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ABSTRACT

Bacteria are constantly faced to stress situations in their ecological niches, the food and the host gastrointestinal
tract. The capacity to detect and respond to surrounding changes is crucial for bacterial pathogens to survive or
grow in changing environments. To this purpose, cells have evolved various sophisticated networks designed
to protect against stressors or repair damage caused by them. Challenges can occur during production of foods
when subjected to processing, and after food ingestion when confronted with host defensive barriers. Some path-
Keywords: ogenic bacteria have shown the capacity to develop stable resistance against extreme conditions within a defined
Adaptive response genomic context and a limited number of generations. On the other hand, bacteria can also respond to adverse
Stress conditions in a transient manner, through the so-called stress tolerance responses. Bacterial stress tolerance re-

Mutation sponses include both structural and physiological modifications in the cell and are mediated by complex genetic
SPANC regulatory machinery. Major aspects in the adaptive response are the sensing mechanisms, the characterization
Cold of cell defensive systems, such as the operation of regulatory proteins (e.g. RpoS), the induction of homeostatic
?;li,ione”a and repair systems, the synthesis of shock response proteins, and the modifications of cell membranes, particu-

larly in their fatty acid composition and physical properties. This article reviews certain strategies used by food-

Bacillus cereus . . . . .
borne bacteria to respond to particular stresses (acid, cold stress, extreme pressure) in a permanent or transient

manner and discusses the implications that such adaptive responses pose for food safety.

1. Introduction

Foods are complex environments in which microorganisms may
face natural stress conditions such as limited nutrient availability, ad-
verse pH, osmolarity, oxidation, and extreme temperatures, among
others. In addition, industrial food preservation regimes commonly
rely upon imposing extreme physical and chemical stresses with the
aim to inactivate or limit the growth of pathogenic bacteria. Thus, a va-
riety of preservation technologies such as thermal processing, high hy-
drostatic pressure, pulsed electric fields, radiation, refrigeration,
drying, etc. impose a challenge to bacterial cells and can determine
the fate of food-borne pathogens along the food chain. Modern strate-
gies in food preservation seek to use mild treatments that inhibit per-
manently stressed or injured microorganisms by using multiple
barriers, especially in the case of minimally processed foods. However,
cells adapted to stress, hardened, could be able to withstand further
treatments or even the passage through the stomach and intestinal bar-
riers when confronted with host defensive barriers. Other concern is
represented by the difficulty of detection during the microbiological
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analysis of injured cells because they are not able to grow in convention-
al microbiological media, when inhibitory compounds are used or an
appropriate environment for resuscitation is absent. In this regard, the
situation could lead to an overestimation of the lethality of treatments,
or to the failure in the detection of pathogens during routine quality
control of foods or outbreak investigations.

Bacteria have evolved a range of adaptive strategies to cope with
rapidly changing environmental conditions and ensure their survival
in inhospitable niches. The stress responses are global, complex systems
of defence. They comprise networks to adapt to changing environments
and to survive under adverse conditions. Adaptations sometimes derive
from the acquisition of stochastic genomic mutations which are posi-
tively selected and fixed in the microbial population due to the benefi-
cial phenotype they confer under selective pressure environments
(Rando and Verstrepen, 2007). In other occasions, a transient stress re-
sponse generally consisting of a characteristic change in the pattern of
gene expression occurs (Abee and Wouters, 1999). Bacteria are able to
do so by upregulating certain genes and down regulating others in
order to maintain viability. If the environment surrounding the cell is
modified, the changing conditions are sensed by the cell, and the adap-
tive response is triggered. The genetic regulation involves a series of
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switches controlling the coordinated expression or repression of genes.
In the end, a series of physiological responses occur with changes in pro-
teins, DNA, lipids, etc. The response includes the initiation of homeostat-
ic systems, induced synthesis of stress proteins which repair damaged
DNA and proteins, and activation of enzymatic systems with specific
stress-counteracting activities. Transient stress responses can also
occur through modulation of the envelopes and other cellular structures
to keep functionality. These transient stress responses help to protect
vital processes and to restore cellular homeostasis, to repair the damage,
to counteract or eliminate the stress agent, and/or to increase the cellu-
lar resistance against subsequent stress challenges.

2. Acquisition of permanent stress tolerance through adaptive
mutagenesis

The known edges of the biosphere are typically delineated by
extremophilic bacteria that manage to resist the severe physical
and chemical conditions encountered in these environments. How-
ever, further to the existence of extremophiles, some mesophilic
bacteria have shown the capacity to develop resistance against ex-
treme environments within a defined genomic context and a limited
number of generations, in a clear example of bacterial adaptability
(Vanlint et al., 2011). Such adaptability could be the basis for the ex-
istence or persistence of classic mesophilic bacteria in extreme envi-
ronments that so far have been reported as inaccessible by current
experimental techniques.

High hydrostatic pressure (HHP) processing is becoming a valuable
non-thermal food pasteurization technique. While the degree of natural
HHP resistance has already been shown to vary greatly among and
within bacterial species, a still unresolved question remains as to what
extent different food-borne pathogens can actually develop HHP resis-
tance, and how this impacts food safety of HHP processed products.
Vanlint et al. (2011) used a direct evolution approach to assess the
potential of the mesophilic model bacterium Escherichia coli to acquire
stable resistance to extreme high temperatures or pressures. They ob-
served that while heat resistance could only marginally be increased,
piezoresistance (i.e. resistance to high pressures) could readily and re-
producibly be extended into the Gigapascal range. The currently recog-
nized maximum pressures for growth or survival of any vegetative
microorganisms (including E. coli) are in the range of 120 MPa and
800-900 MPa, respectively (Zeng et al., 2009; Jofré et al., 2010). Indeed,
it was generally assumed that vegetative microorganisms would never
be able to survive exposures in the GPa range (Daniel et al., 2006).
However, in the study by Vanlint and co-workers the acquired
piezotolerance was extraordinary, since the upper pressure limit for
survival increased from the initial 600 MPa to 2 GPa, thereby greatly ex-
ceeding the currently recognized maximum high pressure for growth or
survival, and the pressure levels commonly used in food industries for
food preservation.

Acquisition of extreme piezotolerance among food-borne pathogens
might not be limited to E. coli. Vanlint et al. (2012) examined the
potential for HHP resistance development among strains of E. coli,
Shigella flexneri, Salmonella Typhimurium, Salmonella Enteritidis, Yersinia
enterocolitica, Aeromonas hydrophila, Pseudomonas aeruginosa and
Listeria innocua and reported that extreme HHP resistance was only ob-
served in some E. coli strains. These authors concluded that a specific ge-
netic predisposition could be required for HHP resistance development.
However, piezotolerant variants have been found by other research
groups in other food-borne pathogens such as Listeria monocytogenes
and Staphylococcus aureus (Karatzas and Bennik, 2002; Karatzas et al.,
2005, 2007; Van Boeijen et al., 2010). In the study by Karatzas and
Bennik (2002) a piezotolerant strain of L. monocytogenes was isolated
after a single HHP treatment of 400 MPa for 20 min. This isolate showed
morphological alterations, including increased cell size and lack of flagel-
la and also presented increased stress tolerance to heat, acid and hydro-
gen peroxide treatments. This resistant phenotype was attributed to a

single codon deletion in a glycine-encoding repeat region of the ctsR
gene, which encodes a class 3 heat shock response regulator. In a subse-
quent study Karatzas et al. (2005) exposed wild type cultures of
L. monocytogenes EGDe to 350 MPa for 20 min and evaluated the
piezotolerance of individual surviving isolates, finding 33 isolates
with a stable piezotolerant phenotype. Interestingly, 21 of these 33
piezotolerant variants had mutations in the ctsR gene. These muta-
tions mainly consisted of deletions or codon insertions in the glycine
repeat region of the ctsR gene. However, a piezotolerant phenotype
could not be linked to mutations in the ctsR gene for the rest of variants,
which evidenced that other unknown mechanisms may also lead to sta-
ble piezotolerance in L. monocytogenes. Similarly, Van Boeijen et al.
(2010) isolated 24 L. monocytogenes LO28 stress-resistant variants
after HHP treatment. Genetic analysis of these variants revealed two
variants with deletions in the upstream region of ctsR and seven vari-
ants with mutations in the ctsR gene itself. Interestingly, all variants
were more resistant to heat than the wild type strain. Piezotolerant var-
iants have been also found for S. aureus by Karatzas et al. (2007) follow-
ing a HHP treatment of a clonal culture at 400 MPa for 30 min. The
majority of these isolated variants showed increased thermotolerance,
impaired growth and reduced antibiotic resistance as compared to the
wild type. However, no mutations in the ctsR gene were detected for
any of the variants, which suggests that genes and regulatory mecha-
nisms involved in acquisition of resistance to HHP by S. aureus may dif-
fer from those of L. monocytogenes.

Selection of resistant variants has been also reported for certain
food-borne pathogens after exposure to other stress conditions or
food processing technologies different to HHP. Van Boeijen et al.
(2011) isolated highly heat-resistant variants for two strains of
L. monocytogenes by using a kinetic modelling-based sampling scheme.
Interestingly, they revealed for one of these strains the presence of heat-
resistant variants under industrially relevant conditions, i.e. through
growth in ultra-high temperature (UHT)-processed whole milk follow-
ed by heat treatment cycles at 72 °C. Variants thus obtained showed
high resistance to standard pasteurization conditions. Several of the
highly heat-resistant variants had also mutations in the ctsR gene,
while the mechanisms leading to increased resistance in the rest of var-
iants were not elucidated. Karatzas et al. (2008) showed that exposure
of cells of S. Typhimurium and S. Enteritidis to extreme acid environ-
ments (15 cycles of exposure to pH 2.5 for up to 4 h followed by growth
at pH 7.0 for 48 h) gave rise to an increase in the population acid resis-
tance by three to four fold. In addition, these authors isolated from those
acid-exposed populations variants with a stable increased acid resis-
tance, which also showed increased heat resistance, reduced virulence
and changes in colony morphology, expression of fimbriae, and growth.
Moreover, stable highly acid resistant variants of L. monocytogenes have
been recently isolated by Metselaar et al. (2013) after exposure of late-
exponential phase cells to pH 3.5 for 90 min. Sixteen of the twenty-three
variants isolated by these authors were highly resistant to a treatment
at pH 2.5 for 3.5 min, showing less than 1 log reduction after acid treat-
ment, compared to an average of 4 log reductions for the wild type
strain. Nevertheless, the genetic shifts behind the acquisition of stable
extreme acid resistance in these bacterial populations have not been
unravelled yet.

3. Transient adaptive responses to stress

Apart from the above discussed stable and selection-driven acquisi-
tion of high resistance to stress, microorganisms can respond to adverse
conditions in a transient manner, i.e. once the stressor disappears the
bacterial population recovers its conventional tolerance to the particu-
lar stress agent. A good example of a transient response to stress are
the stress tolerance responses, which can be defined as the induced
resistance to normally lethal stress conditions following growth or
short-term exposure at mild sub-lethal stress conditions. Stress toler-
ance responses are commonly mediated through activation of particular
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response regulators which control the expression of specific sets of
genes and orchestrate very complex responses involving the induction
of cellular enzymes, the synthesis of stress-shock proteins that protect
or repair cellular proteins and DNA, and the modulation of the compo-
sition and physical properties of the cellular envelopes. The next section
of the review article will focus on two of the most well-studied stress
tolerance responses with an impact on food safety, the acid tolerance re-
sponse of S. Typhimurium and the cold adaptation response of Bacillus
cereus. S. Typhimurium and B. cereus were selected as major food-
borne pathogens representative of distant phylogenies (Salmonella as
a Gram-negative non-spore former and B. cereus as a Gram-positive
spore-former) which molecular mechanisms of response to food-
related stresses have been intensively studies in the last decades.

3.1. The acid tolerance response of S. Typhimurium

The acid tolerance response (ATR) of S. Typhimurium can be de-
fined as the induced resistance to normally lethal low pH following
growth at moderately low pH, or following short-term exposure to
mild acid conditions. In the last two decades, numerous studies
have emerged describing the complex molecular mechanisms in-
volved in S. Typhimurium ATR, the influence of different environ-
mental parameters and the relationships between S. Typhimurium
ATR and virulence. In addition, studies have also shown the existence
of similar adaptive responses for other Salmonella enterica serovars
(reviewed by Alvarez-Ordéiiez et al., 2012b).

3.1.1. Homeostatic systems

Gram-negative microorganisms keep intracellular pH relatively con-
stant at pH 7.6 to 7.8, even as external pH changes during growth
(Foster, 2000). A stable intracellular pH is maintained by pumps (potas-
sium-proton antiporters and sodium-proton antiporters) which ex-
trude protons from cytoplasm at low pH environments (Foster, 2000).
Furthermore, it has recently become clear that inducible lysine decar-
boxylase and arginine decarboxylase systems play an important role
in the maintenance of intracellular pH in S. Typhimurium (Fig. 1)
(Kieboom and Abee, 2006; Alvarez-Ordéiiez et al., 2010b). The role of
these latter homeostatic systems in protecting the cell against stress is
further discussed in subsequent sections of the manuscript (Section 4.
Using food components to survive under harsh conditions).

Low pH

Decrease of cadA, cadB, adiA, adiY
C intracellular pH Comsumption of protons by Lysine
decarboxylase, arginine decarboxylase systems @

omeostatic system

é @ Macromolecular repair

ASPs: RpoS, Fur, PhoPQ, OmpR

@ Changes in membrane composition
CFA synthesis, decrease in membrane fluidity

3.1.2. Acid shock proteins

Several groups of acid shock proteins (ASP's) are induced during S.
Typhimurium ATR in order to prevent or repair the macromolecular
damage caused by acid stress (Audia et al,, 2001). An extensive research
effort has been made in the last decades to identify and characterize
these stress proteins in S. Typhimurium and several regulatory genes
controlling the expression of different subsets of ASP's have been de-
scribed, including the alternative sigma factor RpoS, the iron regulator
Fur, the two-component signal transduction system PhoP/PhoQ and
the OmpR response regulator (Fig. 1) (Foster, 2000). Most of the identi-
fied ASP's are involved in cellular regulation, molecular chaperoning,
energy metabolism, transcription, translation, synthesis of fimbriae,
regulation of the cellular envelopes, colonization and virulence
(Bearson et al., 2006).

3.1.3. Membrane fluidity

The cellular envelopes are the first barrier of defence of microorgan-
isms against the stressful environmental conditions they face. Conse-
quently, modulation of composition and physical properties of the
main components of the cellular envelopes, the cytoplasmic membrane
and the cell wall, plays an important role when counteracting the odds
of an acid environment. As an adaptive mechanism to acid stress, bacte-
ria can change their membrane composition with the purpose of main-
taining a degree of membrane fluidity compatible with life (Fig. 1)
(Beney and Gervais, 2001). Interestingly, a number of studies have sug-
gested a relationship between membrane fluidity and stress tolerance
(de Jonge et al., 2003; Alvarez-Ordéiiez et al., 2008, 2010a). It is for in-
stance well studied the impact that variations in membrane fatty acid
composition and membrane fluidity in response to changing growth
conditions have on bacterial tolerance to heat treatments. Several stud-
ies agree in the fact that reduced membrane fluidity is linked to en-
hancements in heat resistance and vice versa (Annous et al., 1999;
Sampathkumar et al., 2004; Alvarez-Ordéiiez et al., 2008, 2009a).
S. Typhimurium cells grown at acid pH undergo a membrane adaptation
characterized by a decrease in the unsaturated to saturated fatty acid
ratio and in the relative concentration of octadecenoic (oleic or
vaccenic) acids (C18:1), with a concomitant increase in the content in
cyclic fatty acids, mainly methylenoctadecenoic (dihydrosterculic or
lactobacillic) acids (cyc19). These changes in membrane composition
resulted in cells which in general showed a higher ability to survive to

Activation of FF,
ATPase

Rpos

Fig. 1. Cellular mechanisms of response to acid stress in Salmonella Typhimurium. (1) Acid stress causes a decrease in intracellular pH. (2) To keep intracellular pH relatively constant
amino acid dependent decarboxylase systems are activated. Both arginine and lysine decarboxylase systems consume protons contributing to an increase in intracellular pH. (3) Cellular
pumps (potassium-proton antiporters and sodium-proton antiporters) which extrude protons from cytoplasm are activated with the same aim to maintain intracellular pH. (4) Various
response regulators, which induce the synthesis of shock proteins involved in macromolecular damage repair, are activated. (5) A membrane modulation, characterized by a decrease in
the unsaturated fatty acids content and in membrane fluidity and an increase in cyclopropane fatty acids, takes place.
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lethal acid and heat treatments (Alvarez-Ordéfiez et al., 2008, 2009b).
The actual effect that such changes in membrane composition occurring
inresponse to acid pH have on the cellular membrane fluidity were sub-
sequently monitored by Fourier transform infrared spectroscopy
(Alvarez-Ordéiiez et al., 2010a). The vibrational modes of the acyl
chain vsCH, symmetric stretching band, which are indicators of bacteri-
al membrane fluidity, were assessed after growth of S. Typhimurium
and S. Enteritidis in acidic media at different pH. Results obtained evi-
denced that cells grown in acidified media showed a reduction in their
membrane fluidity.

Exposure to different sorts of stress have been shown to cause the
conversion of a significant proportion of the membrane unsaturated
fatty acids to their cyclic derivatives, known as cyclopropane fatty
acids (CFAs). The CFAs are formed by a CFA synthase (encoded by the
cfa gene), predominantly as cultures enter into the stationary-phase
(Grogan and Cronan, 1997). Kim et al. (2005) suggested for the first
time that the formation of CFAs in the membrane may be a major factor
that protects S. Typhimurium from lethal stress exposures, including
acid stress. Although the contribution of CFAs to bacterial membrane
properties is not fully understood, it has been hypothesized that the
presence of a cyclopropane ring within membrane FAs increases the sta-
bility of the structural and dynamic properties of biological membranes
and restricts the overall mobility and disorder of the acyl chains, thus
decreasing the membrane fluidity (Duforc et al., 1984; Grogan and
Cronan, 1997). Other authors have postulated that the primary function
of CFAs formation is to change chemical rather than physical properties
of the membrane. As an example, CFAs appear to be considerably less
reactive than the corresponding unsaturated FA towards certain forms
of oxidation (Grogan and Cronan, 1997), which suggests that CFAs
exert their protective effect against lethal stress exposures through re-
duction of cellular oxidative damage. Finally, the cyclization of mem-
brane FAs has been also proposed as a means of controlling the
penetration of undesirable molecules from the cellular surroundings
(Chang and Cronan, 1999).

3.2. The cold adaptation response of B. cereus

The food-borne pathogen B. cereus produces heat resistant spores
and is an important hazard for heat-treated, non-sterilized, foods. In
addition, some B. cereus strains are psychrotrophic and may grow in
refrigerated foods. The cold adaptation of B. cereus makes it one of
the few pathogens able to survive food processing and to multiply
in cooked-chilled foods (Stenfors Arnesen et al., 2008).

3.2.1. Membrane fluidity

Low temperatures reduce membrane fluidity of bacteria and in par-
ticular of B. cereus (De Sarrau et al., 2012). To maintain membrane func-
tions, bacteria adapt by increasing in their membrane the proportion of
fatty acids with lower melting points, such as unsaturated fatty acids
(Mansilla et al., 2004). In the case of B. cereus, the main changes in
fatty acids composition caused by growth at low temperature are a de-
crease of the branched, saturated fatty acids iso-C;5 and iso-C;7, with a
concomitant increase in the branched saturated fatty acid iso-Cy3 and
in the branched, monounsaturated fatty acid iso-C;7:1 (Haque and
Russell, 2004; Brillard et al.,, 2010; De Sarrau et al., 2012), unsaturated
in position 5 (De Sarrau et al., 2012) (Fig. 2a). Globally, B. cereus adapts
to cold by increasing markedly the ratio of unsaturated/saturated fatty
acids (Haque and Russell, 2004; Brillard et al., 2010; De Sarrau et al.,
2012) which gives to the membrane of cold adapted B. cereus the
same fluidity at cold temperature as the membrane of non-adapted
B. cereus at optimal temperature (De Sarrau et al., 2012). Some bacteria,
in particular Bacillus subtilis, can also adapt to cold temperature by in-
creasing the ratio of anteiso versus iso branched chain fatty acids
(Beranova et al., 2010). Haque and Russell (2004) also noted an increase
in the anteiso/iso ratio upon growth at low temperature of B. cereus, but
this was not observed by De Sarrau et al. (2012) and Brillard et al.

(2010). In these three studies on B. cereus, anteiso fatty acids were in
much lower proportion than iso fatty acids, in contrast to the results
on B. subtilis by Beranova et al. (2010). B. cereus produces two acyl-
lipid desaturases, DesA and DesB, creating double bounds in the fatty
acid chain in respectively positions 5 and 10 (Cifre et al., 2013). As at
cold temperature B. cereus mostly accumulate fatty acids unsaturated
in position 5, DesA has presumably the main role in cold adaptation of
B. cereus (Fig. 2a). These acyl-lipid desaturases are not active in absence
of oxygen (Beranova et al., 2010) which explains that B. cereus was not
able to produce unsaturated fatty acids in anaerobiosis (De Sarrau et al.,
2012). As a consequence, anaerobiosis markedly hampered cold adapta-
tion of B. cereus (De Sarrau et al., 2012), suggesting that association of
anaerobic packaging and cold storage of foods might reduce the risk of
B. cereus development. The mechanisms responsible for the increase of
the isoCy3/isoCy s ratio at cold temperature are not fully understood. A li-
pase of the GDSL (Gly-Asp-Ser-Leu) family, characterized by an amino
acids signature motif, presumably has an important role (Fig. 2a) be-
cause the mutant deleted for the corresponding lipase gene showed a
reduced growth at low temperature with no changes in the isoC;3/
isoCys ratio, while the unsaturated fatty acids increased as in the wild
type strain (Brillard et al., 2010).

3.2.2. Translation

Low temperatures stabilize mRNA secondary structures, thereby re-
ducing translation efficiency. Many bacteria respond by synthesis of
RNA helicases, enzymes that unwind in vitro unfavourable secondary
mRNA structures using ATP as energy source (Cordin et al., 2006; lost
and Dreyfus, 2006), participate in ribosome biogenesis (Charollais
et al.,, 2004) and degrade mRNAs through a multi-proteins complex,
the degradosome (Hardwick and Luisi, 2013). Several RNA-helicases
are usually present in bacteria, with different roles in cold adaptation.
B. cereus possesses 5 RNA-helicases, CshA, CshB, CshC, CshD and CshE,
all over-expressed at cold temperature (Pandiani et al.,, 2010) but with
only CshA, B, and C being necessary for cold adaptation (Pandiani
et al.,, 2010). Deletion mutants showed that CshA and CshC had the
strongest impact on cold adaptation, followed by CshB. Cold growth of
a mutant deleted for CshA was partially restored by complementation
with CshB, indicating overlapping mechanisms between these two
RNA-helicases, but not with CshC (Pandiani et al., 2010). In B. cereus de-
letion of CshA reduced growth rate at all temperatures except those
close to the maximum growth limit. Deletion of CshB reduced growth
rates at temperatures below and above the optimum for growth,
while deletion of CshC reduced growth only below the optimum tem-
perature (Pandiani et al., 2011). In addition the three helicases contrib-
uted to adaptation to oxidative conditions and CshA to adaptation to
basic pH (Pandiani et al., 2011). Although the strongest impact of delet-
ing the RNA-helicases CshA, B and C was on cold adaptation with ab-
sence of growth at low temperatures, they presumably have a wider
role in adaptation to various conditions. Whether this ubiquitous role
of RNA-helicases is important for cross adaptation to various stresses
is not known. Cold shock proteins, among the first proteins synthetized
by bacteria upon cold-shock, also interact with folded mRNA to permit
an efficient translation at low temperatures, some in cooperation with
RNA-helicases (Hunger et al., 2006). Two of the five cold shock proteins
identified in B. cereus (CspA and CspE) increased after cold-shock (Mayr
et al,, 1996) indicating that this mechanism is presumably also present
in B. cereus.

3.2.3. Proteins misfolding

Deletion of a gene coding for a Clp protease (clpP1) hampered
growth below the optimum temperature of Bacillus thuringiensis
(Fedhila et al., 2002), a very close relative of B. cereus. Clp protease can
have a role in preventing polypeptides misfolding, a possible conse-
quence of low temperatures.
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Fig. 2. Changes in membrane fatty acids of Bacillus cereus during cold adaptation in aerobiosis (a) and anaerobiosis (b). (1) Cold causes a decrease in membrane fluidity. (2) Cold is sensed
through an unknown mechanism by the protein sensor CasK. CasK activates the regulator protein CasR which directly or indirectly activates the transcription of the fatty acids desaturase
genes desA and desB. (3) In presence of oxygen, DesA unsaturates membrane fatty acids in position 5, producing mostly isoC;7:1(n = 5). The proportion of unsaturated fatty acids produced
by DesB does not increase at cold temperature. In anaerobiosis, DesA and DesB do not desaturate fatty acids. (4) Proportion of the fatty acid iso C;3 increases and that of the iso C;5 de-
creases. A GDSL-lipase, through an unknown mechanism, is both necessary for this change in proportion and for cold adaptation. (5) Unsaturated fatty acids from the growth medium
are incorporated in the membrane of B. cereus which permits to increase membrane fluidity at cold temperature, particularly in anaerobiosis where other mechanisms are inhibited.
(6) In anaerobiosis, cold causes a shift in the fermentative metabolism that presumably explains the decrease in the proportion of branched chain fatty acids through a reduction in ox-
idized co-factors. (7) The increased membrane fluidity compensates the impact of cold and permits growth of the bacteria.

3.2.4. Metabolism

Cold temperature provoked a shift of glucose metabolism in B. cereus
from glycolysis to the pentose phosphate pathway (Chung et al., 1976;
Choma et al., 2000) and a transposon mutant in a gene coding for an en-
zyme of the pentose phosphate pathway had a reduced growth at low
temperature (Broussolle et al., 2010). In absence of oxygen, cold also
changed the fermentative metabolisms of B. cereus, reducing markedly
ethanol production (De Sarrau et al., 2012). This altered the redox bal-
ance of the cell which could explain the very low synthesis of branch
chain fatty acids in B. cereus grown in cold and anaerobiosis (Fig. 2b),
a possible cause of the difficulty of the bacteria to grow in such condi-
tions (de Sarrau et al., 2012).

3.2.5. Sensing cold and regulation

A two component, sensor-regulator system, CasKR, which deletion
prevented growth at low temperature of B. cereus, was recently identi-
fied (Diomande et al., 2014). At low temperature, deletion of CaskKR
caused a reduction in the expression of the desaturase gene desA and
a concomitant reduction in the synthesis of fatty acids unsaturated in
position 5 (Diomandé et al., 2015-in this issue). CaskR presumably con-
tributes to cold adaptation in B. cereus by regulating the increase in

membrane fluidity mediated by the unsaturation of fatty acids in posi-
tion 5 (Fig. 2a). In B. subtilis the two component system DesKR, includes
a sensor (DesK) inserted in the membrane that detects temperature
downshifts through changes in the membrane thickness. Once activated
DesK phosphorylates the regulator (DesR) that activates in turn the ex-
pression of the fatty acid desaturase (Aguilar et al., 2001; Cybulski et al.,
2010). In contrast to DesK, the sensor protein CasK from B. cereus has no
predicted transmembrane domain, therefore sensing cold may occur
through a different mechanism in B. cereus (Fig. 2a).

3.2.6. Diversity of cold adaptation among B. cereus sensu lato

All B. cereus are not able to grow at refrigeration temperatures.
B. cereus, together with Bacillus mycoides, Bacillus pseudomycoides, Bacil-
lus anthracis, B. thuringiensis, Bacillus weihenstephanensis and Bacillus
cytotoxicus form a group of very closely related species called B. cereus
sensu lato (Guinebretiere et al.,, 2008, 2013). Its phylogenetic structure
was resolved in seven groups (Guinebretiere et al., 2008; Tourasse
et al., 2010) each having specific adaptations to temperature, with
their minimum growth temperatures ranging from 4 °C to 20 °C. The
phylogenetic structure of the B. cereus Group indicates the emergence
through evolution of several cold adapted populations (Guinebretiere
et al,, 2008).
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Thermal DNA signatures have been identified in B. cereus sensu lato:
one DNA sequence in the Cold Shock Protein A gene cspA (Francis et al.,
1998) specific for one of the psychrotrophic phylogenetic groups (group
VI containing the species B. mycoides and B. weihenstephanensis,
Guinebretiere et al., 2008) and one r7s ribosomal DNA signature (Pruss
et al,, 1999) which abundance correlates with the minimum growth
temperature of the phylogenetic groups (Guinebretiere et al., 2008).
However it is not known if, and by which mechanisms, these DNA signa-
tures improve cold adaptation of B. cereus.

The most thermophilic phylogenetic group (group VII correspond-
ing to B. cytotoxicus), unable to grow below 20 °C (Guinebretiere et al.,
2008) lacks the genes of the two components sensor-regulator system
CasKR, necessary for growth at low temperatures in B. cereus strains
from other phylogenetic groups (Diomande et al., 2014). Phylogenetic
group VII is also characterized by a particularly low amount of iso-C;3
and high amount of iso-Cy5 (Guinebretiere et al., 2013). A high iso-
C;3/is0-Cy5 ratio presumably contributes to cold adaptation in B. cereus
as it increased when B. cereus from other phylogenetic groups were
grown at low temperature (Haque and Russell, 2004; Brillard et al.,
2010; De Sarrau et al.,, 2012) and did not increase in a mutant impaired
for growth at low temperature (Brillard et al., 2010). It is possible that
absence of CaskR and the low iso-C13/isoC-15 ratio contribute to the ex-
treme thermotype of phylogenetic group VII within B. cereus sensu lato.

3.2.7. Sporulation and cold adaptation of B. cereus

Production of spores is an important survival strategy for B. cereus.
Once adapted to cold, B. cereus produces spores which differ from
those at optimal temperature for their lower heat resistance and more
efficient germination (Planchon et al., 2011). Compared to spores pro-
duced at 30 °C, spores produced at 10 °C had less iso branched chain
fatty acids and more anteiso branched chain fatty acids: 16% iso-C;5 in-
stead of 34%, 13% anteiso-C;5 instead of 7%. In contrast to vegetative
cells, spores produced at 10 °C versus 30 °C showed no increase in iso-
C;3 and in the branched, monounsaturated fatty acid iso-C;7:1. Impact
of cold during sporulation on spore fatty acids seems therefore very dif-
ferent from the impact of cold during vegetative growth.

4. Using food components to survive under harsh conditions

Several authors have described that food-borne pathogenic bacteria
are able to survive better under extreme environmental conditions or to
food preservation treatments when they are inoculated into certain
foods or food-derived media than when laboratory media is used as
treatment media (Waterman and Small, 1998; Alvarez-Ordoéiiez et al.,
2009b). This suggests that microorganisms can benefit from the
physico-chemical properties of foods or can use some food components
or molecules to respond to situations of stress.

A number of studies have demonstrated a role for particular amino
acids in the maintenance of intracellular pH homeostasis in Enterobacte-
riaceae under lethal acidic environments (Kieboom and Abee, 2006; Lee
et al., 2007; Alvarez-Ordéiiez et al., 2010b; Feehily and Karatzas, 2012).
Arginine, lysine, and glutamate are among those amino acids used by in-
ducible decarboxylase systems responsible for maintenance of intracel-
lular pH. The arginine decarboxylase system is composed by an arginine
decarboxylase (AdiA) which converts arginine into agmatine in the cy-
toplasm with the consumption of a proton, an arginine/agmatine
antiporter (AdiC) which expels agmatine from the cell in exchange for
external arginine, and a transcriptional activator (AdiY) (Kieboom and
Abee, 2006; Alvarez-Ordéiiez et al., 2010b). Similarly, the lysine decar-
boxylase system is composed of a transcriptional regulator of the
cadBA operon (CadC), a lysine decarboxylase enzyme (CadA), and a
lysine-cadaverine antiporter (CadB). Under conditions of low external
pH in the presence of lysine CadC acts both as a signal sensor and a tran-
scriptional regulator which activates the transcription of the cadBA op-
eron. Following induction, the enzyme CadA converts intracellular
lysine to cadaverine with the consumption of a proton, thus increasing

the intracellular pH. Subsequently, cadaverine is exchanged for extra-
cellular lysine via the CadB antiporter (Park et al., 1996; Lee et al.,
2007). The glutamate decarboxylase system (GAD) catalyses the decar-
boxylation of glutamate to 'y-aminobutyrate (GABA) with the consump-
tion of a proton. This is the first step of the GABA shunt pathway that
leads to the production of succinate by the sequential actions of
GABA-aminotransferase and succinic semialdehyde dehydrogenase.
An antiporter system is usually present to couple the uptake of gluta-
mate to the efflux of GABA (Feehily and Karatzas, 2012). Whereas the
GAD system has been described as the most important mechanism of
acid resistance in E. coli, it appears to be absent in other members of
the Enterobacteriaceae such as S. Typhimurium that uses instead the ar-
ginine and lysine decarboxylase systems (Audia et al., 2001). The GAD
system is also important for the acid resistance of the food-borne path-
ogen L. monocytogenes (Cotter et al., 2001; Karatzas et al., 2012).

The amino acids valine, leucine and isoleucine are precursors of the
synthesis of branched fatty acids in bacteria. In presence of isoleucine
B. subtilis increased markedly the proportion of anteiso branched fatty
acids and reduced the proportion of iso branched fatty acids (Cybulski
et al., 2002). This increases the membrane fluidity and permits cold
adaption of B. subtilis, particularly under conditions at which fatty
acids desaturation is not possible, as under anaerobic respiration
(Beranova et al., 2010). Isoleucine facilitated, whereas leucine impaired,
cold adaptation of L. monocytogenes (Zhu et al., 2005).

Arecent study by Madeo et al. (2012) has evidenced the importance
of thiamine to withstand lethal acid stress in L. monocytogenes. They
reported that a mutant in the thiT gene, which encodes a thiamine
uptake system, was highly sensitive to acid exposure and evidenced
that thiamine-depleted cultures failed to produce significant con-
centrations of acetoin, consistent with the known thiamine depen-
dence of acetolactate synthase, an enzyme of the 2,3-butanediol
fermentation pathway required for acetoin synthesis from pyruvate.
They suggested that as acetoin synthesis is a proton-consuming pro-
cess, the acid sensitivity observed in thiamine-depleted cultures may
be owing to an inability to produce acetoin. The 2,3-butanediol fer-
mentation pathway consists of a three step conversion. First, two
molecules of pyruvate from glycolysis are combined to «-
acetolactate by ai-acetolactate synthase (a-ALS). ai-Acetolactate is
then decarboxylated to acetoin by o-acetolactate decarboxylase
(a-ALD) and, finally, 2,3-butanediol can be formed by reduction of
acetoin by 2,3-butanediol dehydrogenase (BDH) (Celifiska and
Grajek, 2009). The 2,3-butanediol fermentation pathway is often
regarded as a strategy to avoid excessive and potentially lethal intra-
cellular acidification (Vivijs et al., 2014). Evidence for this protective
role was first reported for the pathogenic bacteria Vibrio cholerae,
where inactivation of the genes encoding the a-ALS and a-ALD re-
sulted in a growth defect in broth with 1% glucose due to enhanced
medium acidification (Yoon and Mekalanos, 2006). Later on, similar
findings were reported in other microorganisms, including
A. hydrophila (Van Houdt et al., 2007; Moons et al., 2011).

Urea, which is present in various environments in which bacteria
can be found including soil, food, and the human host, can also be
used by microorganisms to counteract lethal acid pH. Food-borne path-
ogens encounter urea upon their interaction with the human host:
human saliva contains 2.3 mM to 4.1 mM, and the human stomach con-
tains approximately 4.8 mM. In addition, foods of animal origin general-
ly contain urea; for example, milk contains 4.4 mM to 6.4 mM urea
(Mols and Abee, 2008). Urease activity, which is present in various mi-
croorganisms, plays a prominent role in the pathogenesis of the gastric
pathogen Helicobacter pylori, by allowing its survival to the low pH con-
ditions of the stomach. Urea hydrolysis occurs in H. pylori inside the cy-
toplasm resulting in the production of NH5 that is immediately
protonated to form NHZ. This ammonium is then metabolized or
effluxed because its presence within the cell is counterproductive to
the goal of raising pH while maintaining cellular viability (Miller and
Maier, 2014). Urease utilization clusters similar to those of H. pylori
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have been identified in the genome of various food-borne pathogenic
bacteria, although an equivalent role of ureolytic activity in acid survival
has not been convincingly demonstrated for them yet (e.g. Mols and
Abee, 2008).

Another relevant example of the ability of microorganisms to use
food components to withstand stress conditions is the use of carbo-
hydrates, amino acids and other molecules as compatible solutes in
the response to conditions of osmotic stress. Bacteria are known to
react to environments of elevated osmolarity by means of a biphasic
response, which involves the stimulation of potassium uptake (and
its counter-ion glutamate) followed by a dramatic increase in the
cytoplasmic concentration (by synthesis and/or uptake) of several
so-called compatible solutes — trehalose, proline, ectoine, betaine,
carnitine, and choline, among others (Sleator and Hill, 2002). These
compatible solutes play a dual role in osmoregulating cells, helping
to restore cell volume while also stabilizing protein structure and
function under adverse environmental conditions (Sleator et al.,
2003). In fact, several authors have demonstrated that their presence
stimulates microbial growth at elevated osmolarity (mainly by inoc-
ulation in media with salt supplementation). Nevertheless, synthesis
and/or uptake of compatible solutes can also protect bacterial cells
against other forms of osmotic stress. For example, trehalose, a non-
reducing disaccharide of glucose, plays a pivotal role in protection of
bacteria against drying (Breeuwer et al., 2003). These authors reported
that addition of trehalose to the growth medium of Cronobacter
sakazakii, a particularly desiccation resistant bacterial species, improved
its survival after drying. They also described that intracellular trehalose
concentration was increased more than five-fold in stationary-phase
C. sakazakii cells exposed to drying. Similarly, other compatible solutes
have been shown to improve the survival of microorganisms to high hy-
drostatic pressure treatments (Smiddy et al., 2004). Smiddy and co-
authors observed that addition of both betaine and L-carnitine to the
treatment medium improved the barotolerance of L. monocytogenes
and that betaine was more effective than L-carnitine in protection of
the microbial cell from the detrimental effects of high hydrostatic pres-
sure treatments. The uptake or synthesis of compatible solutes has also
been shown to allow growth of microorganisms at low temperature
(Hill et al., 2002). Indeed, a study by Wemekamp-Kamphuis et al.
(2004) described that the addition of betaine or carnitine to the growth
medium resulted in a significant increase of L. monocytogenes growth at
low temperatures, with an associated betaine and carnitine accumu-
lation. They also showed that single and multiple deletions of the
known compatible solute transporters BetL, Gbu, and OpuC (in-
volved in uptake of betaine and carnitine) significantly reduced
growth of L. monocytogenes at low temperatures. Therefore, some
natural components of foods or solutes added to foods may inadver-
tently promote the growth of food-borne pathogens under sub-lethal
stress conditions of low temperature. For instance, Sleator et al.
(2009) evaluated the growth of L. monocytogenes at 7 °C in two infant
formula preparations that differed only by the presence or absence of
L-carnitine (1.5 mg/100 ml), and observed that L. monocytogenes grew
faster in the formula with L-carnitine. They also described that the addi-
tion of L-carnitine to the formula that originally contained no L-carnitine
resulted in a significant increase in the growth rate and final cell num-
bers of L. monocytogenes, demonstrating a role for L-carnitine in provid-
ing chill tolerance to L. monocytogenes.

Fatty acids present as phospholipids in the growth medium or
foods are incorporated in the membrane of B. cereus. Whenever
these fatty acids contain a high proportion of unsaturated fatty
acids, this fluidifies the bacterial membrane and facilitates cold ad-
aptation (Diomandé et al., 2015-in this issue, De Sarrau et al.,
2013). In anaerobic conditions (Fig. 2b) that prevents the endoge-
nous fatty acid desaturation by the bacterium (De Sarrau et al.,
2013), or in aerobic conditions in a cold sensitive deletion mutant
(AcasK/R) (Diomandé et al., 2015-in this issue) incorporation of ex-
ogenous unsaturated fatty acids restore normal cold adaptation.

Impact on other stresses is not documented. Presence and nature of
lipids should be more often considered when predicting the stress
adaptation of pathogenic bacteria in foods.

5. The balance between self-preservation and nutritional
competence (SPANC)

Acquisition of transient stress tolerance by bacteria is subject to a
considerable cellular cost since it normally implicates large-scale host
protection mechanisms involving several hundred cell components
(e.g. proteins and stress-protectant metabolites) which accumulate to
counteract the environmental challenges faced (Hengge-Aronis,
2002). Consequently, in return, high stress resistance is commonly ac-
companied by a reduction in the bacterial capacity to compete vegeta-
tively for the utilization of nutrients present in the environment at
low concentrations. Indeed, an inverse relationship between competi-
tiveness and the resistance of strains to stresses has been described
for various food-borne pathogens. This fact can be regarded as the bal-
ance between the processes of self-preservation and nutritional compe-
tence (SPANC balance) and is responsible for the heterogeneity in stress
tolerance among bacterial species (Phan and Ferenci, 2013). One of the
best known examples of a SPANC balance is the one driven by mutations
in the general stress response regulator rpoS (alternative sigma factor
08 or 0°) in members of the Enterobacteriaceae family. Sigma factors
are dissociable subunits of RNA polymerase that have a key role in the
regulation of the production of specific sets of proteins under specific
environmental conditions. The core of RNA polymerase consists of five
subunits, but this form is unable to initiate transcription from promoters
without a sigma factor (the sixth subunit). Sigma factors can bind to
RNA polymerase, and this complex can recognize promoters and melt
DNA, thus initiating transcription (Van Schaik and Abee, 2005). Most
transcription events are mediated by the sigma factors 0”° (in Gram-
negative bacteria) and o (in Gram-positive bacteria). However, under
specific conditions, including exposure to stress, other sigma factors
(i.e. alternative sigma factors) are activated and control the expression
of specialized sets of genes (regulons) (Gruber and Gross, 2003). One
of the best studied alternative sigma factors is the alternative sigma fac-
tor o° (RpoS) of Gram-negative bacteria. Rpo$S is the master regulator of
the general stress response in Gram-negative bacteria. While in rapidly
growing cells levels of RpoS are low, exposure to many different stress
conditions results in a rapid and strong RpoS induction, and a conse-
quent transcription of numerous RpoS-dependent genes, many of
them encoding gene products with stress-protective functions
(Hengge-Aronis, 2002). Despite the critic importance of RpoS for cellu-
lar survival and protection under hostile environments, several studies
have shown that the rpoS gene is located in a highly polymorphic seg-
ment of the bacterial chromosome (Ferenci, 2003, 2008). In addition,
various authors have described the frequent isolation of rpoS defective
natural isolates in different members of the Enterobacteriaceae family,
including the food-borne pathogens E. coli (Waterman and Small,
1996; King et al., 2004; Bhagwat et al., 2006; Dong et al., 2009; Chiang
et al., 2011; Alvarez-Ordéiez et al., 2013a), S. enterica (Robbe-Saule
et al., 2003) and C. sakazakii (Alvarez-Ordoéfiez et al., 2012a). In the
first comprehensive study on rpoS polymorphisms, Waterman and
Small (1996) found that over 20% of 58 tested E. coli strains had muta-
tions in the rpoS gene that were linked to a reduced stress tolerance.
Subsequent studies on E. coli, Salmonella spp. and C. sakazakii have de-
scribed similar percentages of isolates with truncated RpoS among
field collections of microorganisms (Robbe-Saule et al., 2003; Chiang
et al., 2011; Alvarez-Orddiiez et al., 2012a). The majority of rpoS muta-
tions are loss-of-function mutations with little or no residual RpoS pro-
tein and include stop codons, deletions, and insertions as well as point
mutations, although partial or attenuated rpoS mutations have also
been described in other research articles. Most of those studies have re-
ported a relationship between rpoS status (intact vs truncated RpoS) or
expression level and overall intraspecies variability in tolerance to a
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wide range of stress conditions (e.g. acid, alkaline, oxidative, osmotic,
thermal, and HHP exposures). Maintenance of a defective or less active
RpoS may appear paradoxical, as it is likely to affect cellular survival
under harsh conditions. However, rpoS mutations have been shown to
confer a selective advantage for the cell under certain conditions. For in-
stance, Wang et al. (2010) have observed that rpoS mutations provide
E. coli populations a strong fitness benefit under phosphate limitation.
Similarly, King et al. (2004) reported that E. coli rpoS mutant strains
are able to use more novel and alternative carbon sources for their
growth than strains with a functional RpoS and show faster growth
under limited-nutrients environments. Indeed, rpoS mutants of in-
creased fitness have been shown to occur by natural selection in bacte-
rial cultures maintained under carbon starvation or in the presence of
non-preferred carbon sources (Zambrano et al.,, 1993; Dong et al,,
2009; Alvarez-Ordoéiiez et al., 2013b). For example, growth on weak
acids (e.g. succinate and acetate) strongly selects for rpoS mutations in
laboratory E. coli strains (Chen et al., 2004; Spira et al., 2008). Likewise,
a study by Alvarez-Ordoéiiez et al. (2013b) has shown that growth of
C. sakazakii in a minimal medium supplemented with acetate can select
for loss of RpoS, with a consequent reduction in stress tolerance. In ad-
dition, C. sakazakii rpoS mutants have been recently isolated by propaga-
tion in minimal medium supplemented with other non-preferred
carbon sources such as succinate, fumarate and propionate (Alvarez-
Ordéiiez et al., unpublished data). On the contrary, exposure to some
food-related stresses can lead to increased RpoS activity, as shown by
Vanlint et al. (2013) for HHP treatments. These authors reported that
E. coli HHP-resistant variants obtained after several pressurization cy-
cles showed a significant up-regulation of rpoS, although this phenotype
did not stem from mutations in the rpoS locus. Therefore, it appears
clear that selection for loss or gain of RpoS function may be an important
adaptive mechanism to maximize bacterial growth or survival in com-
plex natural environments.

6. Consequences for food safety and future prospects

Microorganisms dispose of a range of adaptive mechanisms that
contribute to their fitness in changing stressful environments. Many
specific stress responses have been described in a wide range of food-
borne pathogenic bacteria, which allow them to respond to environ-
mental signals by temporarily changing the patterns of gene expression
or modulating the cellular structure or conformation. These adaptive
stress responses are normally transient and highly energy demanding,
and, for this reason, are not always beneficial for the cell. Indeed, selec-
tion for loss of key regulators of these transient stress responses can
occur in complex bacterial populations in order to guarantee an im-
proved fitness under specific environments. On the other hand, micro-
organisms can also enhance their chances of survival under stress
conditions by increasing the generation of diversity at the population
level. This can be achieved either by creating genetic diversity by a vari-
ety of mechanisms involving for example constitutive or transient adap-
tive mutations, or by revealing phenotypic diversity that remained
dormant. On the long term, adaptation to some stressing conditions
can be the driver of species evolution as shown by the emergence of
cold tolerant groups within B. cereus.

Research studies following a direct evolution approach have shown
that adaptive mutagenesis can occur upon recurrent exposure to lethal
stress conditions. This phenomenon might lead to the generation and
proliferation of stress hyper-resistant clonal variants in stressed popula-
tions. Nevertheless, it is still controversial whether such dispersion of
hyper-resistant clonal variants actually occurs in foods and food pro-
cessing environments. A study by Dlusskaya et al. (2011) suggests that
this might be the case. Dlusskaya and co-authors tested the heat and
acid resistance of E. coli reference strains and E. coli strains isolated
from beef processing plants after steam and lactic acid decontamination
interventions. They observed that heat resistance values of current
slaughter plant isolates was around 100 times higher than those

obtained for reference E. coli strains and E. coli isolates from live cattle,
and that some plant isolates can survive cooking of ground beef to the
recommended internal temperature of 71 °C.

Bacterial stress tolerance responses can also result in cross-
protection against a wide variety of lethal exposures different from
that inducing the adaptive response. Such cross-protection re-
sponses are particularly significant when minimal processing of
foods is considered, where the imposition of one sub-lethal stress
may lead to the induction of multiple stress responses that may re-
duce the efficacy of subsequent treatments, and must be considered
when implementing new preservation technologies or processing
regimes (Abee and Wouters, 1999; Yousef and Courtney, 2003;
Wesche et al., 2009). Regarding this issue, the prediction of pheno-
typic behaviour using cellular indicators is a key area of research in
the field of food-borne pathogens that in the near future will aid in
the design and development of more efficient (novel combination)
food preservation regimes or control strategies (Abee et al., 2011;
Desriac et al., 2013). Quantitatively correlating microbial responses
at molecular and phenotypic levels can assist the identification of
cellular indicators for bacterial performance under stress conditions
and under particular food preservation regimes. Den Besten et al.
(2010) designed a framework for identifying cellular biomarkers
for mild stress induced enhanced microbial robustness towards le-
thal stress conditions in B. cereus. These authors selected several can-
didate biomarkers (e.g. transcriptional regulators, enzymes,
chaperones and proteases) by comparing the genome-wide tran-
scriptome profiles of B. cereus upon exposure to mild stress condi-
tions (heat, acid, salt and oxidative stress) and quantified all them
at transcript, protein and/or activity level alongside with the stress
induced robustness acquired towards lethal stress conditions. They
were able to identify both short- and long-term biomarkers of bacte-
rial tolerance responses towards lethal heat, acid and oxidative
stresses. In particular, they found better predictive potential of en-
zyme activity and proteins compared to transcripts, with catalase ac-
tivity and SigB protein levels showing the highest predictive quality.
In previous sections of this review article we have identified two ad-
ditional cellular components that could be used as indicators of bac-
terial robustness towards stress exposures, i.e. membrane fluidity for
heat resistance and cold tolerance, and rpoS activity for bacterial re-
sistance to oxidative, osmotic and acid stress among others in Entero-
bacteriaceae. Nevertheless, promising candidate-biomarkers could
be genus, species or even strain specific, since the functional conser-
vation of stress-related cellular factors differs in nature. Further in-
vestigations testing wide range of microorganisms under variable
stress intensities will reveal how reliable those described biomarkers
are. Systematic approaches will facilitate the identification of wide
spectrum and narrow spectrum biomarkers which will aid the pre-
diction of the history-dependent microbial behaviour in foods (Den
Besten et al., 2010; Desriac et al., 2013).

Apart from conditioning the survival of pathogenic bacteria in foods
and their resistance to food processing treatments, bacterial stress re-
sponses might also impact the disease-causing potential of bacterial
strains and therefore the final outcome of the food-borne disease.
There exists a controversy on whether bacterial responses to environ-
mental stresses can modulate virulence (Gahan and Hill, 1999; Archer,
1996). It is known that some genetic systems involved in specific stress
responses are the same as those associated with virulence during infec-
tion. Thus, the ability to deal successfully with environmental stresses
would help (indirectly) bacterial virulence. Genes needed to withstand
stress conditions in the environment (involved in ATR, oxidative stress,
osmolarity stress) would help bacteria to access the gastrointestinal in-
terface and eventually provoke virulence in the host, both types of genes
being expressed in response to surrounding signals. Some studies have
reported that adaptive responses to changing environments and food-
related physical or chemical stresses (e.g. starvation, extreme tempera-
tures, organic acids etc.) may affect the virulence of pathogenic bacteria
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(Gahan and Hill, 1999). Indeed, some stress response regulators (e.g.
RpoS in Gram-negatives, 0 in Gram-positives) are also known to be in-
volved in the regulation of pathogenicity traits of certain food-borne
pathogens, which suggests that stress responses may be an important
factor in potentiating the expression of particular virulence factors
in vivo. The coordinated transcriptional regulation of virulence and
stress response gene expression is very important for some food-
borne pathogens, like L. monocytogenes, and this is shown in the joint in-
volvement of sigB and prfA. Experiments with sigB and prfA mutants
suggest a regulatory overlap between the stress response and virulence
transcriptional networks. Certain genes (involved in intracellular sur-
vival, spread and multiplication) are activated only by PrfA, while
genes involved in the stress response only by SigB, and genes with a
role in virulence in the gastrointestinal interface are activated by both
regulators (Kazmierczak et al., 2006; Zhang et al., 2011). Regulation of
virulence involves activation and repression of many regulatory net-
works and mechanisms that we now begin to elucidate.

On the other hand, some studies are linking increased stress resistance
with virulence attenuation of bacterial pathogens (Karatzas et al., 2007,
2008). Further research remains to be done on the effects of environmen-
tal stress and food preservation techniques on the virulence of food-borne
pathogens in order to shed light into this conundrum.

It is also unclear whether environmental conditions can impact
bacterial susceptibility to antibiotics and other antimicrobials. On
one side antimicrobials themselves are growth-inhibiting stressors
that often elicit protective responses in bacteria, thus provoking
their own resistance-promoting responses. Cellular permeability to
antibiotics is known to change in response to factors such as shifts
in temperature, presence of specific inducers, reactive oxygen spe-
cies, or specific metabolic signals (McMahon et al., 2007). Reduced
susceptibility to antibiotics in response to environmental stresses
may be mediated through modification of the lipopolysaccharide or
other components of the cellular envelopes, or through enhanced
expression of multiple efflux pumps that extrude the antibiotic
once it has reached the cytoplasm decreasing the toxic activity
(McMahon et al., 2007; Martinez and Rojo, 2011).

Exposure to stress can induce various degrees of cellular damage
or injury depending on the intensity of the stress and the physiolog-
ical state of individual cells within the population. Injured cells rep-
resent a challenge for traditional food microbiology analytical
methods. Upon exposure to lethal stresses a fraction of the bacterial
population may enter a non-culturable physiological state in which
cells still remain metabolically active, retain their pathogenic prop-
erties and possess the ability to resuscitate under favourable circum-
stances. This is known as the viable but not culturable (VBNC) state
(Ramamurthy et al., 2014). VBNC cells do not grow in classic pre-
enrichment media used for detection of pathogenic bacteria in food
and environmental samples and may therefore go undetected during
routine monitoring programmes. However, subsequent cellular re-
pair may allow for injury recovery and bacterial growth in foods. Fu-
ture research must focus on the development of reliable analytical
methods capable to detect and enumerate VBNC cells in foods. Such
methodologies need to be incorporated into standardized detection
and enumeration methodologies.
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