-lysosome sur-
vival and Salmonella virulence correlates well with its role as a TCS that
senses and responds to H™ and Mg?™" ions since these are probable
in vivo relevant cues. In vivo relevance is supported by the finding that
phago-lysosome acidification - and, thus, PhoQ/P activation - is essential
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Fig. 4. Overview of the regulation of the PhoPQ and PmrAB systems in Salmonella (Ernst et al., 2001; Gunn, 2008). The PhoQ and PmrB sensor (histidine) kinases sense environmental
cues such as Mg?* ion concentration (PhoQ), Fe>" ion concentrations (PmrB), acid pH or presence of antimicrobial peptides (APs). Under low Mg?* levels, acid pH or the presence of
APs, the PhoQ's his kinase is activated resulting in its autophosphorylation with subsequent transfer of the phosphoryl group to a conserved aspartate residue in PhoP forming PhoP-
P. Similarly, under high Fe>** or AI** concentrations, acid pH or presence of vandate, the PmrB his kinase is activated ultimately resulting in the phosphorylation of a conserved
aspartate residue in PmrA resulting in PmrA-P. PhoP-P and PmrA-P both go on to regulate the transcription of genes required for AP resistance, acid resistance and survival within
macrophages along with other functions. The PhoP-activated pmrD gene product PmrD connects PhoPQ activation to up-regulation of the PmrA-P regulon by binding to PmrA-P, thus
stabilizing it and promoting PmrA-P-regulated transcription. The genes listed are examples of regulon members; see the corresponding text for additional genes and explanations.
(+) indicates a positive effect (e.g., up-regulation), while (—) indicates a negative effect (e.g., down-regulation).

for S. Typhimurium survival within macrophages (Alpuche-Aranda et al.,
1992; Rathman et al,, 1996).

2.2.2. Stationary-phase ATR

Although starved or stationary-phase cells exhibit resistance to a
challenge of pHey 3.0, this resistance declines as the time of exposure
increases. However, if stationary-phase cells are first adapted to pHex 4.5
then they survive for much longer periods at pHex 3.0; this is called the
stationary-phase (SP) ATR. Interestingly, acid pH-inducible SP ATR is
0°-, Fur- and PhoP-independent indicating that it is distinct from the LP
ATR (Lee et al, 1994). Bang et al. (2000) later showed that null
mutations in the ompR gene made stationary-phase cells acid sensitive
and unable to elicit a SP ATR. The ompR gene forms an operon with envZ
in S. Typhimurium and other enterobacteria. The OmpR protein is the
response regulator in a TCS with the EnvZ sensor-kinase known to sense
and respond to changes in osmolarity (Mizuno & Mizushima, 1990;
Pratt & Silhavy, 1996; Poolman et al., 2002; Wood, 2006, 2007). Thus, in
addition to its role in osmoregulation, phosphorylated OmpR (OmpR-P)
is a key regulator of the SP ATR (Fig. 5).

OmpR/EnvZ, like PhoPQ, is also needed for the expression of
Salmonella pathogenicity island (SPI)-2 genes (Fass & Groisman, 2009;

Lucas & Lee, 2000). Foster and colleagues (Bang et al., 2000; Bang et al.,
2002) discovered that OmpR is an ASP and autoregulates the ompR envZ
operon in response to acid pH. The acid pH induction of ompR envZ
transcription requires EnvZ; but, the alternative phosphodonor mole-
cule acetyl-phosphate (Ac-P) is needed for the induction of essential
OmpR-dependent ASP gene expression, since ack pta double mutants
(unable to make Ac-P) induce ompR expression but fail to generate a SP
ATR (Audia et al., 2001; Fig. 5). The signal that EnvZ senses during acid
shock conditions is not clear. However, it is proposed that Ac-P functions
to phosphorylate OmpR as its levels increase in response to pH-
mediated changes in DNA supercoiling around the ompR promoter
region allowing OmpR-P to displace H-NS (a nucleoid binding protein)
relieving its repression of ompR transcription (Audia et al.,, 2001). It is
interesting to note that the RNAP-associated protein SspA plays a role in
stationary-phase acid resistance through downregulation of hns
expression in E. coli (Hansen et al., 2005); although, it is not clear if a
similar scenario occurs in Salmonella.

2.2.3. Amino acid-dependent acid resistance (AR) mechanisms
Stationary-phase S. Typhimurium also expresses AR mechanisms
that require the presence of either arginine or lysine for survival at pHex
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Fig. 5. Overview of the regulation of the EnvZ-OmpR system in Salmonella (Wood, 2006). The EnvZ sensor (his) kinase senses extremes in osmolarity and possibly acid pH. Under
hyperosmotic stress, EnvZ his kinase is activated resulting in its autophosphorylation with subsequent transfer of the phosphoryl group to a conserved aspartate residue in OmpR
forming OmpR-P. High levels of OmpR-P can bind to low affinity binding sites (light gray bars) upstream of the ompC, micF and ompF genes; however, micF RNA can bind to ompF
mRNA inhibiting its translation. As a result, OmpC expression is promoted under hyperosmotic conditions relative to OmpF expression. In contrast, low osmolarity reduces the
amount of OmpR-P so that OmpR-P primarily binds to a high affinity binding site (dark gray bar) upstream of ompF; thus, OmpF is preferentially expressed under hypoosmotic stress
relative to OmpC. In stationary-phase pH-adapted cells, OmpR can be phosphorylated by either EnvZ or acetyl phosphate (produced by the products of the ackA or pta genes).
However, acetyl phosphate plays a significant role in OmpR phosphorylation only when OmpR levels increase to high levels due to the effect of low pH in relieving the H-NS
repression of the ompR-envZ promoter region. OmpR-P can then go on to induce a subset of acid-shock genes/proteins, which includes the ompR-envZ operon. The genes listed are
examples of regulon members; see the corresponding text for additional genes and explanation. (+) indicates a positive effect (e.g., up-regulation), while (—) indicates a negative
effect (e.g., down-regulation).

2.5. Typically, the SP ATR does not provide significant resistance to pHex 2.2.4. Weak organic acid ATR

2.5. However, the adiA, cadA and cadB genes - encoding arginine The manner in which the external milieu is acidified significantly
decarboxylase, lysine decarboxylase and the lysine-cadeverine anti- influences the relative roles of acid tolerance mechanisms. Weak
porter, respectively - all increase in cells adapted at pHex 4.5 in rich organic acids or short-chain fatty acids (SCFAs) can, in addition to
(Brain-Heart Infusion; BHI) medium. This correlates to an increase in acidifying the cytoplasm (i.e., lowering the pHj,), also accumulate as an
acid resistance in pHex 4.5-adapted stationary-phase cells when intracellular anion (Baik et al., 1996; Cherrington et al., 1991); while
challenged at pHex 2.5 in the presence of either arginine or lysine inorganic acid (i.e., HCl) generally only acidifies the pH;, (Bearson et al.,
(Alvarez-Ordéiiez et al., 2010b; Park et al., 1996). Kieboom and Abee 1998; Park et al,, 1996). Mechanisms of acid tolerance to organic and
(2006) had previously shown that the addition of arginine increased inorganic acids appear to be different; however, adaptation with
survival at pHex 2.5 only in stationary-phase cells grown under anoxic inorganic acids provides resistance to acid stress mediated by organic
conditions as compared to microaerobic or aerobic growth conditions. acids or SCFAs, and vice versa (Baik et al., 1996; Bearson et al., 1998;
These researchers also found that transcription of adiA and adiC Kwon & Ricke, 1998). Adaptation with SCFAs, in contrast to HCl, of
(encodes the arginine-agmatine antiporter) is dependent on AdiY, exponential-phase cells is 0°>- and PhoP-independent; but, is Fur-
acid pH and anaerobiosis (Kieboom & Abee, 2006). It is not clear dependent (Audia et al., 2001; Bearson et al., 1998; Foster, 1999). This is
whether these findings are in complete agreement with those of interesting since adaptation using either inorganic or organic acids leads
Alvarez-Ordéiiez et al. (2010b) since it is unclear whether the cultures to increased levels of 0° (Audia & Foster, 2003; Baik et al., 1996; Bearson
in the later study were grown under similar conditions. In any case, it is et al., 1996).

clear that the presence of arginine or lysine during extreme acid stress In a recent report, Alvarez-Ordéfiez et al. (2010a) showed that
conditions (e.g., in the stomach) may enhance the likelihood of survival growth temperature has a significant effect on the magnitude of the ATR
of S. enterica serovars allowing them to enter and colonize the intestines. in response to organic acids. Acid resistance was lowest in cells grown at

A similar case can be made for survival of Salmonella in very acidic foods. 10 °C and increased with rising growth temperatures peaking at 37 °C
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before falling off as the growth temperature increased to 45 °C (acid
resistance was about the same in cells grown at either 25 °C or 45 °C).
These researchers also demonstrated that adaptation with citric acid (as
opposed to lactic acid or acetic acid) generated the strongest ATR in cells
grown at 25 °C or 37 °C (Alvarez-Ordéiiez et al., 2010a). Thus, growth
temperature is an important parameter in generating acid resistance in
S. Typhimurium strains influencing survival of Salmonella serovars in
foodstuffs.

2.3. Oxidative stress

Salmonella serovars are exposed to a multitude of oxidizing agents as
they pass through both host and non-host environments. In the
presence of oxygen, reactive oxygen species (ROS) such as superoxide
anion (O»*~) and hydrogen peroxide (H,0,) originate either from
endogenous aerobic metabolism or as part of an assault from
(phagocytic) cells of the immune system (Farr & Kogoma, 1991; Foster
& Spector, 1995; Hassett & Cohen, 1989; Imlay, 2008; Janssen et al.,
2003). These compounds react strongly with organic molecules causing
damage to nucleic acids, proteins, lipids, and carbohydrates (Cabiscol et
al., 2000; Farr & Kogoma, 1991; Imlay, 2008), and without protective
mechanisms, bacterial cells would quickly succumb to an accumulation
of oxidative damage. Consequently, Salmonella serovars have evolved
several sophisticated molecular strategies for combating oxidative
stress arising from a variety of sources.

In Salmonella (and E. coli), there are two major stress response
pathways responsible for dealing with oxidative stress. The OxyR
regulon responds specifically to the presence of H,0,, whereas the
SoxRS regulon senses changes in the cellular redox state caused by
redox-cycling agents (Christman et al, 1985; Morgan et al., 1986;
Pomposiello & Demple, 2000; Pomposiello & Demple, 2001; Storz &
Imlay, 1999; Storz, Tartaglia & Ames, 1990a; Tsaneva & Weiss, 1990).
Although a few genes are under the control of both regulons, there is
surprisingly limited overlap between the OxyR and SoxRS pathways,
perhaps reflecting different types of oxidative damage caused by H,0,
and redox-cycling agents.

2.3.1. OxyR-regulated oxidative stress responses

Exposure to H,0, results in an increased synthesis of over forty
proteins (Christman et al., 1985; Demple & Halbrook, 1983; Morgan et
al., 1986; VanBogelen et al., 1987). The expression of, at least, ten of
these proteins is controlled by the H,O,-responsive transcriptional
regulator OxyR (Pomposiello & Demple, 2001; Storz & Imlay, 1999;
Storzetal., 1990a; Storz, Tartaglia & Ames, 1990b). OxyR protein forms a
homotetramer, with each OxyR subunit containing a pair of cysteine
residues that function in sensing oxidative stress (Storz & Zheng, 2000;
Storz et al., 1990a; Storz et al., 1990b; Zheng et al., 1998). Levels of H,O,
or redox state of the cell appear to act as a molecular switch that
causes conformational change(s) in OxyR promoting its role as a
transcriptional activator (Helmann, 2002; Kim et al., 2002; Storz &
Zheng, 2000). The oxidized form of OxyR (OxyR.x) induces the
transcription of several genes which function in the breakdown of
H,0, (katG), protection of DNA (dps), reduction of oxidized lipids
(ahpCF), and formation of disulfide bonds (gorA, grxA, and trxC) (Storz &
Zheng, 2000). In addition, OXyR, activates fur gene expression and the
expression of a small regulatory RNA (sRNA) OxyS (Altuvia et al., 1997;
Zheng et al., 1999). Increased Fur levels are proposed to prevent the
formation of hydroxyl radicals via the Fenton reaction by reducing iron
uptake. The OxyS sRNA functions in preventing mutagenesis under
conditions of oxidative stress and may be a regulatory link between the
OxyR regulon and other stress response networks, e.g., the 0° regulon
(Cadenas, 1989; Storz & Zheng, 2000; Zheng et al., 1999). The reduction
of OxyR (OxyR.eq) is catalyzed by the OxyR-regulated GrxA (glutar-
edoxin 1) using glutathione as the reductant (Zheng et al., 1998).
OxyR.cq autorepresses oxyR gene transcription (Storz & Zheng, 2000;
Zheng et al., 1998). Another locus repressed by the OxyReq is the

narUZYWV operon of S. Typhimurium (Seymour et al., 1996; Spector,
Garcia del Portillo, et al., 1999).

2.3.2. SoxRS-regulated oxidative stress responses

In S. Typhimurium and E. coli, exposure to redox-cycling compounds
up-regulates the expression of greater than 100 proteins many of which
are regulated by the SoxRS system (Greenberg & Demple, 1989;
Greenberg et al., 1990; Pomposiello & Demple, 2000; Pompsiello et al.,
2001; Tsaneva & Weiss, 1990; Walkup & Kogoma, 1989). It was initially
believed that the SoxRS system functions in superoxide resistance since
redox-cycling agents (e.g., paraquat, phenazines, plumbagin, menadi-
one, etc.) generate superoxide and some SoxRS regulon gene products
function to detoxifiy (e.g, sodA) or prevent production of superoxide
(e.g., nfsA). However, this does not appear to be the case, at least for
E. coli, since the SoxRS system is not efficiently activated by even high
levels of superoxide and overproduced superoxide dismutase (SOD)
does not prevent activation by redox-cycling agents (Gu & Imlay, 2011).
The SoxR protein forms a homodimer with each monomer containing an
iron-sulfur center [2Fe-2S], which undergo oxidation in the presence of
redox-cycling agents (Demple et al., 1999; Touati, 2000b). Gu and Imlay
(2011) demonstrated that the 2Fe-2S clusters of SoxR are directly
oxidized by redox-cycling agents and not by superoxide. The oxidation
of SoxR results in a conformational change producing oxidized SoxR
(SoxRox), which transcriptionally activates the soxS gene (Nunoshiba
et al,, 1992; Wu & Weiss, 1991). The transcriptional activator SoxS in
turn induces the expression of over a dozen genes. In addition to sodA
and nfsA, members of the SoxS regulon include: (a) fIdA, fldB and fpr,
maintenance of the reduced state of iron-sulfur centers, (b) nfo, repair
of DNA damage, (c) zwf, increase of reducing power within the cell,
(d) fumC and acnA, oxidation-resistant isoenzymes of fumarase and
aconitase, and (e) tolC, micF and acrAB, exclusion or efflux of redox-
cycling agents from the cell (Storz & Zheng, 2000). Like OxyR, the SoxRS
system also induces expression of fur, preventing formation of hydroxyl
radicals through the Fenton reaction (Zheng et al.,, 1999). In E. coli and
presumably Salmonella, once the oxidative stress is alleviated, SOXR.y is
reduced through the action of reducing systems encoded by rseC (the
last gene of the rpoE-rseABC operon) and rsxABCDGE (Koo et al., 2003)
and SoxS is proteolytically degraded stopping the response (Griffith
et al,, 2004). Although, defense against superoxide stress is part of the
function of the SoxRS regulon it apparently is not the most important
because redox-cycling agents are toxic even under anaerobic conditions.
The defense against redox-cycling compounds - which are produced by
a number of bacteria and plants to reduce competition (Inbaraj &
Chignell, 2004; Turner & Messenger, 1986) - seems to be the primary
function of the SoxRS regulon.

2.3.3. Roles of other regulators in oxidative stress responses

OxyR and SoxRS do not solely control all of the proteins that function
in resistance to oxidative stresses. Other regulatory factors also control
the expression of oxidative stress resistance genes, either alone or in
addition to OxyR or SoxRS. For example, the genes katE, xthA and sodC,
encoding hydroperoxidase II, exonuclease IIl and periplasmic superox-
ide dismutase, respectively, are regulated by the alternative sigma factor
o° (Storz & Zheng, 2000). The genes katG (hydroperoxidase I), gorA
(glutathione reductase), dps (DNA protection), narZYWV (nitrate
reductase-Z) and oxyR, itself, are regulated by both o and OxyR
(Michan et al., 1999; Seymour et al., 1996; Spector, DiRusso, et al., 1999;
Spector, Garcia del Portillo, et al., 1999; Storz & Zheng, 2000).
Futhermore, the OxyR.x-regulated small RNA OxyS represses rpoS
translation under certain conditions (Altuvia et al., 1997; Zhang et al.,
1998). The SoxRS-regulated fumC and acnA genes are also under o°
control (Storz & Zheng, 2000). The oxygen-responsive regulators FNR
and ArcAB also influence the expression of genes in the SoxRS regulon
and a few genes not regulated by either SoxRS or OxyR (Fink et al., 2007;
Lu et al, 2002; Storz & Zheng, 2000). In addition to o°-regulated
responses, networks responsive to thermal stress, envelope stress and
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starvation-stress, which are regulated by o™ and of (Bang et al., 2005;
Kenyon et al., 2002), and the SOS response to extreme DNA damage,
regulated by LexA and RecA (Buchmeier et al., 1993; Farr & Kogoma,
1991), include proteins functioning in resistance to oxidative stress. In
fact, DNA repair mechanisms may be more important than catalase
activity for Salmonella survival within the phagolysosome of macro-
phages (Buchmeier et al., 1995).

Henard et al. (2010) reported that the stringent response regulator
DksA plays a role in antioxidant responses in Salmonella. In this study,
the researchers demonstrate that DksA “boosts” antioxidant defenses in
nutritionally stressed stationary phase cells. They propose that DksA
does this through its control of redox balance. DksA can control redox
balance through its affect on NAD(P)H/NAD(P) * levels via its regulation
of steps within the pentose phosphate pathway and tricarboxylic acid
cycle. These researchers also found that DksA promotes resistance to
H,0, and ROS generated by NADPH phagocyte oxidase (phox). They
present the hypothesis that the control of central metabolic pathways
(Spector, 2010) by DksA helps maintain redox homeostasis and that this
is essential for antioxidant defenses in Salmonella and other bacteria.

Neither OxyR nor SoxRS are necessary for S. Typhimurium survival
within murine macrophages or for full virulence in mice - unlike
for E. coli - suggesting that there are compensatory mechanisms
produced by S. Typhimurium involved in combating oxidative stress
in vivo (Fang et al., 1997; Nunoshiba et al., 1993; Nunoshiba et al.,
1995; Papp-Szabo et al., 1994; Taylor et al., 1998). In support of this
idea, S. Typhimurium produces a number of H,0, scavengers and
periplasmic superoxide dismutase activities (SodCI and SodClII) that
play a role in virulence (Battistoni, 2003; Craig & Slauch, 2009; Hébrard
et al,, 2009; Uzzau et al., 2002). A possible explanation for this is that
salmonellae must deal with ROS (as well as RNS) generated both
endogenously and externally during the respiratory burst of phagocytes.
Interestingly, only SodCl is needed for virulence in mice presumably by
protecting against extracytoplasmic damage caused by phagocyte-
generated superoxide. This suggests that SodCll helps contend with
oxidative stress in other environments (Craig & Slauch, 2009; Uzzau et
al., 2002). Several transcriptional regulators in S. Typhimurium (slyA,
rpoS, rpoE and recA) also control aspects of oxidative-stress resistance
and virulence in mice (Buchmeier et al., 1993; Buchmeier et al., 1997;
Fang et al., 1992; Testerman et al.,, 2002). Some of the individual genes
controlled by these regulatory proteins could encode undiscovered
Salmonella-specific antioxidant defenses involved in pathogenesis.

2.4. Thermal stress and envelope (extracytoplasmic) stress

High temperature stress has differing effects on the cytoplasm and
cell envelope of Gram-negative bacteria. In Salmonella and E. coli, the
response to thermal stress is accordingly subdivided into a cytoplasmic
heat-shock response controlled by the classic heat-shock sigma factor
o' and an extracytoplasmic response regulated by the extracytoplasmic
function (ECF) sigma factor of (Ades, 2008; Alba & Gross, 2004; Guisbert
et al,, 2008; Nonaka et al., 2006). Interestingly, several o'~ and of-
regulated genes encoding cytoplasmic and periplasmic chaperones and
proteases appear to contribute to Salmonella virulence (Conlin & Miller,
2000; Foster & Spector, 1995; Humphreys et al., 2003; Lewis et al., 2009;
Rowley et al., 2010; Sydenham et al., 2000; Takaya et al., 2003; Takaya et
al.,2004; Thomsen et al., 2002). The molecular mechanisms of 0" and o®
activation differ, but both mechanisms allow for a rapid response to
thermal stress. Although, originally described for its role in bacterial
responses to higher temperature heat-shock, o was later shown to
function in a number of responses to stresses, which result in the
accumulation of misfolded envelope proteins, primarily proteins
destined for the outer membrane (i.e., envelope stress).

Over recent years, at least five systems have been found to play a role
in bacterial envelope stress responses (ESRs) the of, Cpx (conjugative
pilus expression), phage-shock protein (Psp), Bae (bacterial adaptive
response) and Rcs (regulator of capsular synthesis) responses (Alba &

Gross, 2004; Rowley et al., 2006; Ades, 2008; MacRitchie et al., 2008).
The o, Cpx and Psp ESRs are discussed below, while the Bae and Rcs
ESRs are discussed under bile and AP resistance mechanisms,
respectively, based on known functions in Salmonella.

2.4.1. o"-Regulated thermal stress responses

Transcription of the rpoH gene, encoding 0", depends very little on
changes in temperature (Yura & Nakahigashi, 1999). Instead, the
intracellular concentration of o' is regulated at the translational level. At
lower temperatures (30 °C), intramolecular hydrogen bonding prevents
translation of rpoH mRNA, while at elevated temperatures (42 °C), the
secondary structure of rpoH mRNA opens allowing ribosomal binding
and translation (Morita, Kanemori, et al., 1999; Morita, Tanaka, et al.,
1999). This molecular switch acts as a built-in molecular thermometer
for monitoring thermal stress. As part of the RNA polymerase
holoenzyme complex (RNAPo'™), o directs the transcription of more
than 30 heat-shock proteins (HSPs) which function as molecular
chaperones and proteases (Foster & Spector, 1995; Guisbert et al,
2008; Lund, 2001; Nonaka et al., 2006). The cytoplasmic heat-shock
response is down-regulated by o"-regulated proteases, e.g., the
membrane-bound ATP-protease FtsH (Herman et al., 1995; Kanemori
et al., 1999; Morita et al., 2000; Straus et al., 1987; Tomoyasu et al.,
1995). This negative feedback loop helps to control overexpression of
HSPs. Formation of RNAPo! complex is also controlled by the
competition between RNA polymerase and the o'-regulated Dnak-
Dna]J chaperone complex for 0" binding (Guisbert et al., 2004; Morita et
al., 2000). The DnaK-DnaJ chaperone complex also binds to misfolded
proteins, which would increase at higher temperatures allowing more
RNAPo' binding and increased HSP expression. Therefore, o' is under
control by the HSPs present in the cytoplasm and by the direct effect of
temperature on rpoH translation and protein misfolding (Guisbert et al.,
2004; Tomoyasu et al., 1998; Yura et al., 2000).

2.4.2. of-Regulated thermal and envelope stress responses

While the o"-regulon largely deals with the accumulation of
misfolded proteins in the cytoplasmic compartment, the alternative
sigma factor oF, (encoded by rpoE), controls multiple cell envelope, or
extracytoplasmic, functions that mitigate the effects (e.g., accumulation
of misfolded proteins) of high temperatures on the extracytoplasmic
compartment as well as other factors causing envelope stress (Alba &
Gross, 2004; Rowley et al., 2006; Ades, 2008; MacRitchie et al., 2008;
Fig. 2). However, the fact that one of the promoters controlling
expression of the rpoH gene are under o® control (Erickson & Gross,
1989; Wang & Kaguni, 1989) allows for a coordinated response to
thermal, and possibly general envelope, stress that involves both
cellular compartments.

At lower temperatures, o is sequestered by the membrane-bound
anti-sigma factor RseA (De Las Pefas et al., 1997b; Missiakas et al.,
1997). At temperatures above 45 °C, misfolded proteins, destined for the
outer membrane and/or periplasm, accumulate in the periplasm
triggering the sequential proteolytic cleavage of RseA by the inner
membrane proteases DegS and RseP (YaeL). This regulated intramem-
brane proteolysis (RIP) of RseA results in the release of an ot-RseA
inhibitory complex into the cytoplasm. Interaction with SspB directs this
complex to the ClpXP proteasome; resulting in the degradation of the
RseA fragment and release of oF into the cytoplasm (Alba & Gross, 2004;
Rowley et al., 2006; Ades, 2008; MacRitchie et al., 2008; Fig. 2). Once
released of forms a complex with RNA polymerase (RNAPo®) and
directs the transcription of specific sets of genes whose protein products
play a role in combating extracytoplasmic stress. Members of the ot
regulon include: periplasmic chaperones (e.g, SkpA, SurA, DegP),
peptidyl-prolyl isomerases (e.g., SurA, FkpA), (serine) proteases (e.g.,
DegP) and other factors involved in outer membrane biosynthesis and
function (Dartigalongue et al., 2001; MacRitchie et al., 2008; Rhodius
et al,, 2006; Rowleyet al., 2006; Skovierova et al., 2006). Because the
rseA gene is part of the rpoE operon (rpoE rseABC), which is itself o-
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regulated, the extracytoplasmic response to thermal stress is feedback
controlled. As intracellular oF levels rise in response to extracytoplasmic
stress, so does the concentration of the anti-sigma factor RseA in the
inner membrane replenishing this key “stop” signal for the response
(Dartigalongue et al., 2001; Skovierova et al., 2006).

Several facts suggest that the o regulons of Salmonella and E. coli have
diverged over time. For example, rpoE null mutants cannot be isolated in
E. coli without suppressor mutations (Button, Silhavy, & Ruiz, 2006; De
Las Pefias, Connolly, & Gross, 1997a). However, rpoE null mutants of
serovar Typhimurium are viable although they can exhibit some growth
defects (Humphreys et al., 1999). Furthermore, Salmonella rpoE mutants
show impaired thermotolerance as well as decreased survival in
macrophages and attenuated virulence in mice (Humphreys et al.,
1999; Testerman et al., 2002). In addition, there are some differences in
the regulation of certain genes involved in thermotolerance, such as degP
(htrA), fkpA and surA, and in the consensus promoter sequences
recognized by of in Salmonella and E. coli (Dartigalongue et al.,, 2001;
Kenyon et al., 2010; Lewis et al.,, 2009; Rhodius et al., 2006; Skovierova et
al,, 2006). These variations may be related to particular environmental
adaptations these bacteria developed as they evolved (Winfield &
Groisman, 2003).

A number of o®- and o'’-regulated genes are involved in Salmonella
virulence. Null mutations in the o®-regulated degP (htrA) gene (encodes
a periplasmic serine protease) reduce survival of S. Typhimurium inside
murine macrophages and attenuate virulence in mice (Sydenham et al.,
2000). Inactivation of the ot-regulated fkpA gene (encodes a periplas-
mic, peptidyl-prolyl isomerase) alone has very little effect on the
survival of S. Typhimurium inside macrophages or on virulence in mice,
but has a significant effect when combined with a surA or degP null
mutation (Humphreys et al., 2003). Both degP and surA null mutant
strains exhibit potential as live oral vaccines against salmonellosis. The
o'-regulated genes dnak, dna, groE, cIpP, lon, and opdA also appear to be
involved in Salmonella virulence (Conlin & Miller, 2000; Foster &
Spector, 1995; Takaya et al., 2003, 2004; Thomsen et al., 2002). In
addition, derepression of a number of Salmonella genes during a
temperature upshift from 25-37 °C is dependent on the histone-like
DNA-binding protein H-NS (Fang & Rimsky, 2008; Ono et al., 2005).
Together, this suggests that these cytoplasmic and periplasmic
chaperones and proteases play a key role in combating protein-
misfolding inducing stresses encountered within host environments.

2.4.3. CpxRA-regulated envelope stress response systems

The of regulon works in coordination with the two-component
CpxRA system in controlling the expression cell envelope factors needed
to prevent or repair damage caused by high temperature or other factors
causing envelope stress (Becker et al., 2005; Darwin, 2005; MacRitchie
etal., 2008; Rowley et al., 2006; Ruiz & Silhavy, 2005). The Cpx system is
best described in E. coli where is it shown to control the expression of
100-200 proteins (many of which overlap with the of-regulon) in
response to various conditions believed to result in envelope or
extracytoplasmic stress (De Wulf et al., 2002; MacRitchie et al., 2008;
Price & Raivio, 2009; Raivio & Silhavy, 1999; Rowley et al., 2006; Ruiz &
Silhavy, 2005). The Cpx system down-regulates both rpoH and
rpoE(rseABC) genes and up-regulates it own expression (cpxRA operon)
and cpxP (encodes a periplasmic negative regulator of CpxA sensor-
kinase activity). Among the genes/operons up-regulated by CpxR-P are
those encoding periplasmic proteins possessing protease (e.g., htrA or
degP), chaperone (e.g., skp, htrA), protein disulfide isomerase (e.g., dsbA)
and peptidyl-prolyl isomerase (PPlase; e.g., ppiA, ppiD) activities. Cpx-
mediated regulation also seems to overlap with the EnvZ-OmpR and
BaeSR (discussed later) regulons. For instance, CpxR-P up-regulates
ompC and down-regulates ompF expression and appears to increase
BaeR up-regualtion of the acrD and mdtABCD genes encoding multidrug
efflux/transporter systems.

A model for Cpx system regulation is presented in Fig. 6. Under non-
inducing conditions, CpxP is bound to the sensor-kinase CpxA inhibiting

its kinase activity and preventing phosphorylation of the response
regulator CpxR. When conditions exist that lead to the accumulation of
misfolded and/or aggregated proteins in the periplasm, CpxP releases
from CpxA and/or is degraded by the DegP protease (Thede etal.,2011).
This then allows CpxA to autophosphorylate itself and then transfer the
phosphoryl group to a conserved aspartate in the receiver domain of
CpxR forming CpxR-P. CpxR-P acts as a transcriptional regulator acting
to up-regulate or down-regulate the genes mentioned above
(MacRitchie et al., 2008; Rowley et al., 2006). Thus, in contrast to the
oF activation pathway (Fig. 2), which is a system that is “turned off’ and
needs to be “turned on”, the Cpx system is “turned on” and needs to be
“turned off” (by CpxP; Fig. 6).

As with the of-regulon, the Cpx system also contributes to S.
Typhimurium pathogenesis (Rowley et al., 2006). Cpx system appears
to play a role in controlling the invasiveness of S. Typhimurium in a
pH-dependent manner. CpxA, independent of CpxR, is needed for hilA
(positive regulator of SPI-1 genes) expression at pH 6.0 but not pH 8.0
(Nakayama et al., 2003). In addition, a cpxA null mutant of S. Typhi
was defective in adherence to, and invasion of, epithelial cells in vitro
(Leclerc et al., 1998). Similarly, cpxA* mutants (signal-blind constitu-
tively active Cpx system) of S. Typhimuirum were also defective in
adherence to, and invasion of, cells in vitro; but, exhibited wild type
survival and growth within macrophages (Humphreys et al., 2004). It
is not completely clear why a cpxR mutant does not behave in a similar
way compared to cpxA* or cpxA null mutants, but it is possible that
under some conditions CpxA can phosphorylate a different response
regulator (e.g., OmpR).

2.4.4. Phage-shock protein response and envelope stress

The phage-shock-protein (Psp) response is another system
induced by envelope stress (Becker et al.,, 2005; Darwin, 2005;
MacRitchie et al., 2008; Rowley et al., 2006; Ruiz & Silhavy, 2005). The
Psp resgulon is composed of the pspABCDE operon and two other
genes; pspF (adjacent upstream and transcribed in the opposite
orientation to pspABCDE) and pspG. PspA was the first protein
identified as an E. coli protein up-regulated in response to infection
with filamentous phage, in particular, increased expression and
mislocalization of the phage-encoded secretin gene IV protein. It
was later determined that other stresses, such as exposure to ethanol
and hyperosmotic shock, could also up-regulate Psp regulon expres-
sion. Based upon the conditions (e.g, defects in Sec-dependent
secretion) and stresses (e.g., hyperosmotic conditions and ethanol
exposure) that can induce the Psp response, the inducing signal
recognized by the Psp system is proposed to be a dissipation/loss of
proton motive force (PMF) or membrane potential. As a result, the PSP
response was classified as another envelope stress response system
(Darwin, 2005; MacRitchie et al., 2008; Rowley et al., 2006).

The PspA protein was found to negatively regulate, while the PspB
and PspC proteins act together to positively control, Psp regulon
expression. The PspF protein functions as a 0°*-dependent transcrip-
tional actvator of psp gene expression. The functions of PspD, PspE
and PspG have not been determined (Darwin, 2005; MacRitchie et al.,
2008; Rowley et al., 2006). Under non-inducing conditions, PspA
binds to PspF preventing it from activating 0°*-dependent transcrip-
tion of the psp genes. Inducing conditions (e.g., mislocalization of
secretins or conditions diminishing membrane potential or PMF)
appear to be sensed by the inner membrane proteins PspB and/or
PspC promoting their interaction. In this model, PspB/C interaction in
turn somehow results in the preferential binding of PspA to PspB/C
freeing PspF to activate 0>*-dependent transcription of the psp genes.
As an added twist, PspA accumulation at the cytoplasmic surface of
the inner membrane is thought to help maintain the PMF, which
would ultimately remove the inducing signal, reducing PspB and PspC
interaction releasing PspA into the cytoplasm allowing it to bind and
inhibit PspF function (Darwin, 2005; MacRitchie et al., 2008; Rowley
et al., 2006).
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Early studies showed that the Psp system is induced by mislocaliza-
tion of the filamentous phage secretin protein IV and mutations that
cause the abnormal export of the proteins LamB and PhoE to the outer
membrance. This suggested that the Psp system responds to the defective
or saturated export of proteins through the Sec system (Darwin, 2005).
However, it was later determined that this is not the situation, since
studies with the proton ionophore carbonylcyanide chlorophenylhydra-
zone (CCCP) showed that dissipation of the PMF is what appears to be
important in activating the Psp system (Kleerebezem et al., 1996; Weiner
& Model, 1994). Becker,Bang, Crouch and Fang (2005) showed that, in S.
Typhimurium, PspA levels increase in a rpoE null mutant. They also
demonstrated that a mutant lacking both rpoE and pspA has reduced
stationary-phase survival and a decreased PMF, compared to either an
poE or pspA single mutant. This suggests that both the ¢f and Psp
systems function in maintenance of the PMF and that PspA (or Psp
response) can compensate for the lack of o in this endeavor.

2.5. Antimicrobial peptide (AP) stress

Antimicrobial peptides (APs) are produced by bacteria, archaea,
plants, and animals including humans. Soil bacteria (e.g., Paenibacillus
polymyxa) produce antimicrobial peptides - polymyxins and bacter-
iocins/lantibiotics - to kill competing microbes allowing them to

better compete for nutrients (Choi, Park, et al., 2009; Palffy et al.,
2009). Higher organisms produce antimicrobial peptides as part of
their innate defenses against microbial infections at the body surfaces.
Various APs are produced in the skin and mucosal surfaces; and, are
stored in the lysosomes of macrophages and neutrophils (Nizet, 2006;
Pélffy et al., 2009; Peschel, 2002; Prost et al., 2007). Different types of
APs have been identified that exhibit activity against a wide range of
microbes including Gram-positive and Gram-negative bacteria, fungi,
parasites and enveloped viruses. Some even target certain types of
tumor cells (Palffy et al., 2009). APs produced by eukaryotic
organisms fall into two main families based upon their overall charge,
cationic and non-cationic APs. The cationic AP family includes the (o-
and 3-) defensins, cathelicidins and thrombocidins. The non-cationic
AP family members exhibit much lower antimicrobial activity with
many being derived from other polypeptides/proteins of diverse
functions (Palffy et al., 2009).

Several models have been put forth for the mechanisms of action for
some of the best studied cationic APs, defensins and other amphipathic
cationic peptides. Basically, cationic APs are proposed to bind through
their positively-charged regions to negatively-charged areas on micro-
bial surface molecules (e.g. lipopolysaccharide or LPS of Gram-negative
bacteria) aggregate and form channels or pores within the membrane.
These pores allow for leakage of molecules (including the AP itself)
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across the membrane and eventual cell death by osmotic lysis. The
mechanism of pore formation is still unclear and may be different for
different APs. Other mechanisms of killing have also been proposed
based on findings that some APs (e.g, cathelicidins) can inhibit DNA
and/or protein synthesis (Boman et al,, 1993; Gutsmann et al.,, 2001;
Palffy et al,, 2009).

Resistance to the killing effects of APs depends on the surface
structures the target organism produces, which the APs must traverse to
reach the cytoplasmic membrane - the proposed primary target of
toxicity for most APs (Nizet, 2006). Since salmonellae are Gram-negative
bacteria, we will limit the discussion of AP resistance mechanisms to
Gram-negative bacteria and in particular S. enterica. AP resistance
mechanisms reported for S. Typhimurium (the best studied of the
salmonellae) fall into two general schemes: (a) modification of cell
surface components to reduce their negative-charge and, thus, binding
to cationic AP molecules and (b) extracellular proteolytic degradation of
certain APs by an outer membrane-associated protease.

2.5.1. AP resistance mediated by LPS modification

The former primarily involves several possible LPS modifications
(Fig. 7) including the addition of 4-aminoarabinose (Ara4N) and/or
phosphoenthanolamine (pEtN) to one or both phosphate groups in the
lipid A moiety. This reduces its overall negative-charge at the outer
membrane and, thus, its ability to bind to cationic APs. Ara4N addition
requires the pmrE (pmr refers to a role in polymyxin resistance) and
pmrHFIJKLM operon (except for the pmrM gene product) gene products.
The pEtN addition involves the pmrC (eptA) gene product (the first gene
of the pmrCAB operon). Other LPS modifications include: (a) pEtN
addition to the first heptose phosphate residue in the core polysaccha-
ride, mediated by the cptA gene product and (b) dephosphorylation of
the second core heptose phosphate by the pmrG gene product. All these
genes exhibit positive control by the PmrAB (BasRS), and in some cases
PhoPQ, two-component system (TCS). PmrA (BasR; response regulator)
and PmrB (BasS; sensor-His-kinase) are also controlled indirectly by the
PhoPQ TCS (Gunn et al., 2000; Ernst et al., 2001; Peschel, 2002; Nizet,
2006; Gunn, 2008; Fig. 4). Another mechanism of LPS modification is the
alteration of the acylation status or character of the lipid A moiety. The
addition of palmitate to the second position of the N-linked 3-
hydroxymyristate on the proximal glucosamine of lipid A is catalyzed
by the product of the PhoP-regulated pagP gene, while removal of the 3-
hydroxymyristate (ie., deacylation) from the third position of the
proximal glucosamine is mediated by the PhoP-regulated pagl gene
product. In addition, LpxO (PagQ) mediates the formation of a S-2-
hydroxymyristate on the distal glucosamine of the lipid A moiety. It is
not clear how these changes in lipid A acylation status or character leads
to AP resistance; but, pagP mutants do show increased outer membrane
permeability to APs, suggesting that increasing palmitate content on
lipid A affects the ability of some APs to form a pore or channel in the
outer membrane (Ernst et al., 2001; Guo et al., 1998; Nizet, 2006).

2.5.2. AP resistance mediated by surface peptidases/proteases

Another general mechanism for AP resistance described in S.
Typhimurium is the production of a surface-associated protease that
degrades the AP before it can interact with the outer membrane. The
pgtE gene encodes a surface protease that exhibits some specificity for
a-helical APs, e.g C18G and human cathelicidin LL-37 (Guina et al.,
2000; Haiko et al., 2009). Guina et al. (2000) reported that PgtE degrades
C18G indicating that this is how PgtE mediates resistance to these types
of APs. PgtE is an orthologue of the E. coli OmpT protease and Yersinia
pestis Pla protease. All three are members of the Omptin family of
transmembrane aspartate proteases possessing highly conserved -
barrel fold motifs (Haiko et al., 2009). Although PhoPQ does not directly
regulate pgtE transcription or PgtE export, it does indirectly control PgtE
activity (Guina et al., 2000) and expression through SlyA, which is
regulated by the PhoPQ TCS (Navarre et al.,, 2005). Interestingly, PgtE,
and other Omptin family members, function seems to require

interaction with “rough” LPS of the bacteria, i.e., they are inhibited by
long O-polysaccharide chains present on “smooth” LPS. The wzzg, (a.k.a.,
cld or rol) gene product functions as an O-polysaccharide chain length
determinant and is up-regulated by activation of the PmrAB and
RecsC/ResD/ResB TCSs, which would lead to increased O-polysaccharide
chain length (Delgado et al., 2006). We know that S. Typhimurium
residing in vesicles within mouse macrophages (i) produce LPS with
significantly shorter O-polysaccharide chain lengths and (ii) increase
PgtE expression and function (Haiko et al., 2009); but, it is unclear how
or if these two events are coordinately regulated.

2.5.3. Other mechanisms of AP resistance

Pilonieta et al. (2009) reported that two genes ydel (omdA) and ygiW
encoding for periplasmic oligosaccharide/oligonucleotide-binding
(OB)-fold proteins are implicated in polymyxin B resistance in S.
Typhimurium. Ydel and YgiW appear to interact with the outer
membrane 3-barrel porin proteins OmpD (NmpC) and OmpF, respec-
tively. This interaction is necessary for their roles in polymyxin B
resistance; and, at least for, Ydel-OmpD interaction is required for
resistance to cathelicidin APs. The ydel gene is regulated by three
separate TCS, RcsC/RcsD/RcsB (for regulator of capsule synthesis),
PhoPQ and PmrAB, which supports its role in AP resistance since all
three TCS contribute to polymyxin B resistance (Erickson & Detweiler,
2006; Pilonieta et al., 2009). The significance of the interaction between
Ydel-OmpD and YgiW-OmpF and how it contributes to AP resistance in
this bacterium has yet to be determined.

2.5.4. PhoPQ-regulation of AP resistance

As discussed above, PhoPQ is a major regulatory system in acidic pH
and AP resistance as well as macrophage survival and Salmonella
virulence in mice (Ernst et al.,, 2001; Perez et al., 2009; Prost & Miller,
2008; Prost et al., 2007). The scheme for PhoPQ sensing and responding
to acidic pH (i.e, H" ions) was described above (Fig. 4); but brief further
discussion of the signals that PhoQ recognizes is warranted here. PhoQ,
the sensor-His-kinase component of this TCS, is an inner membrane
protein possessing a sensor domain exposed to the periplasmic
compartment of the cell and a cytoplasmic domain containing a
HAMP linker domain, an autophosphorylation His box site and C-
terminal ATP binding kinase/phosphatase domain. PhoQ is found as a
dimer within the inner membrane and is capable of sensing certain
periplasmic environmental signals to stimulate trans-autophosphoryla-
tion (using ATP) at conserved histidine residues within each monomer
(Prost & Miller, 2008). This phosphoryl group is ultimately transferred
to an aspartate residue on the cognate response regulator PhoP to form
phosphorylated-PhoP (PhoP-P). PhoP-P functions as a transcriptional
regulator to activate (pag genes; PhoP-activated gene) or repress (prg;
PhoP-repressed gene) about 3% of the genes on the S. Typhimurium
chromosome (Kato & Groisman, 2008; Prost & Miller, 2008; Fig. 4). PhoQ
senses several environmental signals including divalent cations/metal
ions (e.g, Mg?™, Ca?* and Mn?™), acidic pH and cationic AP. PhoQ is
kept in a “repressed” state primarily by high concentrations of Mg?™
ions (typical concentrations it sees in vivo); the divalent metal ions bind
to anionic regions in the PhoQ sensor domain and negatively-charged
groups in the membrane resulting in divalent cation bridges that keep
PhoQ in a repressed state. This allows PhoQ to respond to precipitous
drops in Mg?" ion concentrations leading to PhoP-P formation. Under
these conditions, PhoP-P induces the expression of Mg?* transporters
that play a role in Mg?™ homeostasis (Choi, Groisman, & Shin, 2009;
Kato & Groisman, 2008; Perez et al, 2009; Prost & Miller, 2008).
Interestingly, acid pH activation of PhoPQ results in induction of the feoB
gene involved in Fe?™ transport into the cell; providing another link
between the PhoPQ TCS controlled metal ion homeostasis and PhoPQ-
regulated stress responses (Choi, Groisman, & Shin, 2009). PhoQ is not
only capable of binding to Mg?* and H™ ions; it is also able to bind to
cationic APs (Bader etal., 2005). In fact, cationic APs,and H™ ions, are the
most likely environmental signals activating the PhoPQ system in vivo.
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Subinhibitory levels of cationic APs will activate PhoPQ even in the
presence of high physiological concentrations of Mg?* ions (Bader et al.,
2005). Cationic APs bind to the same sites in the PhoQ dimer as divalent
metal ions but with much greater affinity. Thus, cationic APs can
effectively disrupt the divalent cation bridges that keep PhoQ in a
repressed state. This activates the PhoPQ system and directly, or
indirectly through PmrAB, induces the expression of genes involved in
AP resistance and virulence (Kato & Groisman, 2008; Prost & Miller,
2008).

2.5.5. PmrAB (BasRS)-regulation of AP resistance

Another TCS that contributes to AP resistance is PmrAB. PmrB has an
analogous function to PhoQ in this system sensing such environmental
cues as high Fe>" or AI*™ ions, acidic pH (e.g, pH 5.5) and vanadate
(Gunn, 2008; Wosten et al., 2000). Like PhoQ, PmrB is an inner
membrane protein possessing a periplasmic sensor domain and
cytoplasmic domains necessary for autophosphorylation of a histidine
residue and subsequent phosphorylation of an aspartic acid in PmrA to
form phosphorylated-PmrA (PmrA-P). PmrA-P functions as a response
regulator controlling the expression of pmr genes, described above
(Fig. 4). The periplasmic sensor domain of PmrB possesses two putative
iron-binding sites (ExxE) but the Fe>' concentrations needed to
activate PmrB are likely irrelevant in vivo; but, in soil iron and aluminum
are among the most abundant metals, suggesting that iron and/or
aluminum activation of PmrAB may be important for life outside the
host as well. The PmrAB TCS is also activated directly and indirectly, via
PhoPQ activation, by acidic pH. S. Typhimurium grown at pH 5.8 is much

more resistant to polymyxin B than cells grown at pH 7.7 (Gunn, 2008).
As with PhoQ, the exact mechanism of how PmrB senses H™ ions is not
clear. PmrAB is also indirectly activated through a PhoPQ-dependent
mechanism. PhoPQ positively controls the expression of pmrD whose
gene product (9.6 kDa PmrD protein) regulates PmrA activity post-
transcriptionally by binding to PmrA-P and stabilizing it. PmrA-P in turn
feedback controls this process by repressing pmrD transcription (Fig. 4).
This PmrD-mediated PmrA stabilization mechanism seems to be specific
to Salmonella and allows for the activation of PmrAB and PhoPQ to be
connected (Gunn, 2008). This PmrD-mediated mechanism may be the
most important means of PmrAB activation in vivo since the transcrip-
tion from PmrA-regulated promoters is greatly reduced in a phoP null
mutant (Merighi et al., 2005).

2.5.6. Cell envelope stress responses and AP resistance

As mentioned previously, induction of the SSR in S. Typhimurium
generates a cross-resistance to polymyxin B and other APs, and that
this AP resistance requires the rpoE gene product of (McLeod &
Spector, 1996; Kenyon et al, 2002; Spector, unpublished data).
Crouch et al. (2005) subsequently reported that of is required for
resistance to bactericidal/permeability-increasing protein (BPI)-de-
rived peptide P2 and the mouse o-defensin Crp-4. These researchers
also demonstrated that exposing stationary-phase cells to sub-
inhibitory levels of either P2 or Crp-4 increased rpoE mRNA levels
when compared to untreated stationary-phase cells. This supports
the idea that APs generate either distinct or overlapping (e.g., heat or
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C-starvation generated) extracytoplasmic stress signals that activate
the of regulon (Crouch et al., 2005).

In a recent report, the CpxRA TCS is shown to play a role in
resistance to certain APs (Weatherspoon-Griffin et al., 2011). These
researchers demonstrated that CpxRA activation, resulting from NIpE
overexpression, promotes resistance to protamine. This resistance is
found to result from its up-regulation of two peptidoglycan (N-
acetylmuramoyl-L-alanine) amidases — encoded by the amiA and
amiC genes. These two amidases increased resistance not only to
protamine but also the a-helical APs magainin 2 and melittin
(Weatherspoon-Griffin et al., 2011). This further supports the idea
that structures within the cell envelope (peptidoglycan and outer
membrane) can play a role in resistance to different APs.

2.5.7. Other genes involved in AP resistance

Detweiler et al. (2003) also showed that rcsC (encodes a sensor-His-
kinase), virK (encoding a putative Shigella VirK homologue) and somA
(encoding a putative VirK homologue) are all involved in polymyxin B
resistance. Interestingly, virk and somA are PhoP-regulated but rcsC is
not; although rcsC is OmpR-regulated. These researchers proposed that
these loci, like others described above, contribute to outer membrane
remodeling in response to environmental cues.

2.6. Bile resistance and multidrug resistance

Foodborne pathogens such as S. enterica serovars not only must
survive the effects of the stomach acidity and antimicrobial peptides
secreted by the intestinal mucosa but also the antimicrobial action of bile.
Bile is released into the distal small intestine from the gallbladder
following ingestion of a meal, particularly one high in fat. It is composed
of fats and phospholipids, such as cholesterol and phosphatidylcholine,
bile salts and a relatively small number of proteins (e.g., immunoglob-
ulin). The antimicrobial activity of bile is primarily the result of the bile
salts - produced from cholesterol by the liver and secreted into the bile. In
general, enteric bacteria such as Salmonella are resistant to bile salts — a
characteristic that has been exploited to selectively culture enteric
bacteria while excluding other microbes. Nonetheless, the relatively high
concentration of bile in the distal small intestine generally keeps
colonization of these sites by normal microbial flora to a minimum.
Thus, high concentrations of bile are inhibitory for even the more
resistant enteric bacteria (Gunn, 2000; Merritt & Donaldson, 2009).

How bile salts mediate their antimicrobial activities is still not fully
understood; but the effects of certain bile salts can be deduced based
on mutations that result in bile sensitivity. Although, bile salts are
surface-active agents with detergent-like action this likely does not
account for their entire antimicrobial activity. Several mutations that
make cells sensitive to different bile salts are in genes encoding factors
involved in DNA repair pathways as well as in systems that actively
pump bile salts out of the cytoplasm (e.g., multidrug efflux systems).
This indicates that DNA and/or some other cytoplasmic molecule(s) is
the ultimate target(s) for the antimicrobial action of some bile salts
(Merritt & Donaldson, 2009).

Van Velkinburgh and Gunn (1999) showed that S. Typhimurium
grown in the presence of a sub-lethal concentration of bile become
resistant to extremely high concentrations of bile (24-30%). This
adaptation occurred preferentially in exponentially growing cells
compared to stationary-phase cells; and required a concentration of
bile (15%) that was barely sub-lethal. The researchers also showed that
Salmonella exposed to bile or deoxycholate alone exhibited altered
patterns of protein expression compared to untreated cells. Interest-
ingly, Van Velkinburgh and Gunn (1999) also found differences
between the proteins expressed in cells exposed to bile compared to
those exposed to the bile salt deoxycholate alone.

As mentioned above, Salmonella and other Gram-negative bacteria
are generally resistant to bile. However, some lipophilic or uncharged
forms of bile salts are able to cross through the outer membrane or enter

through porins, i.e., OmpF. As a consequence, three general schemes for
bile resistance are observed in Salmonella and other Gram-negative
bacteria: (a) the production of a long 0-Ag polysaccharide chain (ie.,
smooth LPS; discussed earlier), but not the PmrAB or PhoPQ-dependent
LPS modifications, provides an effective barrier to limit access of bile
salts to the outer membrane; (b) the synthesis of efflux systems (e.g.,
multidrug efflux systems) that act with certain Tol proteins to actively
pump the bile acid out of the cell; and (c) the production of DNA repair
enzyme pathways that are part of the SOS response (Merritt &
Donaldson, 2009).

2.6.1. Multidrug efflux systems and bile resistance

One of the best-characterized mechanisms for bile resistance
involves (multidrug) efflux systems that pump bile salts out of the
cell's cytoplasm. Different efflux systems function in resistance to a
variety of potentially toxic compounds including: bile salts, organic
solvents, antibiotics, and oxidizing agents (Nishino et al., 2006, 2009).

The acrAB (for acridine-sensitivity) encoded multidrug efflux system
is one of the best-studied systems. It is required for resistance to bile
salts and lipophilic antibiotics (e.g., erythromycin) as well as several
dyes, detergents and solvents (Gunn, 2000). AcrAB works in conjunction
with TolC to “pump” bile salts, antibiotics, etc. out of the cell. In
Salmonella, acrAB is induced by bile as well as indole and E. coli
“conditioned” medium (presumably because it contains indole produced
from tryptophan). The induction of acrAB under these conditions is
dependent on the RamA protein but not Rob, MarA, AcrR, SoxS or SdiA,
as in E. coli (does not possess ramA). The ramA (resistance antibiotic
multiple) gene product is proposed to be the major regulator of acrAB
expression in Salmonella (Nikaido et al., 2008; Nishino et al., 2009).
Abouzeed et al. (2008) further identified a gene ramR, upstream of ramA,
that when mutated lead to increased expression of ramA and the AcrAB
multidrug efflux pump, producing a multidrug resistance phenotype.
Therefore, RamR is proposed to be a local repressor of ramA expression.
Although, ramA gene expression is not induced by bile (in contrast to
indole which does induce ramA expression ), a bile component does bind
to RamA and, in doing so, is proposed to act as an inducer to increase
RamA's function as an activator of acrAB expression (Nishino et al,
2009). RamA is also an activator of acrEF and tolC expression.
Furthermore, RamA appears to regulate the expression of multiple
Salmonella pathogenicity island (SPI-1 and 2) genes affecting macro-
phage survival and virulence in the BALB/c mouse model (Bailey et al.,
2010).

Prouty, Brodsky, Falkow, and Gunn (2004) showed that the marRAB
(multiple antibiotic resistance), like the acrAB, operon is activated by
bile salts. The MarR protein is a transcriptional repressor of the marRAB
operon and MarA is a transcriptional activator of several antibiotic-
resistance genes including acrAB. However, as mentioned above, MarA is
not required for increased expression of AcrAB in response to bile
(Nikaido et al., 2008). MarA does up-regulate the expression of micF (an
antisense RNA that down-regulates ompF mRNA translation) which
would lead to reduced OmpF expression (Alekshun & Levy, 1997).
Decreased OmpF porin could reduce the entry of bile salts across the
outer membrane, which might contribute to the bile sensitivity
phenotype of marRAB mutants in the presence of bile in S. Typhimurium
(Merritt & Donaldson, 2009). Prieto et al. (2009) identified a null
mutation, in the asmA gene, that suppresses the bile-sensitivity
phenotypes of several mutants and enhances bile resistance in wild
type strains. Lack of AsmA (a putative outer membrane protein)
increases marRAB operon transcription, which could account for the
increased bile resistance observed. The mechanism by which the lack of
AsmaA leads to marRAB activation is not clear. Those member(s) of the
MarA regulon involved in the increased bile resistance in an asmA
mutant is likewise unknown. It has been proposed that failure to
produce a functional AsmA protein somehow causes a reorganization of
the outer membrane that either directly or indirectly produces a signal
that up-regulates marRAB transcription (Prieto et al,, 2009). However,
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the idea that lack of AsmA somehow disrupts OmpF assembly and
therefore reduces bile entry into the periplasm was discounted based on
findings in E. coli that the asmA null mutation did not affect assembly of
OMPs (Misra & Miao, 1995); but this has not been confirmed in
Salmonella. In addition, AsmA does not appear to regulate acrAB
transcription suggesting that increased bile resistance is due to one or
more of the other MarA regulon members (Prieto et al., 2009). The lack
of an effect on acrAB transcription supports the finding that acrAB
transcription is more RamA-dependent than MarA-dependent in S.
Typhimurium (Nikaido et al,, 2008). Interestingly, an asmA null mutant
is defective in epithelial cell invasion in vitro and attenuated in the oral,
but not intraperitonial, mouse virulence model (Prieto et al., 2009)
possibly supporting a role in organization or biogenesis of outer
membrane structures.

The BaeSR two-component system has also been shown to play a role
in the bile resistance of S. Typhimurium. The BaeSR system is classified as
an envelope stress response in E. coli because of initial studies showing
some overlap with the Cpx activation and the Cpx regulon, both regulate
the spy gene (MacRitchie et al., 2008). It is included here because of some
of the loci it is found to up-regulate. In this system, BaeS functions as a
sensor his-kinase embedded in the inner membrane and BaeR is its
cognate cytoplasmic response regulator. Nishino et al. (2007) showed
that overexpression of plasmid-borne baeR resulted in increased
resistance to deoxycholate and other compounds including [3-lactams,
novobiocin, copper, and zinc. These phenotypes were determined to be
the result of BaeR-P mediated induction of acrD and mdtABC, both
encoding multidrug export systems (Nishino et al., 2005; Nishino et al.,
2007). BaeR-P appears to autoregulate its own expression as part of the
mdtABCD-baeSR operon as well. In addition, genomic analysis of gene
expression in response to baeR overexpression indicates that BaeR is
likely to control the expression of several more genes other than
mdtABSD-baeSR, acrD and spy (Nishino et al., 2005). Thus, the evidence
reported thus far, indicates that the BaeSR system is an envelope stress
response (ESR) system that is responsible for regulating the expression of
efflux pumps in response to specific compounds that can be toxic to the
cell (e.g., indole, certain antimicrobial agents and bile salts). However, the
fact that spheroplast formation and overproduction of pilin protein PapG
can also induce the BaeSR system suggests that it may also be involved in
combating the effects of more general envelope stress (Leblanc et al,
2011; MacRitchie et al., 2008; Raffa & Raivio, 2002; Rowley et al., 2006).

Interestingly, activation of the SoxRS regulon confers resistance to
various antimicrobial drugs as well. This may be related to the exclusion
or removal of “foreign” molecules (i.e., xenobiotics). This is supported by
the fact that many of the promoters recognized by SoxS are also
recognized by the global regulatory proteins MarA and Rob involved in
multiple antibiotic resistances (Storz & Zheng, 2000).

Prouty, Van Velkinburgh, and Gunn (2002), using Mud]-lac
transposon mutagenesis in a PhoP-constitutive (PhoP¢) mutant
background, identified three insertions that lead to bile sensitivity.
All three insertions were ultimately found to be in or near the putative
orf1(ybgC)-tolQRA operon; specifically in tolQ, orfl and an upstream
putative gene orfX (ybgE; not previously known to be associated with
Tol function). These three loci are co-transcribed indicating that orfX is
a member of the operon, orfX-orf1-tolQRA. Additionally, orfX or ybgE is
annotated as being a member of the cyd (cytochrome d terminal
oxidase) operon (cydAB-ybgTE); but it is not known whether orfl-
tolQRA are also part of a larger operon beginning at cydA. None of
these fusions exhibited regulation by bile or known regulators of
either bile resistance or the E. coli tolQRA genes, i.e. PhoPQ or RcsCB
TCSs (Prouty, Van Velkinburgh, & Gunn, 2002). In addition to
increased bile sensitivity, tolQRA mutants show increased sensitivity
to certain antibiotics and detergents. However, they are resistant to
colicin A and infection with filamentous bacteriophages. These
phenotypes are consistent with the function of the Tol-Pal system in
maintaining outer membrane integrity, LPS production, colicin A
transport and efflux system function (Paterson et al., 2009).

2.6.2. DNA repair mechanisms and bile resistance

Bile salts cause DNA damage and induce the SOS response (in a RecA-
dependent manner) in S. enterica. Numerous mutations in genes
associated with DNA repair mechanisms result in bile sensitivity
(Merritt & Donaldson, 2009). Among these are mutations in genes
encoding (i) DNA adenine methyltransferase (Dam), (ii) mismatch
repair proteins MutH, MutL and MutS, (iii) base-excision repair proteins,
exonuclease Il (Xth) and endonuclease IV (Nfo), (v) SOS response-
associated translesion DNA polymerase (DinB) and (iv) recombination
(repair) proteins RecBCD and RecA.

Bile salts are found to increase the frequency of GC — AT transition
mutations. The bile sensitivity phenotypes of DNA repair mutants
suggest that bile salts can also increase the frequency of frameshift
mutations (e.g., small insertion or deletion mutations) and chromo-
somal rearrangements. Bile salts also induce the expression of several
OxyR and SoxRS regulon members suggesting that bile salts can cause
DNA damage in a similar manner as oxidative stress (Merritt &
Donaldson, 2009; Prieto et al., 2006). Prieto et al. (2006) presented a
model in which bile salts generate a DNA lesion requiring Dam-directed
mismatch repair and/or base-excision repair mechanisms for repair.
These processes would generate single-stranded DNA regions/DNA
strand breaks that induce the SOS response. Additionally, the SOS
response can be induced if the resulting DNA lesion(s) blocks DNA
replication. This block can be overcome by translesion DNA replication
mediated by the SOS response-associated DNA polymerase DinB or via
RecBCD-mediated recombinational repair (Merritt & Donaldson, 2009;
Prieto et al., 2006).

Lopez-Garrido et al. (2010) recently reported that a mutation in the
gene upstream of dam within the aroKB-damX-dam-rpe-gph operonin S.
Typhimurium resulted in bile sensitivity. Non-polar damX mutations
and complementation with the wild type damX gene indicates that bile
sensitivity is due to loss of DamX and not polar effects on Dam
expression. DamX is a predicted 46 kDa inner membrane protein that
runs much larger on SDS-PAGE and is expressed in both growing and
stationary-phase cells. Interestingly, the bile sensitivity phenotype of a
damX mutant is suppressed in an asmA null mutant; although, it is not
clear why (Lépez-Garrido et al., 2010). Not surprisingly, many of the
genes involved in DNA repair and bile resistance are also important for
virulence of S. enterica; further supporting the importance of bile
resistance and, in particular, the ability to repair DNA in the virulence
potential of Salmonella.

2.6.3. Additional genetic mutations/genes associated with bile resistance

As eluded to above, the PhoPQ TCS is implicated in bile resistance
based upon the phenotypes exhibited by PhoP constitutive (PhoP¢) and
phoPnull mutants. A PhoP¢ mutant is able to survive extended periods at
bile concentrations of greater than 60%; while a phoP null mutant is
significantly more bile sensitive than a wild type strain. Moreover,
PhoPQ-regulated bile resistance specifically targets deoxycholate and
conjugated forms of chenodeoxycholate. Interestingly, PhoPQ does not
sense bile or its components and, therefore, bile does not induce the
PhoPQ-regulon. However, (the PhoP-repressed genes) prgC and prgH
are repressed by bile in a PhoPQ-independent manner (Van Velkinburgh
& Gunn, 1999). In a later study, Gunn et al. (Prouty, Brodsky, Manos, et
al., 2004) reported that pagCis down-regulated in the presence of bile in
a PhoP-independent manner requiring a 97-bp region in the untrans-
lated leader sequence of pagC for bile-mediated repression. Surprisingly,
none of the known PhoP-activated or -repressed genes tested appeared
to play a role in bile resistance. A possible explanation for phoP mutant
phenotypes is that the PhoPQ-regulon and the bile-induced regulon
share common members, which are required for bile resistance (Van
Velkinburgh & Gunn, 1999).

Prouty, Brodsky, Manos, et al. (2004) identified the YciF protein (a
putative ferritin-like iron/metal binding protein) as a bile-regulated
protein and the yciGFE-katN operon as bile-inducible. Interestingly,
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this operon was previously determined to be o°-regulated, but its
responsiveness to bile is 0>-independent.

2.6.4. Response to bile and biofilm formation

Gunn et al. (Crawford et al., 2008; Prouty, Schwesinger, & Gunn,
2002b) reported that bile can promote biofilm formation by Salmonella
serovars on gallstones. Gallstone development and the ability to form a
biofilm on them are important to the colonization of the gall bladder and
the development of a carrier state during Salmonella infection. The ability
to form a biofilm on gallstones is independent of the ability to produce
colonic acid or cellulose, suggesting that production of another
exopolysaccharide is necessary for gallstone biofilm formation. Using
a cholesterol-coated polypropylene tube assay, these researchers
(Crawford et al, 2008) showed that O-antigen capsule production
(requiring the yihU-yshS and yihV-yihW operons for assembly and
extracellular translocation) is necessary for biofilm formation on
cholesterol-coated surfaces but not glass or plastic surfaces for Salmonella
serovars Typhimurium, Typhi and Enteriditis. The presence of bile also
induces the O-antigen capsule genes independent of agfD (Crawford et
al., 2008). Thus, the responses of salmonellae to bile are not only
important for virulence but also the establishment of chronic infections
or carrier states in the host.

2.7. Osmotic stress

Serovars of S. enterica are able to adapt rapidly to changes in osmotic
pressure as they cycle through various host and non-host environments
(Foster & Spector, 1995; Winfield & Groisman, 2003). Whether in
response to an osmotic upshift leading to a hypertonic environment or
an osmotic downshift leading to a hypotonic environment, bacterial
cells attempt to maintain the appropriate turgor pressure via a
corresponding increase or decrease in the concentration of solutes in
the cytosol and/or periplasm (Bremer & Kramer, 2000; Poolman et al.,
2002; Wood, 2006; Wood et al,, 2001). The genetic and physiological
responses to osmotic stress often involve an immediate countermeasure
to quickly balance osmotic pressure, which is then replaced by a more
long-term readjustment to the osmotic conditions in the surrounding
environment. These defenses against osmotic stress are essential for the
survival and continued growth of the bacteria.

2.7.1. Responses to hyperosmotic stress

An osmotic upshift results in a net movement of water molecules
across the inner membrane and the loss of water from the cytoplasm.
Water passes either directly through the phospholipid bilayer or
through specific protein channels such as the AqpZ aquaporin
(Calamita et al., 1995; Delamarche et al., 1999). Within only a few
minutes, transcription of the kdpABC operon, encoding a high-affinity
K™ transport system, is induced. This results in a rapid accumulation
of intracellular K™ due to the combined actions of both the Kdp
system and the constitutive, low-affinity Trk transport system (Balaji
etal., 2005; Bremer & Kramer, 2000). Postassium transport is followed
by an increase in glutamate, which serves as a counterion (Botsford et
al., 1994; Bremer & Kramer, 2000). Whether a loss of turgor pressure
or an increase in intracellular ionic strength is repsonsible for
triggering this initial response to osmotic stress is still a matter of
debate (Balaji et al., 2005; Poolman et al., 2002; Wood, 2006; Wood,
2007).

The increase in intracellular K™ is a temporary solution that is
promptly replaced by an accumulation of organic compounds known as
compatible solutes. These more physiologically friendly osmoprotec-
tants include proline, glycine betaine, ectoine, or trehalose and are
either transported into the cell from the extracellular environment or
are synthesized de novo (Empadinhas & da Costa, 2008; RoefSler &
Miiller, 2001). In Salmonella and E. coli, the genetic loci proU and proP,
encoding an ABC transporter complex and aH™* symporter, respectively,
are both upregulated in response to hyperosmotic stress (Balaji et al,

2005; Bremer & Krdamer, 2000; Wood, 2007). The ProP and ProU
membrane transport systems are capable of transporting a number of
different compatible solutes into the cell including glycine betaine,
proline betaine, and proline. Choline, a precursor for the biosynthesis of
glycine betaine, is transported across the inner membrane by the BetT
protein in E. coli (Bremer & Kramer, 2000; Wood, 2007). In addition, the
outer membrane protein OmpC, which is upregulated in response to
hyperosmotic conditions via the EnvZ/OmpR two-component regula-
tory system (Fig. 5), may provide a channel for certain compatible
solutes such as glycine betaine to enter the periplasm (Faatz et al., 1988).
Interestingly, the EnvZ/OmpR phosphorelay system is required for full
virulence in S. Typhimurium (Foster & Spector, 1995).

If no exogenous compatible solutes are available for transport, or if
the supply of these compounds is not adequate to balance osmotic
forces, Salmonella serovars synthesize the non-reducing, disaccharide
trehalose as their main osmoprotectant. Trehalose biosynthesis involves
the enzymes trehalose-6-phosphate phosphatase and trehalose-6-
phosphate synthase encoded by the genes otsB and otsA, respectively
(Kaasen et al., 1992; Strem & Kaasen, 1993). The otsBA operon is
controlled by the general stress response sigma factor ¢°, which is
known to also regulate other genes involved in osmotolerance (Du et al.,
2011; Hengge, 2008; Ibanez-Ruiz et al., 2000; Kaasen et al., 1992). In
fact, the RNAPo® holoenzyme complex appears to overcome the
transcriptional repression of osmoregulated genes mediated by the
DNA-binding protein H-NS (Atlung & Ingmer, 1997; Fang & Rimsky,
2008; Typas et al., 2007). Furthermore, the o® regulon is critical for the
virulence of S. Typhimurium, again suggesting that responses to osmotic
stress play a role in pathogenesis (Fang et al., 1992; Spector, 1998).

2.7.2. Responses to hypoosmotic stress

Salmonellae likely encounter low osmolarity conditions in non-host,
freshwater environments as well as within specific microenvironments
of host organisms. An osmotic downshift results in a net movement of
water into the cell and an increase in turgor pressure. The peptidoglycan
cell wall of Gram-negative bacteria functions to prevent the inner
membrane from rupturing, but additional mechanisms are needed to
releave osmotic pressure. Mechanosensitive channels, such as MscL,
MscM, and YggB, located in the inner membrane of many Gram-
negative bacteria sense membrane tension and mediate the release of
compatible solutes, restoring osmotic balance (Booth & Louis, 1999;
Kung et al., 2010; Levina et al.,, 1999; Morbach & Kramer, 2002; Poolman
et al,, 2002; Sukharev et al,, 1997).

Another strategy employed by S. enterica to counteract the
detrimental effects of hypoosmotic stress is the accumulation of
osmoregulated periplasmic glucans (OPGs), also known as mem-
brane-derived oligosaccharides (MDOs) (Bohin, 2000; Lee et al.,
2009). The opgGH operon of S. Typhimurium is induced under hypotonic
conidtions leading to the biosynthesis and transport of glucose polymers
linked primarily by 3-1,2 glycosidic bonds (Bhagwat et al., 2009). A S.
Typhimurium opgGH mutant (deficient in OPG production) exhibits
impaired growth, motility, and biofilm formation under low osmolarity
conditions, as well as a decreased ability to colonize mouse organs and
attenuated virulence in mice (Bhagwat et al., 2009; Liu et al.,, 2009).
Therefore, the Salmonella strategies for adapting to hypoosmotic stress
are likely to be important for survival in non-host environments, but
also appear to play a critical role in pathogenesis.

2.8. Desiccation stress

Serovars of S. enterica possess a number of defenses against the
harmful effects of desiccation. Water loss through evaporative drying or
through matric water stress is an important factor affecting the survival
and persistance of salmonellae and other bacteria on inanimate surfaces,
on plant surfaces, in dried and low water-content food products, and in
environmental habitats such as soil (Billi & Potts, 2002; Potts, 1994;
Potts, 2001). While certain cell components of Salmonella may help to
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slow the drying process and prevent complete desiccation, others
appear to maintain cell viability by protecting membranes and proteins
in a desiccated state. Comparitively little is known about the genetic and
physiological responses to desiccation stress in Salmonella, but it is
already clear that there is significant overlap with other stress response
networks which are likely to be simultaneously induced during
desiccation including those reacting against osmotic, thermal, and
oxidative stress (Gruzdev et al.,, 2011).

2.8.1. Extracellular defenses against desiccation

Bacterial glycocalyces are known to have a variety of functions
including a role in protecting bacteria against complete desiccation
(Ophir & Gutnick, 1994; Tamaru et al., 2005). Normally composed of
exopolysaccharides and associated proteins, glycocalyx surface layers
form a gel-like extracellular matrix that often holds significant amounts
of bound water. This water is lost slowly to evaporative and matric
forces that decrease the water activity of the surrounding environment
(Ophir & Gutnick, 1994; Potts, 1994). Other colloidal surface structures
may also be important in slowing the drying process. For S.
Typhimurium, extracellular cellulose and the thin aggregative fimbriae
known as curli have proven to be major factors in desiccation resistance
and survival (Barnhart & Chapman, 2006; White et al., 2006). The
regulatory protein CsgD controls the biosynthesis of both extracellular
cellulose and curli and is required for establishment of desiccation-
resistant Salmonella biofilms (Gerstel & Romling, 2003; Jain & Chen,
2007; Rémling, 2005). Colony morphology variants produce differing
combinations of curli and cellulose (Romling, 2005; White & Surette,
2006). The rdar colony morphotype produces both curli and cellulose,
bdar colonies produce curli only, and pdar colonies produce cellulose
only. The rdar (red, dry, and rough) morphotype, possessing both curli
and cellulose, is the most resistant to desiccation stress (Vestby et al.,
2009; White et al., 2006). Additionally, the O-antigen polysaccharide
chain of LPS appears to play an important role in the desiccation
resistance of S. Typhimurium (Garmiri et al., 2008).

2.8.2. Intracellular defenses against desiccation

The disaccharide trehalose not only acts as a compatible solute but
also appears to aid in maintaining the structure and function of proteins
and membrane lipids during drying (Crowe et al., 1992; Elbein et al.,
2003; Furuki et al,, 2009; Potts, 1994). In fact, trehalose may essentially
replace water under conditions of extreme desiccation, preventing
denaturation of proteins and stabilizing membrane phospholipids
(Crowe et al., 1992). Interestingly, trehalose also protects Salmonella
against other forms of stress, which might be associated with
desiccation such as thermal stress and oxidative stress (Canovas et al.,
2001; Crowe et al., 2001; Franga et al., 2007; Howells et al., 2002). As
mentioned above, the otsBA operon responsible for trehalose biosyn-
thesis is regulated by ©° which also controls a wide range of
physiological functions necessary for resistance to osmotic stress,
temperature stress, and oxidative stress, again illustrating the degree
of overlap between various stress response networks of Salmonella
(Elbein et al, 2003; Furuki et al, 2009; Ibanez-Ruiz et al.,, 2000;
McMeechan et al., 2007).

2.9. Iron stress

Iron (Fe>* or Fe(Ill)) is an essential nutrient for bacterial metabolism
and growth. Iron serves as an important cofactor for proteins involved in
anumber of physiological processes ranging from cellular respiration, to
DNA replication and repair, to the regulation of gene expression
(Benjamin et al., 2010; Skaar, 2010). Iron is an abundant element, but
ironically, free Fe>* is seldom available to bacteria because of its
insolubility or because it is sequestered by high affinity, iron-binding
proteins such as transferrin and lactoferrin within vertebrate hosts
(Hantke & Braun, 2000; Skaar, 2010). In fact, under most conditions
encountered by salmonellae, the concentration of free Fe>™ is typically

far below the concentration required for growth (Foster & Spector,
1995; Hantke & Braun, 2000).

2.9.1. Siderophore-mediated iron aquisition

Not surprisingly, most pathogenic bacteria have evolved strategies to
circumvent host defenses in the battle for iron. For example, Neisseria and
Moraxella species produce transferrin and lactoferrin receptors allowing
for the direct uptake of bound iron from these proteins (Beddek &
Schryvers, 2010). Other Gram-negative bacteria such as Serratia
marcescens, Pseudomonas aeruginosa, and Haemophilus influenzae express
receptors for the uptake of heme, hemoproteins, or hemophores (Cope et
al., 1995; Ghigo et al., 1997; Lettofe et al., 1998). An alternative strategy
employed by Escherichia coli and Salmonella enterica involves secretion of
low-molecular-weight, iron-chelating compounds known as sidero-
phores (Chu et al., 2010; Wandersman & Delepelaire, 2004). Side-
rophores have such a high affinity for iron that they can directly remove it
from host iron-binding proteins (Fischbach, Lin, Liu & Walsh, 2006;
Ratledge, 2007). The classic catecholate siderophore enterobactin is
synthesized by S. Typhimurium (Pollack & Neilands, 1970; Raymond et
al,, 2003). In Salmonella, ferric-enterobactin is transported into the cell
through either FepA or IroN outer membrane proteins (OMPs) by an
active transport mechanism involving the energy-transducing Ton
system (Bdumler et al., 1998; Hantke & Braun, 2000; Miiller et al.,
2009; Rabsch et al., 1999; Williams et al., 2006). The iron-siderophore
complex is subsequently transported across the inner membrane by an
ABC transporter system involving ATP hydrolysis (Crouch et al., 2008;
Miiller et al., 2009). In the cytoplasm, iron is reduced to ferrous ion (Fe?*
or Fe (II)) and released from the siderophore following degradation by
the enterobactin esterase Fes (Foster & Spector, 1995; Miiller et al., 2009).
Furthermore, in Salmonella the protein bacterioferritin is responsible for
binding and storing excess intracellular iron (Velayudhan et al., 2007).

In the tug-of-war for iron, bacteria must confront an additional
host defense mechanism designed to deny access to iron. The
antimicrobial peptide known as lipocalin 2, or siderocalin, binds to
ferric-enterobactin complexes preventing binding to bacterial OMP
receptors (Miiller et al., 2009; Nairz et al., 2007; Ratledge, 2007).
Siderocalin efficiently stops the growth of many bacteria; however, a
few pathogens including serovars of Salmonella enterica have found an
elegant way around this obstacle. Expression of the pathogen-specific
iroA gene cluster, composed of the genes iroBCDEN, results in a
structurally modified form of enterobactin that is no longer
recognized by siderocalin (Fischbach, Lin, Zhou, et al., 2006; Miiller
et al.,, 2009). Inside the cytoplasm, the iroB gene product glucosylates
enterobactin forming the new siderophore salmochelin (Bister et al.,
2004; Hantke et al., 2003). Salmochelin is then transported across the
inner membrane by the iroC gene product. After chelating iron, ferric-
salmochelin complexes enter the bacterial cell through the OMP
channel IroN with energy supplied by the TonB, ExbB, and ExbD
tripartite system (Hantke et al., 2003; Miiller et al., 2009). Once in the
periplasm, ferric-salmochelin is bound by the periplasmic binding
protein IroE and delivered to the inner membrane ABC transporter
complex (i.e., FepBCDG). Active transport across the inner membrane
is followed by IroD-mediated cleavage of salmochelin and release of
iron (Miiller et al., 2009). Even in the presence of siderocalin, this
system allows Salmonella access to vital iron. In fact, salmochelins are
required for full Salmonella virulence in the murine model of infection
(Crouch et al., 2008; Raffatellu et al., 2009).

Serovars of Salmonella enterica are also able to acquire iron through
the uptake of siderophores produced by other organisms. For example,
the OMP FhuA allows for uptake of fungal ferrichrome and FoxA
mediates transport of ferrioxamine (Killmann et al., 1998; Kingsley et al.,
1999). In addition, S. enterica serovars appear to be capable of acquiring
iron complexed with o-ketoacids and o-hydroxyacids (Kingsley et al.,
1996; Reissbrodt et al., 1997). In contrast, salmonellae lack some types
of iron transport systems found in other bacteria such as the ferric-
citrate transport genes of E. coli (Hantke & Braun, 2000; Kingsley et al.,
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1999). This suggests that Salmonella has attained and/or lost iron
acquisition systems as it has evolved and adapted to different host and
non-host environments.

2.9.2. Regulation of iron-uptake systems and resistance to Fe(Il)-mediated
toxicity

In both Salmonella and E. coli, the repressor protein Fur controls
expression of genes involved in siderophore biosynthesis and transport
(Hantke & Braun, 1997; Lee & Helmann, 2007; Tsolis et al., 1995). Overall
Fur regulates the expression of over 50 genes. Under conditions when
iron is plentiful, many of these genes are repressed by Fur. Acting as a
repressor, Fur binds to a sequence known as the “Fur box” (Escolar et al.,
1998). Under conditions of iron deprivation, Fur repression is lifted and
iron uptake systems are induced. Thus, Fur is involved in cytoplasmic
Fe(II) homeostasis. Interestingly, the Fur regulon is directly connected to
other stress response pathways. For example, as one of the master
regulators of the oxidative stress response, OxyR direclty binds to the fur
promoter inducing its expression (Zheng et al., 1999). The connection
between iron stress and oxidative stress is due to the fact that too much
iron can be toxic due to an accumulation of hydrogen peroxide and other
reactive oxygen species via the Fenton reaction. Not surprisingly, a fur
null mutant exhibits increased sensitivity to Fe(Il)-mediated toxicity
(Touati, 2000a). In addition, inactivation of the Fur repressor results in
expression of the small regulatory RNA known as RyhB which has global
effects on the biogenesis of iron-sulfur clusters, the OxyR regulon, and
the o° regulon (Benjamin et al,, 2010); presumably to counteract the
detrimental effects of a fur null mutation on cytoplasmic Fe(II) levels.

2.9.3. PmrAB TCS-mediated resistance to Fe(Ill)-mediated toxicity

As described earlier, the PmrAB TCS is responsive to Fe>* ions
(Wosten et al., 2000; Fig. 4). Although long thought to be non-toxic,
Chamnongpol et al. (2002) demonstrated that Fe(III) is also toxic but
through different mechanisms than Fe(II). Earlier, Wosten et al. (2000)
showed that a pmrA mutant was hypersensitive to killing by Fe(III) but
not to a variety of oxidants. This suggests that PmrAB-regulates
resistance mechanisms to Fe(Ill)-mediated toxicity that are separate
from those to Fe(II)-mediated toxicity. This is supported by the findings
that a fur mutant does not exhibit hypersensitivity to Fe(Ill) levels
(Chamnongpol et al,, 2002). What's more, Fe(Ill) exhibited greater
microbicidal activity in a pmrA mutant even under anaerobic conditions,
indicating that its toxicity occurs independent of oxygen. A possible
reason for the hypersensitivity of a pmrA null mutant to Fe(III) levels is
that Fe(IlI) appears to increase the permeability of the outer membrane
of pmrA mutant cells — demonstrated by an increased susceptibility to
vancomycin, which normally does not affect Gram-negative bacteria
because it is unable to cross the outer membrane. This may correlate
with the role of PmrAB in resistance to APs, which also alter membrane
permeability. Reconciling PmrAB responsiveness to Fe>* ions and its
role in Fe(III) resistance with their roles in AP resistance in hosts - where
Fe(Ill) iron levels are low at best - seems difficult. However, if you
consider that PmrAB-regulated functions meet the needs of the bacteria
under different conditions then it makes more sense. This is supported
by the fact that a pmrA mutant is defective in survival within soils
(Chamnongpol et al., 2002). This plus the fact that regulation of the
PmrAB-regulon in vivo likely occurs via the PhoPQ-PmrD pathway
suggest that the level of Fe(Ill) is the environmental cue recognized in
non-host environments (e.g., soil) and APs (possibly others) is the signal
inducing the PmrAB-regulon in host environments. However, it is clear
that one or more of the PmrAB-regulon members are required for
resistance to both Fe(Ill)-mediated and AP-mediated injury to the cell.

2.10. Responses to plant-derived antimicrobial compounds in essential oils
Many organic compounds produced by plants exhibit antimicrobial

activity, and there is currently a great deal of interest in using such
compounds in foods to inhibit the growth of bacterial pathogens and

also to prevent microbial spoilage (Burt, 2004). For example, several
compounds from herbal essential oils (EOs) have proven to be effective
antimicrobial agents (Burt, 2004; Ceylan & Fung, 2004; Helander et al.,
1998). Phenols, terpenes, and aldehydes are among the most active
compounds (Ceylan & Fung, 2004). Phenolic compounds appear to play
arole in inhibiting enzyme activity, and phenolics and other compounds
from EOs are known to disrupt the integrity of cell membranes (Burt,
2004; Ceylan & Fung, 2004). Upon exposure to EO compounds, damage
to the bacterial cytoplasmic membrane ultimately results in lethal
consequences including leakage of cytosolic constituents and dissipa-
tion of pH and electrochemical gradients (Di Pasqua et al., 2007).

Recent evidence has indicated that if exposed to sublethal concen-
trations of thymol and related compounds, serovars of Salmonella
enterica, as well as certain other Gram-negative and Gram-positive
bacteria, develop resistance, suggesting some bacteria can elicit a
stress response to these compounds (Di Pasqua et al., 2010; Dubois-
Brissonnet et al., 2011). One component of this stress response appears to
involve changes in membrane fatty acid composition upon exposure to
sublethal concentrations of terpenes, like thymol, and other organic
compounds from EOs (Di Pasqua et al., 2006; Di Pasqua et al., 2007;
Dubois-Brissonnet et al., 2011). Alterations in fatty acid saturation,
isomerization, and other structural features are induced in response to
the membrane stress exerted by these lipid-like compounds (Di Pasqua
et al., 2006; Di Pasqua et al., 2007; Dubois-Brissonnet et al., 2011). This
stress response appears to be directed against the particular plant-
derived compound involved and also differs among bacterial species;
although, the overall effect is typically a reduction in unsaturated fatty
acids and a corresponding increase in membrane rigidity (Di Pasqua et al.,
2006; Di Pasqua et al., 2007).

In addition, proteomic analyses revealed that several proteins,
including the heat-shock proteins GroEL and DnaK and the outer-
membrane proteins OmpA and OmpX are induced upon low level
exposure to thymol; while the expression of several other proteins
decreases relative to a control culture (Di Pasqua et al,, 2010). These
changes are believed to prevent or lessen the membrane damage caused
by EO antimicrobial compounds. Furthermore, S. Typhimurium adapted
to growing in the presence of sublethal concentrations of different types
of terpenes develops cross-resistance against other antimicrobial
chemicals (Dubois-Brissonnet et al., 2011), indicating that this may
represent a more general response of S. Typhimurium to the multitude
of antimicrobial compounds it may encounter on vegetation and in
other natural environments.

3. Conclusions

Serovars of S. enterica encounter a variety of stresses while passing
between numerous natural, commercial and host environments. These
bacteria are incredibly adept and versatile in the strategies they employ
to survive within these frequently deleterious environments. Salmonella
and other bacteria have evolved stress-specific resistance mechanisms
that are generated in response to sub-lethal levels of the stress, which
increase survival when exposed to higher potentially lethal levels of the
stress (i.e., adaptations). Perhaps more remarkably, these bacteria have
evolved mechanisms induced by one stress that allow them to resist the
hazards of several different, seemingly unrelated, stresses (i.e., general
or cross-resistances). These general stress responses might enable the
bacteria to anticipate, and prepare for, potentially unfavorable environ-
ments they may encounter later, increasing the likelihood of their
survival. Thus, salmonellae have evolved multiple complex often
interconnected systems of stress management as part of their survival
strategies. Control of these overlapping stress response networks are
managed by an assortment of regulatory proteins/systems. Integrating
these stress responses into a multi-defense strategy allows the organism
to anticipate, survive and persist in the various non-host and host
environments it encounters. Although much has been learned about
how salmonellae, and other enterobacteria, sense and respond to
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environmental stresses, there remains a great deal to discover; making
microbial stress responses a fruitful and important area of future
research.
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