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ABSTRACT

Listeria monocytogenes adapts to diverse stress conditions including cold, osmotic, heat, acid, and alkali 

stresses encountered during food processing and preservation which is a serious food safety threat. In this 

review, we have presented the major findings on this bacterium’s stress response proteomes to date along 

with the different approaches used for its proteomic analysis. The key proteome findings on cold, heat 

shock, salt, acid, alkaline and HHP stresses illustrate that the cellular stress responses in this organism are 

a culmination of multiple protein expression changes in response to a particular stress stimuli. Moreover, 

a number of key proteins may be involved in conferring the cross protective effects against various stress 

environments. As an example, ferritin-like protein (designated as Fri or Flp) is induced during cold, heat, 

and HHP stresses. Similarly, general stress protein Ctc is induced in cold and osmotic stresses while mo-

lecular chaperones such as GroEL and DnaK are induced in cold and heat stresses. Furthermore, a number 

of stress proteins also contribute towards L. monocytogenes virulence and pathogenicity. Future research 

may lead to understanding the stress proteomes of this pathogen induced on various food matrices and 

processing environments in which it can persist for long periods of time.  

Keywords: Listeria monocytogenes, proteome, cold stress, osmotic stress, heat stress, acid stress, alkali stress.

 

INTRODUCTION

Listeria monocytogenes is an important food-

borne pathogen with significant public health threats 

and economic impacts on the food industry. It causes 
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“listeriosis” in humans, which is associated with a 

variety of symptoms ranging from flu-like illness to 

severe life threatening meningitis as well as high 

mortality (Lennon et al., 1984). Epidemiological stud-

ies estimate that listeriosis to be responsible for ap-

proximately 19 % of food-related deaths in the Unit-

ed States annually (Scallan et al., 2011). Suspected 

L. monocytogenes contamination is also among the 

leading causes of food recalls resulting in significant 
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financial losses to the food industry due to the “zero 

tolerance” standard adopted for the ready-to-eat 

food products in the USA (Kramer et al., 2005; Mars-

den, 2001; Teratanavat and Hooker, 2004). 

The prevalence of L. monocytogenes is mainly 

due to its wide-spread distribution and its ability to 

withstand adverse environmental conditions. This 

includes the ability of this pathogen to survive and 

grow at low temperatures, and resistance to high 

osmolarity, acidic and alkaline environments. Cold 

adaptation of this organism is of growing concern 

due to the changing life styles over the years that 

have increased the consumption of refrigerated 

and minimally processed food products. Besides 

cold storage, elevated salt concentrations are an al-

ternative means of food preservation, but L. mono-

cytogenes is also highly salt tolerant and has been 

documented to grow in the presence of as high 

as 10% NaCl (McClure et al., 1991). Jensen et al. 

(2007) recently showed that L. monocytogenes cells 

can display increased aggregation and biofilm for-

mation when exposed to NaCl stress. Additionally 

this bacterium exhibits acid tolerance responses 

(ATR), which significantly increases its resistance to 

a subsequent lethal acid (pH 3.0-3.5) stress expo-

sure after an initial encounter with the non-lethal 

acidic (pH 5.0-5.5) conditions. As an example, 4-log 

higher survival was observed in L. monocytogenes 

cells exposed to acid stress at pH 3.5 for 6 h after 

an initial 90 minute exposure to a mild acidic condi-

tion at pH 5.5 (Koutsoumanis et al., 2004). Similarly, 

L. monocytogenes may also acquire an increased 

alkaline stress tolerance subsequent to sublethal al-

kaline stress exposure (Mendonca et al., 1994). Dur-

ing food processing and preservation, L. monocyto-

genes cells may become exposed to multiple forms 

of sublethal stresses, leading to “stress hardening”. 

Consequently, L. monocytogenes exposure to mild 

forms of particular stresses may inadvertently in-

duce cross protection against subsequent expo-

sures to lethal levels of other unrelated stresses. For 

example, it has been shown that acid (pH 4.5 for 1 

h) or cold (10°C for 4 h) stressed L. monocytogenes 

LO28 (serotype 1/2c) cells tend to be more resistant 

to high hydrostatic pressure (HHP) in comparison 

to the non-stress adapted cells (Wemekamp-Kam-

phuis et al., 2002).  Lou and Yousef (1997) reported 

that the heat stress of L. monocytogenes results 

in cell-hardening and subsequent osmoprotection 

and higher resistance of these cells to ethanol treat-

ment. Likewise, L. monocytogenes cells were also 

found to be more thermotolerant after a combined 

acid and heat shock or after osmotic and heat shock 

treatments (Skandamis et al., 2008). 

Stress adaptation events in L. monocytogenes, as 

in other microorganisms, includes coordinated in-

duction of different stress protection systems within 

the affected cells. Proteomics and transcriptomics 

are both invaluable tools in delineation of the dif-

ferent mechanisms of stress response in microbes. 

Transcriptome analysis technologies while impor-

tant in deciphering the global mRNA expression 

changes during stress responses, fail to capture all 

aspects of these molecular responses since mRNA 

transcripts changes may not directly correlate with 

protein expression due to the fact that transcripts 

produced in abundance may be rapidly degraded, 

translated poorly, or influenced through post-trans-

lational modifications. Therefore complementa-

tion of the transcriptome based analysis of stress 

responses with the proteome studies is important 

to get a clearer picture as proteins are the key func-

tional units involved in physiological stress respons-

es. As a result of new developments in microbial 

cell global protein profiling based on the protein 

identification approaches and bioinformatics, re-

searchers are now also able to monitor and deter-

mine the importance of stress induced proteins in 

L. monocytogenes during its adaptation to diverse 

conditions.  A number of proteome profiling studies 

performed on this organism so far have already pro-

vided extensive preliminary insights into gene and 

protein expression changes that are associated with 

the environmental stress adaptation in this bacte-

rium. The purpose of this review is to discuss the 

significant developments in proteomic analysis of 

the stress-adaptation in L. monocytogenes with fo-

cus on cold, heat, osmotic, acid, alkaline, and HHP 

adaptation along with cross linking between stress 

proteins and virulence.   
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PROTEOMIC TECHNOLOGIES APPLIED 

IN L. MONOCYTOGENES ANALYSIS

The summary of different gel-based and non-gel 

based techniques and their assay principles are dis-

cussed in-depth in recent review articles by Haynes 

et al. (2007) and Nesatyy and Suter (2007). For L. 

monocytogenes, the most commonly applied pro-

tocols to date have used two-dimensional gel elec-

trophoresis (2DE) for protein separation (Folio et al., 

2004; Mujahid et al., 2007; Ramnath et al., 2003; Scha-

umburg et al., 2004). The majority of the L. mono-

cytogenes stress proteome studies utilized soluble 

cellular proteins (excluding the extracellular fraction) 

that were fractionated using mechanical disruption 

alone or protocols combining mechanical disrup-

tion and enzymatic lysis. In the earlier studies most of 

the proteins were not identified (; Bayles et al., 1996; 

Phan-Thanh and Gormon, 1995), although in later 

studies a significant number of the 2DE separated 

proteins were identified by mass spectrophotometry 

(MS) (Abram et al., 2008b; Dumas et al., 2008; Folio 

et al., 2004; Mujahid et al., 2007; 2008; Phan-Thanh 

and Jansch, 2006; Schaumburg et al., 2004 ). More re-

cently however, non-gel based approaches that com-

bine liquid chromatography (LC) separation and MS 

(LC-MS/MS) are increasingly used. The fractionated 

complex bacterial protein mixtures are digested into 

peptides, separated by liquid chromatography and 

analyzed in MS, taking advantage of the advances in 

bioinformatics to identify even larger numbers of the 

fractionated proteins (Abram et al., 2008b; Calvo et 

al., 2005; Trost et al., 2005).

The majority of studies that have compared pro-

tein expression between normal versus stress ex-

posed L. monocytogenes cells using 2DE gel-based 

protein separation with or without subsequent appli-

cation of MS to identify separated proteins (Bayles et 

al., 1996; Duche et al., 2002a; Esvan et al., 2000; Phan-

Thanh and Gormon, 1995; 1997; Phan-Thanh and 

Mahouin, 1999; Wemekamp-Kamphuis et al., 2004a). 

A 2DE reference map covering an estimated 28.8% 

of potential gene products was generated from the 

soluble subproteome of L. monocytogenes EGDe 

serotype 1/2a strain (Folio et al., 2004). Ramnath et 

al. (2003) also used this approach and detected two 

proteins found in L. monocytogenes EGDe but were 

absent in some food isolates. The identification of 

these proteins revealed they were involved in glyco-

lytic pathway and metabolism of coenzymes, but the 

relevance of their differential expression specifically 

in such food isolates remains unknown. The draw-

backs of gel based 2DE proteomics include poor 

reproducibility in separation of highly basic or hydro-

phobic proteins, gel-to-gel variations and poor reso-

lution of high molecular weight protein complexes. 

Attempts to overcome these drawbacks include the 

recent use of 2D-DIGE (Two dimensional-difference 

gel electrophoresis) based proteomics analysis. By 

using different fluorescent dyes such as Cy2, Cy3 

or Cy5 for protein labeling, such approaches allow 

protein mixtures of different origins to be analyzed 

within the same gel run. Thus these approaches are 

more amenable to stress proteome response studies 

where protein expression patterns of stress-adapted 

cells and control samples can be directly compared 

within the same gel run to minimize the influence of 

gel-to-gel variations. Folsom and Frank (2007) used 

a 2DE-DIGE based proteomics approach to analyze 

protein expression changes associated with chlorine 

resistance and biofilm formation in a hypochlorous 

acid tolerant variant of the L. monocytogenes Scott 

A (4b) strain. They found 19 proteins that were dif-

ferentially expressed between planktonic and biofilm 

cells of a hypochlorous acid tolerant cultural variant 

of this strain (Folsom and Frank, 2007). Six of these 

differentially expressed proteins were subsequently 

identified by peptide-mass mapping. They included 

three ribosomal proteins (L7, L10 and L12), perox-

ide resistance protein (Dpr/Flp/Fri), sugar-binding 

protein (Lmo0181), and a putative protein Lmo1888 

of yet unknown function. This study also revealed 

that peroxide stress resistance proteins Fri that is in-

volved in multitude of other stresses was expressed 

2.2-fold times higher in biofilm than in planktonic 

cells. At phenotypic level it was observed that L. 

monocytogenes cells present in biofilm mass were 

more resistant to sanitization treatments compared 

to planktonic cells (Pan et al., 2006). Although not yet 

widely adapted for L. monocytogenes analysis, LC 
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based techniques seem capable of detecting even 

higher numbers of proteins compared to tradition-

al 2DE gel-based techniques. As an example when 

the same protein fraction of cell free supernatant 

(extracellular) of L. monocytogenes EGDe was ana-

lyzed, 105 proteins were identified using LC-MS/MS 

compared to 58 detected by 2DE (Trost et al., 2005). 

Forty-five of the detected proteins were found to be 

common between the two methods. The analysis of 

differential protein expression between L. monocyto-

genes 10403S and its σB null mutant strain using the 

LC-MS/MS with iTRAQ (isotope tag for relative and 

absolute quantification) identified 35 σB regulated 

proteins, whereas the 2DE approach only managed 

to detect 13 proteins. Four proteins were common 

between the two methods (Abram et al., 2008b). A 

combination of SDS-PAGE and LC-MS/MS detected 

301 membrane associated proteins of L. monocy-

togenes EGDe (Wehmhoner et al., 2005). This was 

greater than 79 proteins detected using the 2DE ap-

proach by Mujahid et al. (2007). One possible reason 

for increased protein detection with SDS-PAGE/LC-

MS/MS might be increased protein solubilization in 

the SDS-PAGE sample buffer in comparison to the 

urea based sample buffer applied in the 2DE-MS ap-

proach (Haynes and Roberts, 2007).  

In another example LC-LC-MS/MS combination 

also called the multidimensional protein identifica-

tion technique (MudPIT), has also been used for pro-

teome analysis of L. monocytogenes cells. Fifteen 

proteins that covalently bound the LPXTG motif were 

identified in the subproteome fraction of cell wall as-

sociated proteins of L. monocytogenes strain EGDe 

(Calvo et al., 2005). The SrtA and SrtB enzymes an-

chor surface proteins to the cell wall. Surface proteins 

recognized by these two sortases were also analyzed 

using LC-LC-MS/MS in the EGDe strain. A total of 

13 and 2 LPXTG-containing proteins were identi-

fied in srtA and srtB null mutant strains (Pucciarelli 

et al., 2005). Recently, MudPIT was used to study the 

differences that exist between serotype 1/2a (strain 

EGD) and 4b (strain F2365) (Donaldson et al., 2009). 

In total, 1754 EGD proteins and 1427 F2365 proteins 

were detected representing 50-60% of total Liste-

ria proteome coverage. In total 1077 proteins were 

common to both serotypes and of these 413 proteins 

displayed significantly differential expression level 

between the two serotypes.

PROTEOME ANALYSIS IN STRESS-

ADAPTED L. MONOCYTOGENES CELLS 

The ability of L. monocytogenes to sense and re-

spond to a particular stress factor has implications 

for both survival and virulence properties of this bac-

terium. Stress exposure elicits various fundamental 

changes in this organism’s cellular physiology. These 

changes are mediated via multiple and specific 

changes in gene and protein expression profiles in 

cells. Proteins associated with cold, heat, osmotic, 

acid, and high hydrostatic pressure stress adaptation 

will be discussed in the following sections.

Cold stress adaptation

The growth of L. monocytogenes on cold pre-

served food products is one of its important food 

safety challenges.  In addition to decreased meta-

bolic capacity, cold stress exposed microorgan-

isms are faced with a wide range of structural and 

functional impediments in membrane structures, 

nucleic acids (DNA and RNA), and macromolecular 

assemblies such as ribosomes (Schumann, 2009). 

The putative integral membrane protein PgpH, 

whose deletion leads to impaired cold growth, has 

been proposed as a possible cold sensing factor in 

L. monocytogenes (Liu et al., 2006). Based on the 

proposed model, environmental cold stress sensed 

through membrane bound PgpH proteins is con-

veyed intracellularly through homeodomain depen-

dent signaling pathways. 

Using 2DE gel-based proteome analysis, initial 

studies revealed modulation in expression of be-

tween 10 to 38 proteins in association with cold stress 

adaptation of this organism (Bayles et al., 1996; He-

braud and Guzzo, 2000; Phan-Thanh and Gormon, 

1995). Of these differentially expressed proteins vi-

sualized, the predominating cold shock protein was 

subsequently identified through microsequencing as 

ferritin (Fri) (designated as Flp or Fri) (Hebraud and 
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Guzzo, 2000). The role of this protein in cold adap-

tation was also later phenotypically confirmed when 

Dussurget et al. (2005) created a fri null mutant strain 

in L. monocytogenes EGDe, which exhibited a cold 

sensitive phenotype. Although physiological and 

cold adaptation roles of Fri are not yet well under-

stood, it is hypothesized that it might facilitate alle-

viation of oxidative stress environments developing 

in cold stress exposed L. monocytogenes cells (Liu 

et al., 2002; Tasara and Stephan, 2006). Wemekamp-

Kamphuis et al. (2002) described four approximately 

7 kDa protein that were cold inducible in L. mono-

cytogenes LO28 as determined by using a combi-

nation of 2DE gel electrophoresis and immunoblot-

ting. These proteins designated Csp1-Csp4, were 

described as the L. monocytogenes cold shock fam-

ily proteins based on their cross reactivity with anti-B. 

subtilis CspB polyclonal antibodies. Although their 

identity as such was not confirmed by peptide mass 

fingerprinting (PMF) in this work, genomic informa-

tion show that L. monocytogenes harbors three pro-

teins of the cold shock domain protein family (Glaser 

et al., 2001). Two of these L. monocytogenes Csp 

proteins, CspL (CspA) and CspD have now been 

confirmed to be functionally vital for efficient cold 

growth in this bacterium (Schmid et al., 2009). CspA 

and CspD proteins, based on knowledge from oth-

er microorganisms, are also presumed to facilitate 

cold growth possibly through nucleic acid (DNA and 

RNA) chaperone-like functions (Horn et al., 2007). 

This facilitates DNA replication and gene expression 

events that may otherwise be hampered through 

secondary structures that tend to form in bacterial 

cells at low temperatures.

Meanwhile, a more comprehensive cold adapta-

tion proteome analysis in this bacterium has been 

recently described. Cacace et al. (2010) performed 

detailed proteome analysis on L. monocytogenes 

cells grown for 13 days at 4°C with subsequent MAL-

DI (Matrix-assisted laser desorption/ionization) anal-

ysis. Proteome analysis revealed that 57 proteins in 

total were over-expressed and eight were repressed 

in cold grown cells compared to cells cultivated at 

37°C. Proteome changes detected in this study in-

dicated the increased synthesis of proteins linked to 

energy production, oxidative stress resistance, nutri-

ent uptake, lipid synthesis, and protein synthesis and 

folding. Cold stress adaptation proteins identified 

by this study that are of particular interest include: 

OppA, Ctc, GroEL and DnaK. The OppA protein, 

which facilitates accumulation of short peptide sub-

strates,  is important for efficient cold growth in this 

bacterium and at phenotypic level oppA null mutant 

of this bacterium was unable to grow at low tem-

perature (5°C) (Borezee et al., 2000). Ctc is a gen-

eral stress protein which has been found to promote 

the adaptation of L. monocytogenes cells to high 

osmolarity conditions (Gardan et al., 2003b). The 

GroEL and DnaK proteins are molecular chaperones 

that promote proteins refolding and degradation of 

stress damaged proteins that accumulate under dif-

ferent suboptimal conditions including heat stress 

(Sokolovic et al., 1990). The cold growth associated 

induction of the Ctc, GroEL and DnaK proteins, which 

have been previously associated with adaptation to 

other stresses (i.e. Ctc for cold and osmotic stress 

and GroEL-DnaK for cold and heat stress) conditions 

may thus indicate commonality of some stress adap-

tive responses in this bacterium (Cacace et al., 2010; 

Duche et al., 2002a,b; Gardan et al., 2003b; Soko-

lovic et al., 1990).

The accumulation of compatible solutes espe-

cially glycine, betaine, and carnitine also promotes 

cold growth in various bacteria including L. mono-

cytogenes (Mendum and Smith, 2002; Smith, 1996; 

Wemekamp-Kamphuis et al., 2004b). There are no 

enzymatic systems for the de novo synthesis of main 

cryoprotective compatible solutes glycine, betaine, 

and carnitine in L. monocytogenes, but transport 

systems (Gbu, BetL and OpuC) that accumulate 

them from environmental sources are present, and 

deletion of genes coding for these transporters has 

confirmed that they facilitate efficient cold growth of 

this bacterium (Angelidis et al., 2002; Ko and Smith, 

1999; Sleator et al., 1999). Analysis of cold-sensitive 

mutants in which Lmo1078 (Chassaing and Auvray, 

2007), and LtrC (Chan et al., 2007) proteins are in-

activated also indicates that these proteins func-

tionally contribute to cold adaptation processes in 

L. monocytogenes. The Lmo1078 protein is a UDP-
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glucose pyrophosphorylase proposed to promote 

cold adaptation through enhanced UDP-glucose 

production at low temperatures. UDP glucose is an 

essential substrate in lipoteichoic acid production 

and might facilitate maintenance of architectural in-

tegrity in cell wall and membrane structures leading 

to protection of bacterial cells from cold stress dam-

age (Chassaing and Auvray, 2007). 

Heat stress adaptation

The understanding of heat stress adaptation in 

food-borne pathogens is an important issue since 

heating constitutes one of the major food process-

ing and preservation methods. The heat shock re-

sponse is one of the most universal and extensively 

studied physical stress responses in living organisms. 

This process involves increased production of vari-

ous cell protective protein systems, which ultimately 

promotes general environmental stress resistance 

and enhanced thermal tolerance (Gandhi and Chi-

kindas, 2007; Klinkert and Narberhaus, 2009; Muga 

and Moro, 2008; van der Veen et al., 2007). Similar 

to other bacteria, L. monocytogenes synthesizes 

a highly conserved set of proteins, also defined as 

heat shock proteins (Hsps), upon exposure to high 

temperatures (>45°C). Hsps include highly con-

served molecular chaperones and proteases that 

functionally prevent nonproductive protein aggre-

gations under different stress environments. GroEL 

and DnaK are major Hsps that promote refolding 

and degradation of damaged proteins through ATP-

dependent mechanisms (Kandror et al., 1994; Sher-

man and Goldberg, 1996; van der Veen et al., 2007). 

These two proteins are highly conserved among liv-

ing organisms and also constitute as the main Hsp 

chaperones observed in L. monocytogenes (Gahan 

et al., 2001; Hanawa et al., 2000) 

Using proteome analysis, the induction of up to 

15 Hsps in response to heat shock (48°C/30 min) was 

observed using SDS-PAGE (Sokolovic et al., 1990). Of 

these, two Hsps were identified as GroEL and DnaK 

in L. monocytogenes CLIP 54149 (serotype 1/2a) 

based on immunological detection. In another study 

the induction of as many as 32 Hsps was observed 

using preparative 2DE gels of L. monocytogenes 

EGD in response to a temperature shock of 49°C/15 

min (Phan-Thanh and Gormon, 1995). One identified 

predominant protein, Fri, with molecular weight 18 

kDa and pI of 5.1 showed 50.6-fold inductions due 

to heat shock. This very same protein spot was 10.5-

fold induced in response to cold shock (Phan-Thanh 

and Gormon, 1995). Similarly, other researchers have 

also observed the transcriptional induction of fri 

transcripts in response to heat (Hebraud and Guz-

zo, 2000; van der Veen et al., 2007) and cold stress 

(Dussurget et al., 2005). Phenotypically fri gene null L. 

monocytogenes EGDe cells also failed to reach the 

maximal optical density compared to the wild type 

strain during growth under heat at 45°C (Dussur-

get et al., 2005). These findings together suggest 

that ferritin-like protein is important for high and 

low temperature adaptation in L. monocytogenes. 

Recently, Agoston et al. (2009) compared the effect 

of mild and prolonged heat treatments on L. mono-

cytogenes cells using 2DE analysis. In line with the 

reduced metabolic activity at suboptimal tempera-

ture, large numbers of metabolic proteins were sup-

pressed during heat exposure in this study which is 

also consistent with the observation from other stud-

ies (Phan-Thanh and Gormon, 1995; Phan-Thanh and 

Jansch, 2006). Importantly, L. monocytogenes stress 

protein DnaN, a beta subunit of polymerase III, was 

highly induced in response to different heat shock 

treatments. Observed induced expression of DnaN, 

involved in DNA synthesis process, may indicate its 

role in increased synthesis of some HSPs. 

  Osmotic stress adaptation

The osmotolerance of L. monocytogenes is an-

other property crucial to survival and growth of this 

pathogen at high salt levels and low water activity 

environments encountered in conserved food prod-

ucts. Osmotic stress adaptation in microorganisms 

depends on the modulation of both ionic and or-

ganic solute pools so as to sustain cytoplasmic water 

and turgor pressure at levels, which are compatible 

with cell viability and growth at low water activity 

(Booth and Louis, 1999; Wood, 2007). 
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L. monocytogenes cells cope with elevated levels 

of osmolarity through appropriate changes in pro-

tein expression levels. Significant modulation (ap-

proximately 32 proteins) in protein expression under 

hyper osmotic conditions (3.5% to 6.5% NaCl con-

centration) was first visualized in preparative 2DE 

gels (Esvan et al., 2000) and some of the salt stress 

adaptation proteins were later identified (Duche 

et al., 2002a,b).  Identified osmotic stress proteins 

include those related to general stress (Ctc and 

DnaK), transporters (GbuA and AppA), ribosomal 

proteins (RpsF, 30S ribosomal protein S6), as well as 

proteins involved in general metabolism processes 

(Ald, CcpA, CysK, TufA (EF-Tu), Gap, GuaB, PdhA, 

PdhD, and Pgm) (Duche et al., 2002a,b). Among the 

salt stress induced proteins, the role of Ctc in osmo-

tolerance was further characterized by Gardan et al. 

(2003b), who demonstrated that ctc gene is involved 

in L. monocytogenes osmotolerance. They found 

that growth of the ctc mutant strain was signifi-

cantly impaired compared to its isogenic wild type 

L. monocytogenes LO28 strain in minimal medium 

with 3.5% NaCl.

Other than the differential expression of salt stress 

proteins, increased uptake of glycine betaine and 

carnitine osmolytes via betL, gbu, and opuC en-

coded transporter porters is crucial under hyper-os-

motic conditions. Accumulation of these osmolytes 

prevents the intracellular water loss by counteracting 

external osmolarity and keeping the macromolecu-

lar structure of the cells intact. Indeed, the induced 

expression (>2-fold) of GbuA transporter protein un-

der high osmolarity (3.5% NaCl) has been observed 

in 2DE analysis of L. monocytogenes LO28 (Duche 

et al., 2002a). Meanwhile the induction of compat-

ible solute transporter encoding genes, betL, gbu, 

and opuC in response to higher osmolarity has been 

reported at the transcriptional level in L. monocyto-

genes cells (Fraser et al., 2003). Interestingly these 

transporter systems expressed under hyper-osmotic 

stress conditions are the same as the ones expressed 

under cold stress (Mendum and Smith, 2002; Smith, 

1996; Wemekamp-Kamphuis et al., 2004b), suggest-

ing that some of the mechanisms counteracting os-

motic and cold stress may be common in L. mono-

cytogenes. Moreover, the cold shock protein CspD 

also facilitates both osmotic and cold stress adapta-

tion in L. monocytogenes and a mutant strain lack-

ing cspD gene also display a stress sensitive phe-

notype under NaCl salt stress conditions (Schmid et 

al., 2009). Other important proteins in L. monocyto-

genes salt stress adaptation are HtrA (Wonderling 

et al., 2004) and Lmo 1078 (Chassaing and Auvray, 

2007). The HtrA protein is a general stress response 

serine protease that contributes to osmotic stress 

adaptation functions through its role in degradation 

of salt stress damaged proteins. At the phenotypic 

level the L. monocytogenes htrA null mutant displays 

diminished growth in presence of NaCl stress. The 

Lmo1078 promotes both cold and osmotic tolerance 

based on its proposed functional contribution to 

maintenance of cell wall and membrane architectur-

al integrity in this bacterium. The CstR transcriptional 

repressor protein is also involved in modulation of L. 

monocytogenes osmotic stress tolerance functions 

since a CstR null mutant of this bacterium displays 

improved growth under NaCl salt stress conditions 

(Nair et al., 2000b).

Acid stress adaptation

The adaptation of microorganisms to acid stress 

environments includes significant gene and protein 

expression changes associated with, among other 

response, the mobilization of cellular mechanisms 

that consume acids and generate basic amines 

(Foster, 2004; Merrell and Camilli, 2002). L. monocy-

togenes cells face acid stress conditions in low pH 

foods and at various stages during human infection. 

L. monocytogenes counteracts acidic stress condi-

tions by production of various acid stress response 

proteins (ASPs). ASPs were initially designated based 

on their location on the preparative 2DE gels (Davis 

et al., 1996; O’Driscoll et al., 1997) and some were 

later identified by PMF (Phan-Thanh and Mahouin, 

1999; Wemekamp-Kamphuis et al., 2004a). Some 

of the identified ASPs include: proteins involved in 

respiration (enzyme dehydrogenases and reductas-

es), osmolyte transport (GbuA), protein folding and 

repair (Chapronin, GroEL, ClpP), general stress re-
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sponse (sigma H homologous of B. subtilis), flagella 

synthesis (FlaA), and metabolism (Pfk, GalE) (Phan-

Thanh and Mahouin, 1999; Wemekamp-Kamphuis 

et al., 2004a). 

The acid tolerance response (ATR) is character-

ized by increased microbial cell resistance to le-

thal acid after an exposure to mild acidic condition 

(Koutsoumanis et al., 2004). This phenomenon has 

been examined by a number of studies in L. mono-

cytogenes cells. When the synthesis of ASPs in L. 

monocytogenes LO28 produced under both mild 

(pH 5.5 for 2 h) and lethal (pH 3.5 for 15 min) acidic 

conditions were compared to a normal pH (~7.2), a 

total of 37 proteins were induced under mild acidic 

treatment and 47 under lethal acidic treatment, with 

23 of the induced proteins being common under 

both conditions (Phan-Thanh and Mahouin, 1999). 

The different aspects of acid stress adaptive mecha-

nisms in L. monocytogenes are well elucidated from 

acid stress adaptation mechanisms studies in this 

bacterium (Abram et al., 2008a; Ferreira et al., 2003; 

Phan-Thanh and Jansch, 2006; Ryan et al., 2008b ). In 

brief, when exposed to a lower external pH, bacte-

rial cells attempt to maintain their cytoplasmic pH by 

decreasing the membrane permeability to protons, 

buffering their cytoplasm, and by equilibrating the 

external pH through catabolism (Phan-Thanh and 

Jansch, 2006). One of the ways that limit the bac-

terial permeability to proton is through changes in 

the lipid bilayer of cell membrane. Giotis et al. (2007) 

suggested that there was an increased concentration 

of straight chain fatty acids and decreased concen-

tration of branched chain fatty acids in L. monocy-

togenes 10403S cells grown under acidic conditions 

(pH 5.0 to 6.0) compared to neutral pH. Another im-

portant approach that the bacterial cells use for dis-

pelling the protons outside the cells is to accelerate 

electron transferring reactions through enhanced 

oxidation reduction potential. The ASPs identified 

as dehydrogenases (GuaB, PduQ and lmo0560) and 

reductases (YcgT) together with respiratory enzymes 

are implicated to play an important role in main-

taining pH homeostasis by active proton transport 

(Phan-Thanh and Jansch, 2006).

Organic acid salts such as sodium lactate and 

sodium diacetate are extensively used in ready-to-

eat (RTE) meat products as antiListerial food preser-

vatives. Recently Mbandi et al. (2007) used 2DE to 

evaluate the protein induction in L. monocytogenes 

Scott A by these organic salts. Experiments were 

conducted in defined medium with either sodium 

lactate (2.5%) or sodium diacetate (0.2%) or in com-

bination. Some of the proteins that showed substan-

tial up or down regulation (>10 fold) were identified 

using PMF. Oxidoreductase and lipoproteins were 

upregulated whereas DNA-binding proteins, alpha 

amylase and SecA were repressed during exposure 

to these organic acid salts. Identified enzyme protein 

oxidoreductase in L. monocytogenes has been pre-

viously suggested to be involved in dispelling proton 

molecules to maintain cell homeostasis (Phan-Thanh 

and Jansch, 2006). 

The glutamate decarboxylase (GAD) and arginine 

deiminase (ADI) are well described major acid adap-

tive mechanisms in L. monocytogenes. L. monocyto-

genes LO28 strain with a mutation in genes of GAD 

proteins GadA, GadB and GadC displayed higher 

acid stress sensitivity in an acidified reconstituted 

skim milk background (Cotter et al., 2001b) and gas-

tric fluid (Cotter et al., 2001a). The L. monocytogenes 

ADI system includes proteins ArcA, ArcB and ArcC 

and ArcD for the conversion and transfer of arginine 

into ornithine and deletion in functional genes of 

ADI leads impaired growth in mildly acidic condi-

tions (pH 4.8) and survival in lethal pH conditions (pH 

3.5) (Ryan et al., 2009). 

Alkaline stress adaptation

L. monocytogenes cells are more resistant to 

alkaline stress in comparison to other foodborne 

pathogens such as Salmonella Enteritidis and E. coli 

O157:H7 (Mendonca et al., 1994). At pH 12, L. mono-

cytogenes F5069 (serotype 4b) cell concentrations 

decreased by only 1-log in 10 min compared to 8-log 

reductions observed for E. coli and S. Enteritidis 

within 15 s. Earlier, 2DE analysis of alkaline stressed 

(pH 10.0 for 35 min) L. monocytogenes EGDe cells by 

Phan-Thanh and Gormon (1997) showed induction 

of 16 proteins, synthesis of 11 novel proteins, and 
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repression of nearly half of the total proteins in com-

parison to non-stressed cells. Recently, Giotis et al. 

(2008) also reported the repression of a large number 

of proteins along with synthesis of 8 novel proteins 

in response to alkaline stress of L. monocytogenes 

10403S strain. In addition to proteomic analysis, they 

also evaluated the alkaline stress adaptive mecha-

nism using microarray transcriptional profiling and 

found 390 gene transcripts differentially expressed 

(Giotis et al., 2008). Protein identification of four dif-

ferentially expressed proteins by peptide-mass map-

ping revealed induction of heat shock proteins DnaK 

and GroEL and repression of DdlA (alanine ligase) 

and AtpD (ATP synthase). These identified proteins 

spots were also found to be induced or repressed in 

microarray analysis. In addition, screening library of 

Tn917- lac insertional mutants in L. monocytogenes 

LO28 identified 12 mutants sensitive to alkaline con-

ditions, though identification of transposition target 

suggest they all carried mutations in only putative 

transporter genes (Gardan et al., 2003a). 

High hydrostatic pressure (HHP) stress 
adaptation

L. monocytogenes cells undergo mechanical 

stress following HHP treatment. The usual pressure 

range employed in HHP is in the range of 200-600 

MPa for 5-10 min depending on the food matrices. 

Such high pressure damages the cell membrane and 

results in leakage of cell content along with disso-

ciation of protein complexes (Gross and Jaenicke, 

1994). However, HHP treated L. monocytogenes 

cells were found to be sublethally injured with their 

metabolic-activity largely maintained and had the 

potential for a gradual recovery (Ritz et al., 2006). In 

addition although L. monocytogenes cells in HHP 

treated cooked ham displayed a lag phase lasting 

up to 1.5 months, they subsequently recovered to 

grow more than 5-logs over 3 months (Aymerich et 

al., 2005). 

To characterize the HHP induced proteins en-

abling resistance to mechanical stress, Jofre et al. 

(2007) conducted 2DE analysis of L. monocytogenes 

CTC1011 (serotype 1/2c) after treatment with 400 

MPa for 2 h and observed expression of 23 proteins 

being modulated. These high pressure induced pro-

teins were related to ribosomal function (RplJ, RplL, 

RpsF, RpsB, IleS, GatA), transcription (GreA), protein 

degradation (PepF, PepT), protein folding (GroES), 

metabolism (PflB, Pta, Zwf, Ald,), general stress (Fri) 

and unknown functions. Of these high pressure in-

duced proteins, chaperone GroES may be necessary 

in refolding of dissociated protein complexes follow-

ing HHP treatment, and peptidases (PepF, PepT) may 

contribute to degradation of proteins that cannot be 

folded by molecular chaperones. Flp has been pre-

viously elucidated to have roles in cold, heat, and 

oxidative stress adaptation (Dussurget et al., 2005). 

Moreover, L. monocytogenes shows increased resis-

tant to HHP treatment following prior exposure to 

cold stress along with induced expression of cold 

shock proteins following HHP treatment.

Implications of L. monocytogenes stress 
adaptation to virulence responses

The stress responses of L. monocytogenes are 

not only important in survival of hostile external 

and food-associated environments but also dur-

ing host colonization processes. The pathogenicity 

of food-borne L. monocytogenes also depends on 

their physiological status at infection, which is deter-

mined by, among other factors, the environmental 

stress challenges encountered and stress responses 

activated prior to interaction with susceptible hosts. 

Besides the fact that acid stress adaptation of this 

bacterium promotes survival in acidic food environ-

ments, this process has been also shown to modu-

late various aspects of virulence in this pathogen. As 

an example, the pathogenic potential of this bacte-

rium can be increased through improved viability in 

the gastrointestinal tract, which includes increased 

survival of the gastric acid stress challenges. The 

increased expression of virulence genes as well as 

enhanced cell adhesion and invasion has been re-

ported in association with acid stress adaptation of 

L. monocytogenes cells (Conte et al., 2000; Garner et 

al., 2006; Olsen et al., 2005; Werbrouck et al., 2009). 

Conte et al. (2000) detected enhanced Caco-2 cell 



Agric. Food Anal. Bacteriol. •  www.AFABjournal.com  •  Vol. 1, Issue 1, 2011     75

invasion ability, in addition to improved survival and 

proliferation in activated murine macrophages of L. 

monocytogenes cells preadapted by mild organic 

acid stress exposure. Werbrouck et al. (2009) also 

described increased cellular invasiveness and inlA 

mRNA levels in their analysis of acid stress adapted 

L. monocytogenes cells. In similar fashion there was 

an increased transcription of virulence genes such as 

prfA, inlA and inlB, as well as enhanced adhesion and 

invasion of Caco-2 cells in two L. monocytogenes 

strains adapted to prolonged acid stress (Olesen et 

al., 2009). Another stress commonly encountered by 

L. monocytogenes cells in food associated environ-

ments considered to potentially influence virulence 

of this bacterium is NaCl osmotic stress. NaCl stress 

exposure is associated with increased expression of 

various general stress resistance and virulence genes 

in this bacterium suggesting that osmotic stress ad-

aptation events along the food supply chain may 

enhance subsequent pathogenicity (Kazmierczak et 

al., 2003; Olesen et al., 2009; Sue et al., 2004). Phe-

notypically increased cell adhesion and invasion in 

vitro has been observed in NaCl stress adapted L. 

monocytogenes cells (Garner et al., 2006; Olesen 

et al., 2009). The significance of these phenotypic 

observations however remains to be further exam-

ined. One study, which examined the growth of 

some food environment persistent strains and clini-

cal isolates under NaCl osmotic stress, was not able 

to detect significant influence of this stress exposure 

on pathogenicity of these strains using several viru-

lence models (Jensen et al., 2008). Similarly, Wałecka 

et al., (2011) did not find increased expression of in-

ternalins with salt stress and suggested that bacterial 

growth phase instead of salt stress was direct deter-

minant of L. monocytogenes invasiveness. Hence 

the above mentioned reports determining the in-

volvement of salt stress show conflicting findings 

and more work in this direction would be required 

to understand the factors that result in such differ-

ing view. The expression of prfA controlled virulence 

genes and cell invasion capacity of L. monocyto-

genes cells is temperature dependent and pathoge-

nicity in some meat-processing plant derived strains 

of this bacterium was reported to decrease during 

long term cold storage at 4°C (Duodu et al., 2010; 

Johansson et al., 2002; McGann et al., 2007). Simi-

larly, cold stress exposed wild type and mutants lack-

ing csp genes in the L. monocytogenes EGDe strain 

were significantly impaired in cell invasion relative 

to corresponding controls grown at 37°C (Loepfe et 

al., 2010). Temperature dependent virulence gene 

expression repression as well as membrane damage 

and cell surface modifications in these organisms ex-

posed at low temperatures might lead to phenotypic 

virulence defects observed in cold adapted L. mono-

cytogenes organisms. 

Van de Velde et al. (2009) compared proteomes 

between L. monocytogenes cells grown in human 

THP-1 monocytes versus those growing extracel-

lularly in TSB broth using 2D-DIGE. Down regula-

tions of general stress protein Ctc and oxidative 

stress protein Sod was detected suggesting that 

compared to extra cellular environment the intra-

cellular uptake by host cells may be more favorable 

environment for L. monocytogenes survival and ad-

aptations. Shin et al. (2010) observed the increased 

σB activity, as measured by ß-galactosidase lacZ pro-

moter assay, to vancomycin antibiotic stress. While 

subsequent proteome analysis of L. monocytogenes 

σB  wild type and null mutant strains using LC-ESI-

MS/MS also revealed among other proteins the in-

creased production of the virulence protein InlD. Fri 

protein is another general stress response protein 

with virulence promoting functions in L. monocyto-

genes. It has been shown by using both mice chal-

lenge and macrophage cell virulence models that 

fri null strains of L. monocytogenes are significantly 

impaired (Dussurget et al., 2005; Mohamed et al., 

2006; Olsen et al., 2005). Proteome analysis of the fri 

mutant and wild type strain was compared to reveal 

repression in Hly (Listeriolysin O) and stress response 

proteins CcpA (Catabolite control protein A) and 

OsmC (Dussurget et al., 2005). 

The stress induced chaperone proteins ClpB, 

ClpC, ClpE, ClpP have all been shown to provide 

virulence promoting activities in L. monocytogenes 

and thus it is possible that their induction in this 

bacterium in response to stress in food associated 

environments also increases the capacity of stress 
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adapted organism to survive hostile host envi-

ronments as well as enhance their pathogenicity 

(Chastanet et al., 2004; Gaillot et al., 2000; Nair et 

al., 1999; 2000a;). Meanwhile Olesen et al. (2009) 

in their recent study showed that acid exposed L. 

monocytogenes cells displaying increased Caco-

2 cell virulence also displayed increased expres-

sion of genes encoding the ClpC and ClpP. The 

RNA binding regulatory protein Hfq, is another 

general stress response modulating protein which 

has been shown to protects cells from osmotic and 

ethanol stress as well as facilitate enhanced patho-

genicity in L. monocytogenes infected mice (Chris-

tiansen et al., 2004). Stack et al. (2005) found that 

the HrtA serine protease, which protects L. mono-

cytogenes from various stresses including expo-

sure to acidic conditions also contributes towards 

virulence capablities of  this bacterium. The gen-

eral stress response protein σB, which facilitates L. 

monocytogenes adaptation to multiple stresses 

has also been shown to promote virulence and cell 

invasiveness in this bacterium (Garner et al., 2006; 

Ivy et al., 2010). Recently it was shown that the im-

portance of σB responses in these aspects might 

be lineage specific with its activity being important 

in lineage I, II, IIIB strains but not in IIIA (Oliver et 

al., 2010).

Role of alternative sigma factor (σB ) in 

L. monocytogenes stress adaptation

In L. monocytogenes, σB is a major stress re-

sponse regulator and mutant strain lacking σB ac-

tivity shows increased sensitivity to a wide range of 

stresses including cold (Becker et al., 2000; Chan 

et al., 2007; 2008; Moorhead and Dykes, 2004; 

Raimann et al., 2009; Wemekamp-Kamphuis et al., 

2004a; ), heat (Hu et al., 2007a,b; van der Veen et 

al., 2007), osmotic (Becker et al., 1998, Fraser et al., 

2003; Okada et al 2008; Raimann et al., 2009), acid 

(Cotter et al., 2001a,b; Ryan et al., 2008a; Weme-

kamp-Kamphuis et al., 2004a), and HHP (Weme-

kamp-Kamphuis et al., 2004a). The main role of σB 

in L. monocytogenes is to regulate the expression 

of various stress response associated genes. As an 

example, Flp is a general stress protein involved 

in cold, oxidative and heat stress adaptation. The 

expression of fri gene encoding Flp protein is par-

tially regulated through σB-dependent pathways in 

L. monocytogenes 10403S (Chan et al., 2007). 

To identify the proteins that show σB dependent 

expression in the acidic conditions, 2DE analysis of 

acid adapted (pH 4.5) and non-adapted cells (both 

wild type and σB mutant) was performed (Weme-

kamp-Kamphuis et al., 2004a). The expression of 9 

proteins was dependent on σB during acid stress 

and some of these proteins were identified using 

PMF. The identified proteins with σB dependent 

expression in response to HHP stress included Pfk, 

GalE, ClpP, and Lmo1580. The Pfk (6-phospho-

fructokinase) and GalE are enzymes involved in 

glycolysis and sugar metabolism, respectively, and 

ClpP is the ATP-dependent chaperone protease 

that plays a role in preventing the accumulation of 

misfolded proteins. The induction of ClpP protein 

expression may be necessary in acidic conditions 

to help in resolution of protein aggregations that 

are likely to occur due to acid stress induced pro-

tein damage.

Recently, the role of σB regulon on L. monocyto-

genes 10403S cells grown to stationary phase in the 

presence or absence of 0.5 M NaCl was evaluated 

using both 2DE and iTRAQ (Abram et al., 2008b). 

Using a combination of these two approaches a 

total of 38 proteins (17 induced and 21 repressed) 

were identified whose expression was σB depen-

dent. Among these σB controlled proteins, 10 

proteins (7 positively regulated and 3 negatively 

regulated by σB) were further classified based on 

their potential role in stress related functions. Of 

these 7 σB positively regulated proteins, two pro-

teins OpuC and HtrA were previously conferred to 

have role in L. monocytogenes stress adaptation 

(Fraser et al., 2003; Wonderling et al., 2004). OpuC 

is involved in osmolyte transfer needed for os-

motic and cold adaptation (Fraser et al., 2003) and 

HtrA serves as a protease whose deletion leads to 

growth defects under NaCL stress (Wonderling et 

al., 2004).  Intracellular accumulation of glycine be-

taine and carnitine osmolytes is necessary in cold 
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as well as osmotic stress. Expressions of the os-

molyte transporter proteins, Gbu and Opu, have 

been shown to be at least partially dependent 

on the σB activity (Cetin et al., 2004; Fraser et al., 

2003;). Also L. monocytogenes 10403S strain with 

a null mutation in the σB gene showed substantial 

defects in its ability to accumulate glycine betaine 

and carnitine osmolytes (Becker et al., 1998; 2000). 

Moreover, σB deletion impairs the ability of L. 

monocytogenes 10403S cells to withstand against 

heat stress (55°C for 30-60 min) and class II heat 

shock genes, which also includes the osmolyte 

transporter gene opuC, are positively upregulated 

following heat shock (48°C for 3 min) in L. mono-

cytogenes EGDe strain (Hu et al., 2007a; van der 

Veen et al., 2007). Using transcriptional analysis, 

Ryan et al. (2008a) reported the induction of the σB 

in response to sublethal levels of detergent stress. 

In addition, following HHP treatment of 300 MPa 

of 20 min, the parent strain (EGDe) showed 100-

fold higher survival compared to σB mutant strain 

(Wemekamp-Kamphuis et al., 2004a).

Apart from σB, other sigma factors σc, σH, and 

σL (RpoN) are also known to play important roles 

in stress adaptation of L. monocytogenes. L. 

monocytogenes strain lacking σB, σc, σH encod-

ing proteins have been shown to have significantly 

impaired growth compared to wild type strain at 

4°C for 12 days (Chan et al., 2008). Raimann et 

al. (2009) reported that L. monocytogenes strain 

lacking σL has impaired cold growth due to in 

part by the repressed transcript production of oli-

gopeptide-binding OppA protein that facilitates 

accumulation of short peptide substrates which 

are also important for efficient cold growth in this 

bacterium (Borezee et al., 2000). Absence of σc in-

creases the L. monocytogenes sensitivity to ther-

mal treatment, thus highlighting the importance 

of this regulatory factor in conferring L. monocy-

togenes adaptation to heat stress (Zhang et al., 

2005). σL aids in L. monocytogenes ability to grow 

at high salt concentrations (Okada et al., 2006) as 

well as control carbohydrate metabolism through 

its influence on expression of phosphotransferase 

system genes (Arous et al., 2004). 

CONCLUSION AND FUTURE PERSPECTIVES            

The ability of L. monocytogenes cells to survive 

adverse physiological conditions is a serious food 

safety and public health concern. The physiological 

changes in response of environmental stress stimuli’s 

reflect key changes instituted by microbial cells at 

gene or protein expression levels. In the future an 

improved understanding of fundamental changes 

occurring at genes or proteins level in L. monocy-

togenes cells in response to adverse environmental 

conditions will provides new insights that can be har-

nessed in developing more effective practical food 

preservation approaches (Gandhi and Chikindas, 

2007; Tasara and Stephan, 2006). 

The physiological changes mounted in response 

to particular environmental stress stimuli in L. mono-

cytogenes are a consequence of changes at gene 

transcription and/or protein expression levels. The 

cold adaptive nature of this organism is probably 

one of the most important concerns to food produc-

tion due to the ability of this pathogen to grow and 

achieve high concentrations in long shelf life ready-

to-eat products preserved by refrigeration. Vari-

ous cold adaptive mechanisms such as synthesis of 

conserved cold shock proteins (Schmid et al., 2009), 

increased uptake of cryoprotective osmolytes (An-

gelidis and Smith, 2003), increased membrane per-

miablity (Borezee et al., 2000), increased production 

of general stress proteins Fri (Dussurget et al., 2005), 

etc have been identified that may directly or indi-

rectly confer this bacterium with an ability to multiply 

and/or survive at lower temperatures. However, at 

this stage it is unclear if these different mechanisms 

work in any coordinated manner or if they work on 

separate niches leading overall cold stress resistance 

of L. monocytogenes cells. Future experiments are 

warranted to understand the complex hierarchy be-

tween these different stress response mechanisms. 

One way to do this would be to conduct gene knock 

out studies where the related genes/proteins of a 

particular stress adaptive mechanism (i.e. deletion of 

cold shock proteins) is deleted and use these strains 

to understand the modulations in genes/proteins of 

other stress mechanisms. The adaptation of this bac-
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terium to osmotic stress also involves complex sets 

of cellular responses. Notably some osmotic stress 

response mechanisms, such as compatible solute 

uptake systems as well as alternative sigma factors 

are also involved in cold stress adaptation (Fraser et 

al., 2003; Wemekamp-Kamphuis et al., 2004b), which 

suggests that some cellular response mechanism to-

wards food related environmental (cold and osmotic) 

stresses in this bacterium are common. 

The main limitation of current studies is that 

large numbers of genes/proteins are tabulated as 

being differentially expressed but there is little or 

no insight on what the modulations in these gene/

proteins mean. In any event, perturbation in physiol-

ogy of living cells is likely to change the expression 

levels of various genes/proteins. Such information is 

of limited value without further functional character-

izations of such putative stress adaptation genes or 

proteins. While it may not be practical to use such 

approach for hundreds of genes/proteins that are 

differentially expressed along with each stress, it is 

necessary to do follow-up studies on genes/proteins 

that exhibit substantially large changes in expression 

level. So far only in a few cases of stress proteins has 

the follow-up work been done in elucidating their 

molecular roles during stress adaptation of L. mono-

cytogenes. Some key examples are: (a) Flp protein, 

first identified to be highly induced in cold and heat 

stress, and subsequently confirmed through fri mu-

tant strain of L. monocytogenes EGDe, which is im-

paired under both stress conditions (Dussurget et 

al., 2005; Hebraud and Guzzo, 2000; Phan-Thanh and 

Gormon, 1995); (b) Ctc protein is induced under salt 

stress and L. monocytogenes LO28 ctc mutant strain 

is found defective in growth under NaCl stress con-

ditions (Duche et al., 2002a; Gardan et al., 2003b); 

and (c) GbuA osmolyte transporter protein, induced 

under high osmolarity, (at 3.5% NaCl) was confirmed 

by gbu mutant strain of L. monocytogenes LTG59 

as defective in growth in the absence of osmolyte 

uptake activity (Duche et al., 2002a; Mendum and 

Smith, 2002). Moreover most of the current stress 

adaptation findings are based on laboratory media 

and it is crucial that to design new experimental 

strategies that detect stress adaption response in L. 

monocytogenes cells exposed to different food ma-

trices. The experiments with food substrate may be 

designed to see how different food components and 

food preservatives modulate the expression of stress 

proteins identified using broth media.
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